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AQUATIC BONE TAPHONOMY: FORENSIC AND ARCHAEOLOGICAL 

IMPLICATIONS FOR THE INTERPRETATION OF SUBMERGED BONE 

Samuel John Griffith 

There is currently an incomplete understanding of the effects that aquatic processes have on 

skeletal material, and consequently the interpretation of water-submerged remains presents a 

number of challenges to archaeologists and forensic practitioners. Accurate interpretations of the 

conditions which cause diagnostic diagenetic changes to material are not just important for 

reconstructing post-depositional environments, processes and durations, but are also vital in 

ensuring that any data recovered from bone are not incorrectly interpreted due to information loss 

and modification. This thesis therefore addresses the paucity in data concerning early post-

depositional modifications in submerged bone, by exploring different methods and analyses that 

facilitate more accurate interpretations of bones’ aquatic diagenetic and taphonomic pathways. A 

number of experimental and actualistic bone taphonomy studies are presented and discussed. A 

series of laboratory flume-based experiments demonstrate the utility of quantitative analysis of 

sediment-induced micro- abrasion on bone surfaces. SEM imaging allowed quantitative and 

qualitative distinctions to be made concerning the sediment size class that the bone was abraded by. 

Changes in sediment grain size, duration of exposure to abrasion, sphericity of the abrasive, and 

abrasive force are identified as the strongest rate-limiting factors controlling micro-abrasion 

propagation. Through this data it is suggested that a quantitative approach to analysing abrasion on 

bone retrieved from water has potential to establish remains’ submersion times and transport 

pathways with a higher degree of resolution than previously possible. The use of laser scanning for 

quantitatively recording sediment abrasion on submerged bone is also explored. Point cloud 

analysis was carried out, and it is shown that laser scanning can be used to accurately record 

abrasion on submerged bone at a resolution not possible through gross morphological assessment. 

It is therefore suggested that this quantitative approach facilitates an improved assessment of 

abrasive changes recorded on bone in experimental and actualistic taphonomy studies. Finally, a 

series of early-post-depositional monitoring studies were conducted in field and laboratory-based 

settings to assess both predictability and rates of diagenetic change as they relate to different 



 

 

spatio-temporal parameters of submersion. A suite of physicochemical changes in bone, recorded 

using gross morphological observations, histological assessments of bone microstructure, DNA 

analysis, FTIR-ATR analysis of bones’ mineral and organic constituents, quantitative measures of 

colour change using VSC analysis, and XRF analysis of bones’ elemental compositions, are 

discussed. The key findings of this study are that microbial modification in submerged osseous 

tissue can progress rapidly upon deposition in water and have the ability to propagate into cortical 

tissue, which may impact on the ability of remains to survive over archaeological and 

palaeontological time periods. Elemental exchange rates in submerged bone are identified as the 

most consistent markers of post-depositional change at both site-specific and broader scales. 

Remains that were constantly buried in bottom sediments and exhibit good gross morphological 

and histological integrity displayed notably consistent elemental uptake and depletion rates, which 

suggests they have utility for determining remains’ submersion times and locations. DNA 

degradation is shown to be rapid in submerged bone due to the effects of hydrolysis. It is also 

indicated that remains which experienced burial and exhibit limited microstructural changes are 

likely to show better retention of residual biomolecules and are therefore favourable to target for 

DNA analysis. This thesis concludes that a quantitative approach to recording both intrinsic and 

extrinsic variables related to bone diagenesis is advantageous for understanding taphonomic effect, 

cause and duration, and should therefore be adopted in future studies. In addition, this research 

provides a good fundamental basis concerning the occurrence and progression of different 

diagenetic changes in water-submerged remains, on which additional studies can build. 



 

i 

Table of Contents 

Table of Contents ............................................................................................................. i 

Table of Tables ................................................................................................................ v 

Table of Figures ............................................................................................................. vii 

Table of Equations.......................................................................................................... xi 

Academic Thesis: Declaration Of Authorship ............................................................. xiii 

Acknowledgements ........................................................................................................ xv 

Definitions and Abbreviations .................................................................................... xvii 

Chapter 1: Introduction and thesis structure .............................................................. 1 

1.1 Introduction ......................................................................................................... 1 

1.2 Thesis structure .................................................................................................... 4 

Chapter 2: Background and literature review ............................................................ 7 

2.1 Archaeological context ........................................................................................ 7 

2.2 The ‘at-risk’ nature of archaeological skeletal remains ......................................... 9 

2.3 Forensic context ................................................................................................. 16 

2.4 Current analytical approaches ............................................................................ 19 

2.4.1 Early post-depositional process and monitoring studies ............................. 19 

2.4.2 Archaeological and Palaeontological approaches ....................................... 21 

2.4.3 Forensic approaches .................................................................................. 25 

2.5 Bone diagenesis: a synopsis ............................................................................... 30 

2.5.1 Collagen decay .......................................................................................... 36 

2.5.2 DNA degradation....................................................................................... 38 

2.5.3 Bone crystallinity changes ......................................................................... 42 

2.5.4 Bioerosion and histological integrity .......................................................... 45 

2.5.5 Elemental changes in bone ......................................................................... 51 

2.5.6 Colour change in bone ............................................................................... 55 

Chapter 3: Experimental abrasion of water-submerged bone: the influence of 

bombardment by different sediment classes on micro-abrasion rate .... 57 

3.1 Introduction ....................................................................................................... 58 

3.1.1 Current analytical approaches .................................................................... 59 

3.1.2 The potential of quantitative approaches .................................................... 61 



 

ii 

3.2 Material and Method .......................................................................................... 62 

3.2.1 Bone samples ............................................................................................. 62 

3.2.2 Abrasion experiments ................................................................................. 63 

3.2.3 Calculation of abrasive force ...................................................................... 64 

3.3 Results................................................................................................................ 69 

3.3.1 Abrasion types and rates ............................................................................. 69 

3.3.2 Abrasive potential within the sand sediment class ....................................... 71 

3.3.3 Ballistic momentum flux ............................................................................ 72 

3.3.4 Differences in abrasion propagation ........................................................... 73 

3.4 Discussion .......................................................................................................... 76 

3.4.1 Comparisons with previous abrasion experiments ....................................... 76 

3.4.2 Advantages of microscopic analysis ........................................................... 77 

3.4.3 Time resolution .......................................................................................... 78 

3.4.4 Case studies................................................................................................ 79 

3.4.4.1 West Angle Bay, Pembrokeshire, UK ................................................. 79 

3.4.4.2 Lepe beach, Hampshire, UK ............................................................... 80 

3.4.4.3 Gyllyngvase Beach, Cornwall, UK ..................................................... 81 

3.4.4.4 Inundated Late Pleistocene terrestrial site, continental West Coast of 

South America .................................................................................... 83 

3.4.5 Potential applications in the archaeological record ...................................... 83 

3.4.6 Issues concerning the application of taphonomic models in the field........... 84 

3.5 Conclusion ......................................................................................................... 86 

Chapter 4: The use of laser scanning for visualisation and quantification of 

abrasion on water-submerged bone ......................................................... 87 

4.1 Introduction ........................................................................................................ 88 

4.1.1 Abrasion on submerged bone...................................................................... 89 

4.2 Material and methods ......................................................................................... 90 

4.2.1 Experimental flume studies ........................................................................ 90 

4.2.2 River-based studies .................................................................................... 91 

4.2.3 Quantitative measures of abrasion .............................................................. 92 

4.3 Results................................................................................................................ 99 



 

iii 

4.3.1 Quantitative imaging ................................................................................. 99 

4.3.2 Abrasion rates .......................................................................................... 101 

4.3.2.1 Flume-based studies ......................................................................... 101 

4.3.2.2 River-based studies. ......................................................................... 103 

4.4 Comparisons between laser scanning and microscopic imaging ....................... 104 

4.5 Wider implications: the application of laser scanning in taphonomy studies ..... 105 

4.6 Conclusion ....................................................................................................... 106 

Chapter 5: Early post-depositional diagenetic changes in submerged bone. ......... 109 

5.1 Introduction ..................................................................................................... 110 

5.2 Material and Methods ...................................................................................... 112 

5.2.1 Bone samples........................................................................................... 112 

5.2.2 Submersion contexts ................................................................................ 113 

5.2.3 Sampling strategy .................................................................................... 118 

5.2.4 Analysis of diagenetic parameters ............................................................ 118 

5.2.4.1 FTIR-ATR analysis.......................................................................... 118 

5.2.4.2 Histological analysis ........................................................................ 120 

5.2.4.3 XRF analysis of elemental ratios ...................................................... 120 

5.2.4.4 VSC analysis of colour change ......................................................... 122 

5.2.4.5 DNA analysis................................................................................... 122 

5.2.4.6 Statistical analysis ............................................................................ 123 

5.3 Results and discussion ..................................................................................... 124 

5.3.1 General taphonomic processes and gross morphological changes ............. 124 

5.3.2 FTIR-ATR ............................................................................................... 126 

5.3.3 Histological changes ................................................................................ 133 

5.3.4 Elemental changes ................................................................................... 146 

5.3.5 Colour change ......................................................................................... 161 

5.3.6 DNA degradation..................................................................................... 166 

5.3.7 Multi-proxy models ................................................................................. 175 

5.4 Conclusion ....................................................................................................... 176 

Chapter 6: Conclusions and future work ................................................................ 179 

6.1 Conclusions ..................................................................................................... 179 

6.1.1 Flume-based micro-abrasion experiments ................................................ 179 



 

iv 

6.1.2 Quantitative measures of abrasion using laser scanning ............................ 180 

6.1.3 Early post-depositional diagenetic changes in submerged bone................. 181 

6.1.4 Broader implications of research and current state of knowledge .............. 182 

6.2 Future work ...................................................................................................... 231 

6.2.1 Micro-abrasion research ........................................................................... 232 

6.2.2 Quantitative measures of abrasion using laser scanning ............................ 233 

6.2.3 Quantification of post-depositional diagenetic changes ............................. 234 

Appendices  ................................................................................................................. 237 

Appendix A  ................................................................................................................. 237 

A.1 List of key word searches in Archaeological Data Service, Heritage Gateway, 

RCZA and SCAPE databases used to identity potential human skeletal burials in 

UK coastal zones. ............................................................................................. 237 

Appendix B  ................................................................................................................. 239 

B.1 Behrensmeyer and McKinley Weathering Scales .............................................. 239 

B.2 Wentworth Scale .............................................................................................. 241 

B.3 Krumbein Roundness Chart .............................................................................. 242 

Appendix C  ................................................................................................................. 243 

C.1 Submersion contexts’ physical and environmental parameters .......................... 243 

C.2 Table of samples and analyses conducted for chapter 5 ..................................... 244 

C.3 OHI and GHI table ........................................................................................... 248 

C.4 PCR protocol .................................................................................................... 249 

C.5 XRF elemental ratios chapter 5 ......................................................................... 250 

C.6 PCA analysis showing divisions by burial condition (buried vs. unburied) ........ 254 

C.7 Additional images of bones recovered from field-based contexts. ..................... 255 

Bibliography  ................................................................................................................. 257 

 

 



 

v 

Table of Tables 

Table 2-1 Summary of at-risk sites and utilised coastal change models ................................... 13 

Table 3-1 Summary of sediment classes and sizes used in flume-based bombardment experiments

 .................................................................................................................... 64 

Table 3-2 Summary of sediment’s physical and hydrodynamic properties. .............................. 66 

Table 3-3 Stepwise multi-linear regression model summaries. ................................................ 71 

Table 4-1 Summary of sediment grains’ physical and hydrodynamic properties. ..................... 91 

Table 4-2 Raw M3C2 output data ........................................................................................... 96 

Table 5-1 Regression models for changes in elemental profiles at site-specific and inter-site scales, 

and tank-based experiments (continued on next page). ............................... 157 

Table 5-2 Spearman correlations between CIELab values and recorded submersion time, 

accumulated degrees days, and elemental ratios associated with burial in bottom 

sediments ................................................................................................... 164 

Table 6-1 Relationship between diagenetic process, physicochemical outcome, associated 

diagenetic changes, and recommended analysis. ......................................... 202 

Table 6-2 Details utility / future utility of diagenetic changes as taphonomic markers, issues of 

confusion and equifinality, and limitations of analyses. .............................. 223 

Table 6-3 Details taphonomic processes and diagenetic changes in broad categories of submersion 

environment and suggests short- and long-term survival potentials. ............ 231 

 

 





 

vii 

Table of Figures 

Figure 2-1 Example of EA and NRW flood data models applied to identify at-risk sites in flood 

zones on the Welsh coast. ............................................................................ 11 

 Figure 2-2 Example of UPSM and CESM models applied to assessing sites at-risk of erosion on 

North and South Uist Islands, Scotland. ....................................................... 11 

Figure 2-3 Boessenecker et al. (2014) 3 stage abrasion scale: unabraded (Stage 0), lightly abraded 

(Stage 1), and heavily abraded (Stage 2). ...................................................... 24 

Figure 2-4 Bone structure. ...................................................................................................... 31 

Figure 2-5 Potential bone preservation and destruction pathways. ........................................... 33 

Figure 2-6 Generalised preservation potential of bone in different aqautic settings.. ................ 34 

Figure 2-7 Bone crystallinity change. ..................................................................................... 43 

Figure 2-8 Microbial burrowing in bone as observed at a microstructural level. ...................... 46 

Figure 2-9 Sulfophilic stage of submerged bone decomposition. ............................................. 51 

Figure 3-1 Example of de-fleshed sheep bone used in bombardment experiments prior to 

sectioning .................................................................................................... 62 

Figure 3-2 Mini flume used in abrasion experiments. .............................................................. 63 

Figure 3-3 Sediment impact trajectories.................................................................................. 65 

Figure 3-4 Regions of interest imaged on impacted bone ........................................................ 67 

 Figure 3-5 A. Pre- and post-abrasion surface of bone after a period of bombardment ............. 68 

Figure 3-6 Percentage occurrence of abrasion types on bone surface for all sediments (grain sizes 

in microns) .................................................................................................. 69 

Figure 3-7 Trend lines and bar charts for micro-abrasion propagation ..................................... 70 

Figure 3-8  Relationship between grain size and (T) Value...................................................... 73 

Figure 3-9 Percentage ablation recorded at both magnifications with sand showing minimal 

abrasion at x100 mag. .................................................................................. 73 

Figure 3-10 Cyclical cracking displayed by gravel types…………………………………........74 

Figure 3-11 Bone surfaces abraded by sand and gravel…………………………………………75 



 

viii 

Figure 3-12 Case study bone surfaces .................................................................................... 80 

 Figure 3-13 Location of bone samples used in case studies and surrounding seabed sediment 

make-up ...................................................................................................... 82 

Figure 4-1 Stretch of river Tees used in field-based abrasion studies. ..................................... 92 

Figure 4-2 3D digitisation of bone’s surface using laser scanning triangulation ...................... 93 

Figure 4-3 Laser scanning workflow ...................................................................................... 94 

Figure 4-4 M3C2 distance calculation . .................................................................................. 95 

Figure 4-5 2D representation of projection and displacement cylinders used to measure distances 

between pre- (green) and post-abrasion (red) surfaces .................................. 98 

Figure 4-6 Coloured scalar field map of abrasion on bone’s surface. .................................... 100 

Figure 4-7 Percentage volume loss from bone samples between 0 and 120 hours of bombardment 

by mobile sediments. ................................................................................. 101 

Figure 4-8 The relationship between recorded abrasive force (T Value), measured in pascals, 

sediment grain size, and % volume loss after 120 hours of bombardment ... 102 

Figure 4-9 Example of bone recovered from river Tees after 7 days of submersion............... 103 

Figure 5-1 The four field sites where experimental bone samples were deposited ................. 114 

Figure 5-2 Example of pressure transducer data (temperature and depth). ............................. 117 

Figure 5-3 FTIR peak spectra used to assess the mineral and organic constituents of bone. ... 119 

Figure 5-4 ITRAX XRF analysis of bone sections embedded in putty. ................................. 121 

Figure 5-5 Examples of gross morphological appearance of samples in field-based studies. . 125 

Figure 5-6 Crystallinity index (CI) vs. C/P (carbonate content) and CO/P (Weight% organic 

content) in all bone samples (n = 306)........................................................ 127 

Figure 5-7 Weight% Organic content and C/P variation over submersion time in all bone samples 

(min, max and mean shown) (n = 306). ...................................................... 128 

Figure 5-9 Wt% organic content in samples recovered from A. NOC, B. nearshore netting at Lepe 

beach (L-NNS), and C. controlled indoor tank experiments. ...................... 131 

Figure 5-10 Thin sections of bone (L-CNS)  ........................................................................ 134 

Figure 5-11 Thin sections of bone (L-NOFS; L-NNS). ......................................................... 136 



 

ix 

Figure 5-12 Thin sections of bone (L-NNS; L-NOFS) .......................................................... 138 

Figure 5-13 Thin sections of bone (DW) .............................................................................. 139 

Figure 5-14 Thin sections of bone (DW)............................................................................... 140 

Figure 5-15 Thin sections of bone (KM). .............................................................................. 142 

Figure 5-16 Thin sections of bone (NOC; PB) ...................................................................... 142 

Figure 5-17 Thin sections of bone (MIC) .............................................................................. 144 

Figure 5-18 Observed element uptake curves (power, linear and polynomial (LOESS smoothing 

function). ................................................................................................... 147 

Figure 5-19 Example of variability in Sr/Ca uptake rates from bones recovered from DW and L-

NNS.. ........................................................................................................ 148 

Figure 5-20 Different elemental uptake and depletion values in samples from field-based 

submersion contexts over an 18-month period. Examples given are of Fe/Ca; 

Dy/Ca; Zn/Ca; Mn/Ca and K/Ca ratios. ...................................................... 149 

Figure 5-21 PCA analysis of elemental profiles from all depositional contexts and time periods.151 

Figure 5-22 PCA analysis of elemental profiles from all depositional contexts and time periods, 

excluding the effects of Fe/Cl ratio and Ar/Ca ratio. ................................... 153 

Figure 5-23 Hierarchical-constellation cluster analysis of elemental profiles from all depositional 

contexts and time periods. .......................................................................... 154 

Figure 5-24 Example of colour difference in A. buried and B. unburied bone recoded across the 

visual light absorption spectrum using VSC analysis. ................................. 162 

Figure 5-25 Hierarchical cluster dendrogram of all samples, showing grouping in relation to 

submersion time, CIELab values, burial designation and submersion context. ....................... 163 

Figure 5-26 CIE L values for samples recovered from nearshore netting at Lepe (top panel) and 

Dark Water river (bottom) panel over 18 months. ....................................... 165 

Figure 5-27 DNA quantity values from all samples / sites plotted as IQR between 0 and 540 days 

of submersion. ........................................................................................... 167 

Figure 5-28 Example of gel electrophoresis analysis of bovine DNA yields, amplified using PCR. 

Red box in bottom panel highlights a 3D representation of yields. .............. 170 



 

x 

Figure 5-29 IQR of DNA yields from different field-based sites between 15 and 540 days of 

submersion. ............................................................................................... 171 

 Figure 5-30 DNA yields in samples from tank based experiments which experienced notable and 

minimal micro-focal destruction. ............................................................... 172 

Figure 5-31 DNA yields in sample recovered from temperature controlled tank-based experiments, 

between 15 and 90 days of submersion. ..................................................... 174 

 



 

xi 

Table of Equations 

Equation 3-1 Impact wear equation. ....................................................................................... 64 

Equation 4-1 M3C2 volume difference equation. ................................................................... 97 

Equation 4-2 Revised M3C2 volume difference equation ....................................................... 98 

Equation 5-1 Power regression equation for elemental exchange rate at NOC and DW sites. 160 

 

 





 

xiii 

Academic Thesis: Declaration Of Authorship 

I, Samuel J Griffith declare that this thesis and the work presented in it are my own and have been 

generated by me as the result of my own original research. 

Aquatic Bone Taphonomy: Forensic and Archaeological Implications for the Interpretation of 

Submerged Bone 

I confirm that: 

1. This work was done wholly or mainly while in candidature for a research degree at this 

University; 

2. Where any part of this thesis has previously been submitted for a degree or any other 

qualification at this University or any other institution, this has been clearly stated; 

3. Where I have consulted the published work of others, this is always clearly attributed; 

4. Where I have quoted from the work of others, the source is always given. With the exception of 

such quotations, this thesis is entirely my own work; 

5. I have acknowledged all main sources of help; 

6. Where the thesis is based on work done by myself jointly with others, I have made clear 

exactly what was done by others and what I have contributed myself; 

7. Parts of this work have been published: 

Chapter 3 is comprised of a published article that has been revised for inclusion in this thesis. 

The author of this thesis is lead author, and was responsible for experimental design, 

completion of experimental work, data analysis and writing of the article. The published article 

can be found as follows: 

Griffith, S.J., Thompson, C.E.L., Thompson, T.J.U., Gowland, R.L. 2016. Experimental 

abrasion of water-submerged bone: the influence of bombardment by different sediment classes 

on micro-abrasion rate. Journal of Archaeological Science: Reports, 10, 15-29. DOI: 

10.1016/j.jasrep.2016.09.001. 

 

Chapter 4 is comprised of two published article that have been revised for inclusion in this 

thesis. The author of this thesis is lead author of the first article, which makes up the majority 

of chapter 4 (c.90%), and was responsible for experimental design, completion of experimental 

work, data analysis and writing of the article. The published article can be found as follows: 

 

Griffith, S.J., Thompson, C.E.L. 2017. The use of laser scanning for visualisation and 

quantification of abrasion on water-submerged bone. In: Errickson, D., Thompson, T.J.U. 



 

xiv 

(Eds.), Human Remains: Another Dimension. 2017. Elsevier: UK, 103-122. DOI: 

10.1016/B978-0-12-804602-9.00009-6.  

 

The author of this thesis is third author on the second article used in chapter 4 that discusses the 

application of laser scanning in recording skeletal remains, and makes up c.10% of the chapter. 

All information included from this article was written by the thesis author. The published 

article can be found as follows: 

 

Errickson, D., Grueso, I., Griffith, S.J., Setchell, J.M., Thompson, T.J.U., Thompson, C.E.L., 

Gowland, R. 2017. Towards a best practice for the use of active non-contact surface scanning 

to record human skeletal remains from archaeological contexts. International Journal of 

Osteoarchaeology, 27 (4), 650-661. 

 

Signed:  .........................................................................................................................................  

Date:  .........................................................................................................................................  

 



 

xv 

Acknowledgements 

I would firstly like to thank all of my supervisors Charlie Thompson, Tim Thompson, Becky 

Gowland and Clive Trueman. My entire supervisory panel provided expertise on many areas, 

which helped me understand and tackle the different aspects of this thesis. I feel very lucky to have 

had their support and guidance throughout my time at Southampton. As my primary supervisor, 

Charlie has taught me so much and aided my professional development. I am very gratefully for 

her inexhaustible encouragement, which kept me on track throughout these four years. Charlie 

always put time aside to discuss my work and provide feedback, which undoubtedly greatly 

improved my research. Tim, Becky and Clive also always found the time to share their thoughts 

and provide insightful and detailed comments on my work, for which I am very grateful. Thanks 

also to my panel chair Justin Dix, who made sure I achieved my goals as the PhD progressed.  

I would also like to thank my incredible family for their unwavering love and support throughout 

my PhD. In particular I’d like to thank my parents for putting up with me during the last few 

months of writing while I was living at home! Mum, Dad, Katharine, Ben and Eile; spending time 

with you all over the holidays was always a great break from work. Pete, visiting you and Freddie 

in Cambridge without fail helped me to re-set and relax; I couldn’t have a better brother. To my 

friends at NOCS and my housemates, thank you for making my time at Southampton so memorable 

and enjoyable. Thanks also to my friends in Ireland, particularly Martha and Johnny for their 

support during the last few months of writing! I would like to thank everyone (Fran, James, Will, 

Sam, Chris, Richard and Richard) who helped me with sample collection in the field during the 

cold winter months! I would also like to extend my thanks to David Errickson at Teesside 

University for teaching me how to use the FARO arm laser scanner, and for his helpful and 

enlightening discussions concerning all things 3D scanning and beyond.  

Thanks also go to Bob, John, and Dan at the rock-sectioning lab at NOCS for helping with sample 

preparation, and always providing a good chat. Additional thanks go to Suzanne MacLachlan at the 

British Ocean Sediment Core Research Facility (BOSCORF) and Maddie Hopper at the Molecular 

Biology laboratory at Teesside University, who took time to train me in various laboratory methods 

and how to use specialised equipment. Particular thanks go to Suzie for use of the SEM and 

ITRAX core scanner. I also acknowledge the u -Vis X-ray Imaging Centre at the University of 

Southampton for provision of tomographic imaging facilities, supported by EPSRC grant EP-

HO15O6X, and I extend my gratitude to the Cadland Estate, the River Tees Trust, Lepe Beach 

County Park, DEFRA, Mr Brian Bainbridge and the Environment Agency for allowing access to 

various field sites.  

Finally, I would like to thank NERC and the School of Ocean and Earth Science at the University 

of Southampton who jointly funded my PhD scholarship.  





 

xvii 

Definitions and Abbreviations 

ADD  Accumulated Degree-Days 

CESM Coastal Erosion Susceptibility Model 

CI  Crystallinity Index 

CIELab Commission internationale de l'éclairage colour space designations 

CT  Computed Tomography 

CTD  Conductivity, Temperature and Depth 

DNA  Deoxyribonucleic acid 

EA  The Environment Agency 

EH  English Heritage 

EPA  Elemental Probe Analysis  

FTI  Fluvial Transport Indices 

FTIR  Fourier Transformed Infrared Spectrometry 

FTIR-ATR  FTIR, Attenuated Total Reflectance mode 

GAMs Generalised Additive Models 

GHI  General Histological Index 

IPCC  Intergovernmental Panel on Climate Change 

IQR  Inter Quartile Range 

IR  Infrared 

IRSF  Infrared Splitting Factor 

LECZ Low Elevation Coastal Zone 

LOESS Locally Weighted Scatterplot Smoothing 

LR  Linear Regression Model 

M3C2 Multiscale Model to Model Cloud Comparison 

MFD  Micro-focal destruction 



 

xviii 

mtDNA Mitochondrial DNA 

NAI  No Active Intervention 

NCERM National Coastal Erosion Risk Mapping 

NRW  Natural Resources Wales 

nDNA Nuclear DNA 

OBS  Optical Backscatter Sensors 

OHI  Oxford Histological Index 

PCA  Principal Component Analysis 

PMSI  Post Mortem Submersion Intervals 

PT  Pressure Transducer 

PWR  Power Regression Model 

RCZA  Rapid Coastal Zone Assessment 

REEs  Rare Earth Elements 

RNA  Ribonucleic acid 

ROI  Region of Interest 

SCAPE Scottish Coastal Archaeology and the Problem of Erosion 

SEM  Scanning Electron Microscope / Microscopy 

SEM/EDX SEM Image Scanning electron microscopy with energy dispersive X-ray spectroscopy 

SMP  Shoreline Management Plan 

STR  Short Tandem Repeat Analysis 

Sub Time Submersion Time 

TADS Total Aquatic Decomposition Score 

TM  Trace Metals 

TSL  Terrestrial Laser Scanning 

UPSM Underlying Physical Susceptibility Model 



 

xix 

VSC  Video Spectral Comparator 
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Field site and laboratory submersion contexts 

ALG  Cyanobacteria inoculation experiment 
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Definitions 

Abrasion: the remove of osseous tissue from the surface of bone by physical processes.  

Bone diagenesis: the physicochemical changes skeletal tissues undergo in the burial environment. 

In this thesis all post-depositional changes to bone (i.e. pre- and post-burial modifications) are 

treated as diagenetic changes.  



 

xx 

Bone weathering: the chemical and mechanical post-mortem deterioration and destruction of bone 

over time. 

Forensic taphonomy: as defined by Pokiness and Symens (2014) is the study of the post-mortem 

changes to human remains, focusing largely on environmental effects, including decomposition in 

soil and water and interaction with plants, insects, and other animals. 

Post-mortem Submersion Interval: the time period between entry into the water and recovery of 

the body. 

Taphonomy: the study of how organism decay and become fossilized. 
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Chapter 1: Introduction and thesis structure 

1.1 Introduction 

This thesis presents a series of papers that further our understanding of water-based bone 

diagenesis and explore the application of a number of new, current and improved methodologies in 

the analysis of aquatically modified bone.  

Submerged bone may be transported a large distance from its original depositional context and be 

subject to a wide range of diagenetic alterations (physical, chemical and biological changes) that 

hinder osteological and biochemical analyses (Haglund and Sorg, 2002; Mays, 2008; Sorg et al., 

1997). However, there is currently an incomplete understanding of the effects that aquatic 

processes have on skeletal material, and consequently the interpretation of water-submerged 

remains presents a number of challenges to archaeologists and forensic practitioners. This thesis 

therefore addresses this paucity in data, with the intention of facilitating more accurate assessments 

of bones’ aquatic diagenetic pathways.  

Such developments are important as bone tissue provides an invaluable physical and chemical 

means for reconstructing aspects of the past (Smith, 2002) including ancient diet, population 

movement, demography, and disease. Similarly, when recovered in a forensic context, bone offers 

an enduring means of victim identification through osteological or genetic profiling when other 

tissues are absent or degraded. Furthermore, physicochemical changes to bone tissue may be used 

to elucidate circumstances surrounding death and identify post-depositional processes operating 

prior to the material’s recovery. The interpretation of such changes falls within the broad remit of 

taphonomy (the study of how organisms decay and become fossilized); with aquatic bone 

taphonomy being the focus of this thesis. In bone taphonomy studies, accurate interpretations of the 

conditions which cause diagnostic diagenetic changes to material are not just important for 

reconstructing post-depositional environments, processes and durations; but are also vital in 

ensuring that any data recovered from bone is not incorrectly interpreted due to information loss 

and modification. In this sense taphonomic processes can help to elucidate as well as obfuscate 

certain aspects of data drawn from bone. As Knüsel and Robb (2016) rather aptly state; “the less 

your fragmented assemblages tell you about biology, the more they will tell you about taphonomy”. 

Therefore, an assessment of taphonomic alterations to bone is a necessary precursor to any further 

archaeological or forensic interpretations, as it allows researchers to account for any diagenetic 

alterations and assess how these changes may affect the veracity of data drawn from bone. 

Accordingly, the principal aim of this doctoral research is to gain a more nuanced understanding of 

how different aquatic diagenetic processes and modifications impact on the interpretation of 

submerged bone. To achieve this the research presented herein endeavours to: 
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• Better understand and identify modifying agents and their resultant effects on bone that 

may have particular analytical merit when interpreting remains’ aquatic taphonomic 

histories.  

• Determine both predictability and rates of diagenetic change as they relate to different 

environmental and spatial parameters; as establishing the uniformity of change to bone 

allows an evaluation of how reliable such modifications are for making inferences about 

the occurrence and time course of different taphonomic processes. 

• Identify and evaluate methods and analyses that have good potential applications for 

interpreting bones’ aquatic diagenetic pathways.  

To accomplish these aims a number of experimental and actualistic bone taphonomy studies were 

conducted to better understand early post-depositional diagenetic changes in water-submerged 

bone. These studies attempt to correlate diagnostic features of change to bone with specific 

modifying agents, as this reconciliation of taphonomic cause and effect facilitates an assessment of 

the types of environments and processes osseous material has been exposed to. Chapters 3 and 4 of 

this thesis explore the quantitative analysis of abrasion on bone surfaces to better understand its 

utility as a predictor of submerged remains’ transport pathways and taphonomic histories. Abrasion 

is a commonly observed physical modification on water-submerged remains (Cook, 1995; Haglund 

and Sorg, 2002; Littleton, 2000), and is important to interpret, as an accurate understanding of the 

transport history and origin of submerged bone is essential before subsequent analysis. This is due 

to that fact that the material’s provenance defines its fundamental spatial and temporal significance, 

and consequently its cultural connotations and demographic or ecological affiliations. Hence, the 

study of diagnostic modifications to bone plays an important analytical role in enabling 

disassociated material to be assigned the contextual relevance on which many subsequent 

interpretations are based, while also ensuring remains are not misinterpreted due to confusion 

regarding their original depositional environments.  

Chapter 5 of this thesis aims to better understand physicochemical changes to submerged bone. 

Such changes are important to understand for the following reasons: Firstly, different diagenetic 

processes can obscure, alter or destroy the biogenic elemental signatures used in the interpretation 

of many pre-mortem aspects of bone, such as the study of past diet and ecology. Extracting and 

interpreting this information correctly relies on an understanding of the stability of bone when 

exposed to different taphonomic agents (Berna et al., 2004). Only when a nuanced understanding 

of these diagenetic modifications is achieved, can the extraction of authentic geochemical 

signatures from bone be considered robust (Trueman et al., 2004). In additional to elemental 

changes, biomarkers such as DNA may be modified post-mortem. However, the parameters 

affecting DNA survivability in submerged osseous tissue are currently poorly understood. 

Therefore, a better understanding of aquatic bone diagenesis in conjunction with improved and new 

methodologies for interpreting and screening taphonomic alterations may help mitigate 
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unsuccessful analysis and taphonomic bias; hence saving time and money, and limiting the 

destructive analysis of a finite material (Hollund, 2013). Secondly, such changes may help to 

elucidate post-depositional processes which can be applied as diagenetic or geochemical 

provenancing tools to better understand the submersion times, transport pathways and origins of 

modified material. With these goals in mind this thesis explores the application of a number of 

quantitative and semi-quantitative measures of bone diagenesis such as collagen decay, bone 

crystallinity change, DNA degradation, elemental exchange and histological integrity to better 

understanding physicochemical modifications to water-submerged bone. This multi-proxy 

approach to analysing diagenesis is adopted as submerged bone may experience an extensive and 

complicated range of modifications, which are inherently related to each other. Resultantly, one 

agent of diagenetic change has the potential to induce, catalyse or hinder another, and therefore 

such modifications cannot be studied in isolation (Smith, 2002). 

As mentioned above, the studies presented herein adopt an experimental approach in both 

laboratory and field-based settings to record early post-depositional changes in submerged bone 

tissue. This methodology is employed as the study of early modification processes and outcomes 

not only has direct applications in forensic research, but is also a viable approach to understanding 

conditions that promote or hinder the long-term survival of bone (Efremov, 1940; Fernández-Jalvo 

et al., 2010). The study of early post-depositional processes therefore has good cross discipline 

applications and distinct analytical advantages, as variables influencing diagenesis can be 

incrementally recorded and viewed in both controlled and natural settings; hence allowing for 

analogical reasoning and the production of robust diagenetic models which account for a wide 

range of taphonomic parameters (Denys, 2002; Vass, 2010). 

However, deciphering different taphonomic processes and their resultant effects on bone is a 

complicated task that can be confounded by many variables. While the basic cause and effect 

relationship in bone taphonomy is controlled by external environmental agents, and the internal 

nature of bone itself, it is apparent that in both aquatic and terrestrial settings universally applicable 

correlations between taphonomic agents and outcomes are often elusive (Hedges, 2002; Hollund, 

2013). This is not to say there are no standardized responses of bone to specific taphonomic 

stimuli, but rather the complex relationship between variable environmental processes and the 

physical and chemical nature of bone itself confounds broadly predictable measures and rates of 

diagenetic change. Consequently, correlations between diagenetic agents and resultant changes 

may only to be well understood at a site-specific scale (Hedges, 2002). Hence, there is a need to 

assess the widespread applicability of diagenetic markers recorded on submerged bone.  

While bone may display a wide range of diagenetic variability when subject to seemingly 

analogous modifying processes; taphonomic interpretation may also be confounded by the issue of 

equifinality, where alterations caused by different modifying agents or durations produce 

seemingly indistinguishable features of change on bone (Cook, 1995; Lyman, 1994; 2004). As a 
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result, the aetiology of taphonomic modifications on bone may be hard or impossible to determine 

(Madgwick, 2014). In a general sense then, the inability to correlate taphonomic modifications with 

specific agents and durations can be attributed to four potential factors: Firstly, the complexities of 

aquatic taphonomic systems at work are such that they confound analysis. Secondly, there is not 

sufficient variability in the way that bones with similar diagenetic states respond to different 

processes, hence restricting differential determinations. In contrast, variability in the physio-

chemical properties of bones may cause them to react differently to the same taphonomic stimuli, 

which limits dependable interpretations of taphonomic histories based on diagenetic signatures. 

Finally, the resolution of analysis used to interpret these changes may be inadequate. 

While all of these issues are discussed throughout this thesis, the latter is of central importance and 

leads to the question; can improved methodologies help to decode taphonomic pathways where 

before this was not possible? This question arises because while it is clear that certain taphonomic 

modifications are so challenging to decode that they cannot be used to form reliable conclusions 

about the tissue in question, assumptions about the utility of different taphonomic markers cannot 

be established unless the accuracy of the analysis employed is appropriate. Quantitative measures 

are particularly lacking in the analysis of changes to bone caused by abrasive processes, and while 

there are a wide range of quantitative measures available for assessing biochemical changes to 

bone, such analysis has been seldom applied in the investigation of early diagenetic changes to 

bone recovered from water. Arguably more accurate measures of both physical and chemical 

changes to bone should allow for an improved assessment of both cause and frequency of tissue 

modification, by removing a degree of ambiguity inherent in more traditional qualitative measures. 

It is hoped that the adoption and development of such methodology in the studies discussed herein 

will help to limit the aforementioned issue of the chosen analysis being a factor which inhibits the 

successful reconciliation of taphonomic effect, cause and duration. Most importantly it is hoped 

that the more quantitative approaches presented in this thesis will allow for an improved 

assessment of the accuracy, and hence the usefulness of different taphonomic markers recorded on 

bone for decoding aquatic taphonomic histories. While the studies presented in this thesis may be 

considered preliminary in nature, they are also fundamental, and it is hoped that they will provide 

an assessment of those approaches (analytical techniques and avenues of research) which show the 

best potential applications in future studies of submerged bone. 

1.2 Thesis structure 

Chapter 2 provides the context in which this research is situated. Firstly, this chapter discusses the 

importance of the archaeological and forensic material that may be subject to aquatic taphonomic 

modifications. An assessment of the risk posed to archaeological skeletal remains located in UK 

coastal archaeological sites is also presented and discussed. Secondly, this chapter highlights the 

current knowledge base and analytical challenges concerning the interpretation of bone recovered 
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from aquatic settings. Thirdly, it discusses common diagenetic changes to bone recovered from 

aquatic and terrestrial settings, in conjunction with a review of the methodologies that may be 

employed to interpret these modifications. In this section, a number of knowledge gaps concerning 

aquatic bone diagenesis are identified, which are then addressed in the subsequent chapters of this 

thesis. 

Chapter 3 discusses the utility of quantitative analysis of sediment-induced micro-abrasion on 

bone surfaces for interpreting submerged remains’ transport pathways. Flume-based experiments 

are presented that quantitatively assess micro-abrasion propagation rates on bone surfaces. Data 

developed from laboratory-based experimentation are then applied to four separate case studies. 

Here abrasion data recorded on bones recovered from different aquatic contexts is linked to 

hydrological and marine seabed sediment data to demonstrate how documented micro-abrasion can 

reflect the sedimentary contexts bone has passed through. In light of these results it is suggested 

that a quantitative approach to analysing abrasion on bone retrieved from water has the potential to 

allow remains’ submersion times and transport pathways to be established with a higher degree of 

resolution than is currently possible through qualitative gross morphological assessments.  

Chapter 4 examines the value of quantitatively recording gross morphological abrasive changes on 

bone in laboratory and field-based experiments. In this chapter, the potential use of laser scanning 

for visualising and quantifying sediment abrasion on submerged bone is explored. This preliminary 

study indicates that active non-contact surface scanning can be used to accurately record abrasion 

on submerged bone with a degree of precision not possible using traditional gross morphological 

assessment. In light of these results it is suggested that this quantitative approach provides an 

improved means of assessing the usefulness of abrasion recorded on bone when interpreting bones’ 

taphonomic pathways.  

Chapter 5 explores a suit of physicochemical changes to bone that are induced by early post-

depositional processes in a variety of aquatic environments. Long-term field-based experiments (18 

months in duration) and shorter-term laboratory experiments (3-6 months) are presented which 

attempt to understand a number of variables that have rate-limiting influences on diagenetic change 

in submerged bone. This data is then used to assess how aquatic submersion in different 

environments may influence the survivability of bone and biomarkers (namely DNA) over 

contemporary and archaeological time periods. A multi-proxy approach is adopted, allowing a 

comprehensive range of preservation parameters and their respective correlations to be examined. 

Diagenetic measure utilised include; gross morphological observations, histological assessment of 

bone microstructure, DNA analysis; FTIR-ATR analysis of bone’s mineral and organic 

constituents; quantitative measures of colour change; and XRF analysis of bones’ elemental 

compositions. The study suggests that early post-depositional changes in submerged bone not only 

have analytical merit in forensic research but can also be used to make some general assessments 

concerning the long-term diagenetic trajectories of remains. 
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Chapter 6 summarises the main findings of this thesis, considers the implications of the new 

information provided, and subsequently suggests the most favourable future approaches to the 

analysis of diagentically altered bone recovered form water.  

Note: Chapter 3, 4 and 5 of this thesis have been written as standalone scientific articles. 

Therefore, there is some repetition of content between these chapters and the Introduction and 

Background chapters. 
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Chapter 2: Background and literature review 

This chapter provides background information concerning the significance of the forensic and 

archaeological remains in question, and the many scenarios which may cause bone to be exposed to 

destructive aquatic processes. Common diagenetic changes to bone recovered from aquatic and 

terrestrial settings are then discussed in conjunction with a review of the methodologies that may 

be employed to interpret these modifications. From a review of the literature a number of 

knowledge gaps in aquatic bone diagenesis are identified which are then addressed in the 

subsequent chapters of this thesis. 

2.1 Archaeological context 

Coastal areas may be described as peripheral in nature; certainly, these regions once occupied the 

fringes of archaeological thinking. As Erlandson and Fitzpatrick (2006) note; until relatively 

recently aquatic resource exploitation and coastal and island adaptions were not viewed as playing 

an important role in human prehistory (cf. Bowdler, 1977; 1990). Gamble (1994) for example, 

suggested that marine, estuarine, riverine, or lacustrine environments were not exploited frequently 

during hominid expansion around the world (cf. Gamble, 2013). Hypotheses of this sort namely 

arose from the importance of such environments being concealed by a global sea level rise of c. 

125 meters after the Last Glacial Maximum, which lead to many pre-Holocene sites (c. 90% of 

coastal Pleistocene sites) being inundated or destroyed, hence biasing the archaeological record 

(Bailey, 2004; Bailey and Carrion, 2008; Bailey and Milner, 2002; Erlandson et al., 2008). With an 

improved understanding of submerged and terrestrial sites located around the coast it is now widely 

accepted that there was not a radical transition during the Holocene that led to the beginning of 

aquatic resource exploitation (Bicho and Haws, 2008). While there is still uncertainty regarding the 

extract nature of coastal occupation and resource exploitation over different time periods, in 

different regions (Erlandson and Fitzpatrick, 2006). It is becoming increasingly apparent that 

submerged sites and those located in close proximity to bodies of water play a fundamental role in 

our understanding of past population dynamics throughout antiquity. For example, there is now 

evidence that anatomically modern humans intensively exploited marine resources in Africa around 

125 kya and that early hominins may have begun island colonisation approximately 950 - 800 kya 

(Bailey and Carrion, 2008; Brumm et al., 2016; Dennell et al., 2014; Erlandson and Fitzpatrick, 

2006; van den Bergh et al., 2016). The recent discoveries of stone tools with Lower / Middle 

Palaeolithic morpho-type on island in Asia (Sulawesi, Flores) and the Mediterranean (Crete, 

Gavdos, Naxos), challenge the idea that oceans and seas solely inhibited the movement of hominins 

out of Africa (Leppard and Runnels,  2017). 

Coastal areas and other tectonically active regions, such as rift valleys, have attracted human 

enterprise for a variety of reasons (Bailey and King, 2010). These topographically complex regions, 
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often with localised boundaries, are ideal for varied resource exploitation and the natural 

accumulation of fresh water (Bailey and King, 2010). Consequently, these areas often acted as bio-

diverse niches viable for settlement (Bailey and King, 2010; Reeder et al., 2010) particularly during 

periods of climatic transition or instability (Finlayson, 2008; Shea, 2008). Additionally, throughout 

time, coastal, riverine and estuarine areas have facilitated the development of trade networks, acted 

as platforms for cultural diffusion and population movement; been associated with cultural and 

ritualistic practices; and have made ideal defensive sites (York, 2017). It is therefore not surprising 

that areas of high archaeological potential are often close with water and resource zones such as 

wetlands. Consequently, archaeological material from these areas may not only provide a global 

baseline chronology of human occupation and behaviour, but may also prove pivotal in our 

understanding of transitional periods such as past peopling events.  

Many human fossil assemblages are in fact found in close association to aquatic contexts as 

processes operating in lacustrine, estuarine and fluvial environments may facilitate rapid burial in 

bottom sediments, which is often conducive with stable preservation (Joordens et al., 2009). As 

Haglund and Sorg (2002) indicate, some of the best-preserved hominid fossils in Africa are 

associated with flood plain deposition. Assessing whether modification or transport of remains 

from these deposits has occurred is a central aspect of understanding their contextual significance 

and continues to be a pertinent taphonomic issue in archaeology. Understanding the modifications 

and origins of remains outside specific archaeological contexts is also important, as is evidenced by 

the recent findings of juvenile bones on Quebec’s Gaspé Peninsula. While it is assumed these 

remains have been transported from shipwrecks dating from the Great Irish Famine migration, this 

has not yet been confirmed due to a current lack of tools for interpreting submerged bone (WP, 

2014). While at present methods for interpreting water-modified remains are somewhat lacking 

(Thompson et al., 2011), research in aquatic bone taphonomy and biomarker survival is continuing 

to advance. For example, 2016 marked the discovery of human remains from the Antikythera 

shipwreck in Greece, which presents one of the first chances for successful DNA sequencing from 

a victim of an ancient shipwreck (TG, 2016a). 

While material from such contexts is of notable importance to the archaeological record and 

popular media, inundated sites and those located in coastal zones are currently under-recorded in 

comparison to inland deposits (Fulford and Allen, 2014; Flatman, 2009). More systematic 

excavation of know sites and exploration of areas which have high archaeological potential is 

therefore needed. However, as is discussed below in section 2.2, it is becoming increasingly 

apparent that the identification and excavation of these sites is a time sensitive issue due to a 

variety of impinging climatic and anthropogenic influences. 
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2.2 The ‘at-risk’ nature of archaeological skeletal remains 

The development of improved methodologies for the interpretation of water-modified human 

skeletal remains is of increasing significance, as a variety of anthropogenic and natural-

environmental pressures threaten important, but under-recorded, archaeological sites located in and 

around river systems, lakes and the coast, including intertidal and inundated sites (Flatman, 2009; 

Howard et al., 2016). As Colette (2007) and Marzeion and Levermann (2014) indicate, the risk 

posed to these archaeological assets is a global one. Of the aforementioned areas, coastal zones are 

considered to be the most vulnerable to destructive changes (Daly, 2011), with the major factors 

determining the fate of skeletal deposits in these regions being their proximity to low lying 

floodable land, in addition to local geological stability. Areas comprised of unconsolidated 

sedimentary rocks, such as soft glaciofluvial tills and sands are poorly litified and therefore cannot 

effectively buffer erosive processes. In the UK examples of coastal regions that are particularly 

vulnerable to erosion are Yorkshire, Lincolnshire, South Wales, East Anglia and South-East 

England. An assessment of the risk posed to these sites is important, because when remains are 

exposed and displaced into water they are often transported away from their original depositional 

contexts. If decontextualized archaeological material is found washed ashore, for example, an 

interpretation of any diagenetic modifications in conjunction with data concerning possible 

locations of at-risk or actively eroding deposits can help inform archaeologist on the possible 

original geographical origins of the material, and hence facilitate further assessments concerning 

the age and importance of any recovered material. An evaluation of the risk posed to sites also 

helps to emphasise the importance for the development of different methodologies that will be 

increasingly needed to interpret remains eroded from coastal or riverine deposits, or recovered from 

inundated sites. 

While the impacts of climatic influences / change on cultural heritage assets are difficult to 

determine absolutely, it is probable that heightened severity and frequency of extreme weather 

events will proliferate damaging processes such as coastal erosion, exposure of submerged sites, 

and destructive geomorphological events around river valleys (Flatman, 2009; Howard et al., 

2016). It is also certain that the rate of sea level rise is accelerating globally, with a c. 28-98 cm rise 

predicted by the year 2100 (IPCC, 2014). Such changes mean that remains located in low-lying 

deposits or on reclaimed land are at-risk of becoming inundated or destroyed (Daly, 2011). It 

should be noted that these environmental processes do not inherently cause the destruction of 

deposits (Daly, 2011; Kelly and Stack, 2009). For example, flooding may preserve material as 

sediment compaction and anaerobic conditions can inhibit decay of organics, such as bone. 

However, most invasive processes, particularly erosion, will negatively impact deposits through 

intrusion and exposure of remains. 
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In addition to climate change, more direct anthropogenic influences also pose a threat to skeletal 

deposits. Flatman (2009) suggests that development and industry may in fact have the largest 

negative impacts on coastal archaeological resources. For example, a recent Rapid Coastal Zone 

Assessment (RCZA) in Norfolk identified quarrying as having the greatest influence on coastal 

morphological change in the region over the past 60 years (Flatman, 2009), having a more 

deleterious / rapid effect than natural erosion. In addition, while industry such as sand mining will 

influence the ability of sites to adapt and buffer destructive processes, so may developments which 

are installed to mitigate shoreline retreat and flooding. Sea walls for example may influence local 

sediment budgets and movement, causing sites in surrounding areas to be less able to withstand 

environmental pressures (Dawson, 2013; Edwards and O'Sullivan, 2007).  

While there have been a number of projects which attempt to assess coastal archaeological resource 

vulnerability in the UK (see below), in general there is a lack of empirical data concerning the 

number of coastal archaeological sites holding skeletal remains in the UK, and the risk posed to 

these heritage assets by a number of environmental pressures in the immediate future. To address 

this apparent gap in knowledge a data mining study was conducted and is presented below:  

For this preliminary study, site location data were accumulated from the two largest data 

repositories of UK archaeological and heritage sites: the Archaeological Data Service (ADS, 2017) 

and Historic England’s Heritage Gateway (HG, 2017). Data from the English Heritage (EH) 

RCZAs (Citizen, 2017) and the Scottish Coastal Archaeology and the Problem of Erosion (SCAPE) 

(ST, 2017) databases were also utilised, as these hold direct information on the at-risk nature of 

certain coastal deposits. Key word searches where conducted in each database to identity human 

skeletal burials in UK coastal zones (see appendix A.1). Determining which sites to assess in the 

study was somewhat problematic as the exact extent of a coastal zone is somewhat ill defined. 

General numerical denotations do exist; for example, an all-purpose definition of European coastal 

zones was proposed in 1996, which defined these areas as being 10 kilometres in land from the sea 

(King and Green, 2001). In addition, the Low Elevation Coastal Zone (LECZ) is defined as any 

contiguous land located below 10m above sea level (McGranahan et al., 2007). However, it was 

elected to incorporate all sites in the study that were located 2km leeward of the coastline, as if the 

LECZ parameters were adopted sites located at high elevations (on cliff tops for example, but still 

experience erosion) would have been overlooked. In addition, while a number of sites located 

10km inland may be affected by sea level rise and flooding events, destructive geomorphological 

changes are restricted to far smaller catchment areas (i.e. c. 200m inland) (Daly, 2011), and hence 2 

kilometres seemed an appropriate limit for the study area when assessing relatively short-term 

changes due to multiple environmental influences. Using this parameter 7998 sites were identified 

in UK coastal zones that were associated with human remains. It should be noted that in a portion 

of these sites human remains may not be extant, for example in the case where excavations have 

been conducted. However, it was decided to include all sites from key word search returns, as 
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excavation or partial destruction of sites does not definitively indicate the removal of all associated 

burial material. 

 

Figure 2-1 Example of EA and NRW flood data models applied to identify at-risk sites in flood zones on the Welsh 

coast. 

Site data were plotted using ArcMap 10.3.1 and a number of coastal change / susceptibility models 

were run to assess the risk posed to these deposits over various temporal and spatial scales (see 

figure 2.1 and figure 2.2). The scenario of a 1-meter rise in global sea level was tested using data 

acquired from the Centre of Remote Sensing of Ice Sheets (CRSIS, 2017) in accordance with the 

IPCC’s maximum projections of sea level change by 2100 (5 to 95% range of projections from 

process based models) (IPCC, 2014). This model allowed for an assessment of sites that are at-risk 

of inundation. In addition, flood risk data was utilised from the Environment Agency and Natural 

Resources Wales (NRW) fluvial and tidal models, which identify areas presently at high risk of 

recurrent flooding from rivers and seas (1% or greater chance of flooding each year) (EA, 2016). 

For each country two susceptibly models were run, the Flood Zone 2 and 3 models (EA 2016; 

NRW, 2017), which account for scenarios with and without the influence of existing flood 

defences. Unfortunately, no publically accessible raw flooding data was available for Scotland. To 

assess the potential impact of coastal erosion on deposits from England and Wales, National 

Coastal Erosion Risk Mapping (NCERM) data were utilised (Data.gov, 2017) The NCERM models 
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employ a Behavioural Systems approach (McInnes et al., 2011), which assesses the impact of 

multiple variables such as forcing parameters (tide and wave energy), sediment supply, storm 

events and various geological controls on shoreline retreat. Using this data, two scenarios were run: 

long-term (50-100yr) erosion projections (95% confidence levels) with Shoreline Management 

Plan (SMP) policies in place (i.e. accounting for coastal defence interactions) and a scenario of No 

Active Intervention (NAI) (i.e. accounting for environmental controls only), as these models 

indicate that the residual life for any current sea defences is 55 years maximum. To assess the risk 

posed to sites in Scotland an Underlying Physical Susceptibility Model (UPSM) and Coastal 

Erosion Susceptibility Model (CESM) (Fitton et al., 2016) were employed. The UPSM uses ground 

and rock head elevation data, and wave exposure and proximity to coast information, which is 

moderated by the CESM model to encompass the effects of sediment supply and coastal defences 

on erosion rates.

 
Figure 2-2 Example of UPSM and CESM models applied to assessing sites at-risk of erosion on North and South Uist 

Islands, Scotland. 

These models allow the identification of five ‘susceptibility to erosion’ areas in coastal zones, 

ranking from very low to very high. Data for medium, high and very high susceptibility locations 

were utilised in this study, as the latter two classes successfully identify (91% confidence level) 
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areas of the coast that currently have a high susceptibility to erosion, and the medium ranking 

should identify areas at-risk of erosion in the future. From the accumulated data sets it was 

concluded that by the end of the century, 2769 of the recoded 7998 sites (35%) may be at-risk of 

exposure to potentially destructive environmental processes, with the majority of these sites being 

impacted by inundation through sea level rise or flooding. A summary of the different invasive 

process and outcomes can be found in table 2.1. It should be noted that data present above are very 

much reflective of a worst-case scenario, as maximum predicted sea level rise data is utilised.  
Process No. of 

Impacted 
Sites 

Time Scale Data Set Utilised 

Sea Level Rise, 
1M (UK) 

2250 2100 Centre of Remote Sensing of Ice 
Sheets (CRSIS) 

Coastal Erosion 
(ENG and 
WLS)(SMP 
Scenario) 

38 50-100yr National Coastal Erosion Risk 
Mapping (NCERM) 

Coastal Erosion 
(ENG and 
WLS)(NAI 
Scenario) 

66 50-100yr National Coastal Erosion Risk 
Mapping (NCERM) 

Coastal Erosion 
(SCO) (Medium 
Risk) 

217 Present Day 
Susceptibility 

Coastal Erosion Susceptibility 
Model (CESM) 

Coastal Erosion 
(SCO) (High 
Risk) 

120 Present Day 
Susceptibility 

Coastal Erosion Susceptibility 
Model (CESM) 

Coastal Erosion 
(SCO) (Very 
High Risk) 

108 Present Day 
Susceptibility 

Coastal Erosion Susceptibility 
Model (CESM) 

Flooding 
(ENG)(Risk 
From Rivers and 
Sea) 

458 Present Day 
Susceptibility 

Environment Agency (EA) 

Flooding 
(WLS)(Risk 
from Rivers and 
Sea) 

93 Present Day 
Susceptibility 

Natural Resources Wales (NRW) 

Number of Sites 
Within 2km of 
UK Coast 

Total No. of Impacted Sites by 2100 (note this number accounts 
for overlap between different destructive processes). 

7998 2769 (35%) 
 

Table 2-1 Summary of at-risk sites and utilised coastal change models 

It should also be noted that there are inherent caveats when taking this broad approach to 

identifying coastal change using multiple disparate data sets, particularly when making assessments 

of individual sites. Modelling data is indicative rather than definitive, meaning that when large 

spatial scales are analysed it is difficult to account for more complex local level changes (Fitton et 

al., 2016). Therefore, accurately predicting the erosion rates of deposits at site-specific or micro 

scales, using deterministic models, is problematic (Chapman et al., 2001): this is because multiple 

destructive influences are affecting these areas in concert. These are not only long, medium and 

short terms processes (Flatman, 2009), but have onshore and offshore components operating at 

local and regional scales (English Heritage, 2003). Consequently, these processes may cause 

extreme variations in erosion rates at local levels. Furthermore, the majority of predictive models 
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for geomorphological changes currently operate at meso and decadal scales or longer, and do not 

account for incidences of rapid, stochastic erosion. For example, while the NCERM data used in 

this study allows for coastal erosion projections at local levels, the temporality of these changes is 

only presented over broad scales.  

Various archaeological studies have attempted to create resource vulnerability indexes in coastal 

zones using tools like GIS modelling and aerial photography (Daly, 2011; Ebert, 2004; Reeder et 

al., 2010). While probabilistic, quantitative models such as those developed by Robinson et al. 

(2010) and Fitzpatrick et al. (2006) allow forecasting of yearly erosion rates at site-specific scales; 

and Panzeri et al., (2012), Howard et al. (2008; 2016) and Kincey et al. (2008) have generated 

similar predictive models to assess riverine / coastal areas at larger scales, such models are still 

subject to varying degrees of error due to the influence of unpredictable erosion events (Daly, 

2011). This is problematic, as rapid erosion can cause widespread damage and loss of 

archaeological deposits over very short periods of time (Berghall and Pesu, 2008; Daly, 2011). 

While not a skeletal deposit, a good example of the time sensitive nature of recording important 

archaeological material in coastal regions is the discovery of, what are possibly, the oldest set of 

hominin footprints in Europe, from Happisburgh, Norfolk. These ichnofossils dating from c. 1-0.78 

mya were exposed rapidly due to beach erosion in 2013, but destroyed within just two weeks of 

exposure due to tidal processes (Ashton et al., 2014). 

In addition to the issue of predictive scales, the use of multiple data sets means that the confidence 

in projected changes varies between models. For example, as opposed to the NCERM data, the 

flooding data utilised in this study can only indicate general locations that may be at-risk, but do 

not provide any definite projections of the time scale or extent of damage at a site-specific scale. 

Therefore, the projections used in this study should only be viewed as an indicator of sites which 

have the potential to be exposed to destructive process over the next 80 years. However, even with 

these caveats, the data presented here indicate that a large portion of sites known to hold human 

skeletal remain in UK coastal zones may be exposed, damaged or destroyed by environmental 

processes by the end of the century.  

Despite the potential rapidity of destructive processes acting on these resources there are still 

relativity limited site-specific plans for mitigation in place in the UK (Daly, 2011; Kincey et al., 

2008). Chapman et al. (2001) argue that when attempting to assess destructive changes at a site-

specific level, frequent quantitative monitoring is the only concrete way to mitigate material loss. 

Unsurprisingly, it is often destructive processes that lead to the exposure of deposits in the first 

place (English Heritage, 2003; Flatman, 2009). Consequently, there is generally only a limited time 

frame between exposure, discovery and destruction in which recovery of material may take place. 

Therefore, this exposure is only advantageous if frequent, wide scale surveys of vulnerable areas 

are conducted so changes can be pro-actively mitigated (Flatman, 2009). 
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Various schemes have been set up to monitor sites in the UK. RCZAs conducted by English 

Heritage since 1991 represent the most concerted effort. These schemes utilize desk-based research 

and predictive models of coastal change, as well as walking surveys to assess the importance and 

vulnerability of resources. Unfortunately, the program’s budgetary constraints mean that detailed in 

situ recording and consistent monitoring of at-risk deposits and areas with high archaeological 

potential are not possible. This leads to selective sampling of material and a semi-quantitative 

understanding of material loss. For skeletal remains this is a particular issue, as they are not always 

associated with surface features, and RCZAs utilize little subsurface surveying. Resultantly, buried 

remains may be under-documented and their importance may be overlooked somewhat. In addition, 

various authors note that there is a bias toward built heritage in mitigation and monitoring 

strategies, as the risk posed to buried materials is either not known or more difficult to quantify and 

hence explain to those allocating resources (Caffrey and Beavers, 2008; Daly, 2011; Holden et al., 

2006). In fact, resource allocation for cultural heritage preservation in general presents an issue; as 

is discussed by Daly (2011), Dawson (2013); Kelly and Stack (2009) and Pearson and Williams 

(1996) archaeological heritage bodies need to compete against other sectors such as industry for 

government funding and are currently behind more pro-active bodies in regards to research and 

mitigation policy. For example, the financial cost of coastal erosion and flooding is notable. In 

2007, flooding events cost the UK government approximately 3 billion pounds (Howard et al., 

2016); with such large expenditures, it is understandable why heritage sectors cannot compete 

against more publicly tangible assets for mitigation strategies resources.  

In light of these issues it is apparent that ‘citizen science’ volunteer schemes, such as SCAPE’s 

Shore Watch program and the Thames Discovery Project, offer the most promising approaches to 

monitoring and recording at-risk deposits. These programs use GIS based systems and traditional 

recording of deposits to develop risk indices for sites, but importantly also rely on public 

monitoring to allow more sequential, real time assessment to site changes and discovery which can 

be acted upon (Daly, 2011). 

Despite these promising programs and the growing awareness of this material’s importance, a lack 

of frequent quantitative monitoring for archaeological resources in at-risk areas means destructive 

processes acting on these sites are not effectively mitigated (Chapman et al., 2001; Erlandson and 

Fitzpatrick, 2006; Flatman, 2009). Consequently, skeletal material in at-risk deposits will continue 

to become exposed to and displaced into water. Therefore, archaeologists must continue to decode 

the various aquatic taphonomic processes acting on submerged bone so as to facilitate the use of 

decontextualized, altered remains in future studies. The various approaches to understanding such 

diagenetic changes to bone are discussed in sections 2.4 and 2.5.  



Chapter 2 

16 

2.3 Forensic context 

While aquatic environments may be considered to be rather atypical contexts for the recovery of 

forensic bone, a number of authors argue that these areas provide regular accumulations of human 

and animal remains as shorelines act as a barrier which collect osseous material from both marine 

and terrestrial origins (Higgs and Pokines, 2014; Liebig et al., 2003; Pokines and Higgs, 2015; 

Pyenson, 2010). It has also been argued that when deposited on a shoreline, remains are easily 

visible and recoverable due to these areas’ generally exposed topographies, and the fact that these 

are zones of intense human activity (Pokines and Higgs, 2015). However, as Delabarde et al., 

(2013) indicate, despite the frequency at which submerged human remains are discovered, very 

little is known about aquatic decomposition processes. In addition, the majority of current forensic 

research focuses on soft tissue decomposition processes in water, with limited literature being 

available which pertains to the recovery and analysis of forensic bone from aquatic contexts.  

It is apparent that there are numerous scenarios that may lead to the deposition and subsequent 

discovery of human bone in water. Coastal, riverine and lacustrine areas are often densely 

populated; in fact, more than half of the world’s population live within 100 kilometres of the sea; 

consequently, these regions are readily utilised for victim disposal in homicide cases (Pringle et al., 

2010). In addition, water sources provide a means of rapid concealment and transport of remains 

from the scene of the crime. Therefore, in a medico-legal context human remains may enter a body 

of water after a period of exposed terrestrial decomposition, or as a direct result of victim disposal 

(Giertsen and Morild 1989; Haglund and Sorg, 1997; 2002; Lucas et al., 2002). In addition, 

clandestine and known modern burials located around coastal and riverine zones may be altered by 

the same destructive climatic processes that expose and displace archaeological remains (see 

section 2.2), as well as by scavenging activity. There are numerous instances of modern burials 

being exposed and displaced into water. For example, rising sea levels in 2014 lead to the transport 

of remains from Second World War graves located in the Pacific islands of Santos and Marshall 

(Telegraph, 2014); and in the UK, St. Mary’s Graveyard, Yorkshire was recently impacted by 

landslides and coastal erosion, causing bones on an exposed cliff face to be displaced into the sea 

(CC, 2013). In addition, as Pringle et al. (2010) note, clandestine burials located in coastal areas 

may stand a greater chance of going unnoticed before any natural exposure due to the limited 

understanding of geophysical survey and other search and recovery procedures for burials in these 

contexts (Pringle et al., 2010).  

Suicide and accidental drowning are other means by which remains may enter water and then 

become skeletonised (Abel and Ramsey, 2013; Avis, 1993; Cetin et al., 2011; Delabarde et al., 

2013; Goodwin et al., 2003; Gruspier et al., 2000; Kringsholm et al., 2001; Mateus, 2013; Muccino 

et al., 2015; Papadodima et al., 2010; Vanin and Zancaner, 2011). Approximately 5.6 people per 

100,000 globally die from drowning, and while rates have been steadily decreasing over the past 
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four decades in the UK, c. 1,500 people die from drowning per annum, with a quarter of these 

deaths being recorded at sea and three quarters being in inland waters (Rosap, 2016). Two thirds of 

these deaths are accidental in nature, with the remainder being suicidal drowning. In accidental 

drowning cases, it is less likely that a body will be transported and skeletonised. However, in the 

case of suicides it is quite common that remains will be recovered after a period of aquatic 

decomposition, and at a considerable distance from the point that an individual entered the water. 

Taking Denmark as an example, a study on forensic human remains recovered from the sea was 

conducted by Kringshlom et al. (2001) between 1992 and 1996. The research shows that remains, 

including isolated skulls associated with suicidal drowning cases, can be transported both long and 

short distances and be recovered in a variety contexts, scenarios and decay states: 77 bodies / skulls 

were found in total over the study period; half of these were found in open water, one quarter on 

the shoreline, and the remainder in harbour beds. 57% of these remains were identified as being 

individuals from Denmark, with the remainder being either unidentified or transported from 

bordering countries. These data indicate that long distance transport of remains in suicide cases 

may be a relatively frequent occurrence. Out of the cases in question, 38 had known points of 

deposition in water due to contextual evidence; 18 of these were recovered in close proximity to the 

point of drowning (c. 5km or less), while 20 were classified as being transported longer distances. 

In 36 cases the provenance of remains could not be determined. In addition, no correlations were 

found between distance transported and time of deposition, with the longest distance recorded 

(500km) being covered in just 8 weeks. Large-scale studies such as this one indicate that aquatic 

taphonomic pathways are highly variable and that additional methodologies are needed which can 

assess remains’ possible points of origin, and facilitate identifications and resolution of forensic 

cases. 

Disaster scenarios, such as aviation and maritime accidents (Dumser and Turkay, 2008; Mukaida et 

al., 2000; Stoop, 2003) may also lead to the deposition of human remains in water. For example, 

mass forensic identification of skeletonised individuals recovered from water has been needed 

during the recovery of deceased migrants, hundreds of whom die a year when crossing the 

Mediterranean Sea between Northern Africa and Europe. In 2011 for example, 1,500 individuals 

attempting to reach Europe from Libya died during the crossing (ISIS, 2014). According to reports 

many of the remains were difficult to identify due to limited knowledge concerning aquatic 

decomposition processes, post mortem submersion intervals (PMSIs) and rates of skeletonisation 

(ISIS, 2014).  

The majority of forensics bones recovered from water are discovered accidentally by members of 

the public, such as fishermen (Boyle et al., 1997; Byard et al., 2008; Sorg et al., 1995; 1997), and 

then sent to forensic practitioners for examination. A number of recent discoveries of this sort 

reported by popular media are given here: (Fox40 (2015); TG (2016b); WCVB (2014)). While 

helpful in one sense, discovery by the public often limits valuable in situ observations of material 
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(Pokines and Higgs, 2015) and hence the development of a knowledge base concerning aquatic 

decomposition processes and appropriate recovery methodology. For example, there is a high 

chance that certain skeletal elements may not be retrieved from these contexts; as even when 

professional recovery personnel such as divers are present, conditions are often reported to be 

challenging, with fragmentary and highly dispersed remains being a major issue confounding 

recovery (Christiansen and Myers, 2011; Delbarde et al., 2013). Such issues make questions about 

the remains’ possible provenances, PMSIs, and diagnostic taphonomic modifications more difficult 

to answer. Therefore, it is apparent that to achieve the end goal of victim identification through the 

objective and successful reconciliation of ante-mortem and post-mortem data, a better 

understanding of aquatic decomposition and recovery processes is needed (Christiansen and Myers, 

2011; Kringshlom et al., 2001; Pokines and Higgs, 2015). 

Just as archaeologists attempt to establish the contextual relevance of transported or modified 

remains, forensic practitioners try to narrow down the range of comparative data needed for victim 

identification though physical or chemical analysis. For example, if pertinent contextual evidence is 

known about the location at which a victim was disposed (i.e. the province of the crime) then DNA 

profiles acquired from recovered remains may be compared with genetic profiles from family 

members who have reported individuals as missing. Therefore, any advances that may help to 

determine location and duration of victim submersion are important for bringing criminals to 

justice and assuring deceased individuals are reunited with family members. However, to ensure 

the veracity of data used, it is imperative that this knowledge base is developed systematically and 

empirically, as there is currently an over reliance on case-based, anecdotal data. While not an 

example dealing with skeletonised tissue, one case involving the miscarriage of justice due to 

misinterpretation of aquatic taphonomic modifications is reported by Anderson and Bell (2014). In 

this case a suspected perpetrator received the death penalty for the murder of a young child based 

on the interpretation that his bite marks were found on the victim’s skin. It was later demonstrated 

experimentally that these marks were caused by crayfish, which inhabited the stream where the 

victim’s body was disposed of. At a later date the true killer was identified through DNA analysis 

(Anderson and Bell, 2014). Cases such as this show that there is paucity in knowledge concerning 

aquatic taphonomic alterations which need further resolution, while also highlighting the value of 

an experimental approach for addressing such issues. 

In summary: due to the current lack of empirical data concerning bone tissue modification in water 

(which are discussed in further detail in section 2.4 and 2.5), and the wide range of preservation 

states and scenarios associated with these remains (Byard et al 2008; Haglund and Sorg, 2002; Sorg 

et al., 1997), improved multi-proxy methodologies are needed to better understand bone 

taphonomy in aquatic contexts (Byard et al., 2008; Delabarde et al., 2013) 
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2.4 Current analytical approaches 

2.4.1 Early post-depositional process and monitoring studies 

While the main focus of this thesis is on forensic and archaeological bone, research concerning 

palaeontological remains is also important to discuss, as there are many cross-discipline 

applications and commonalities in approaches to aquatic bone taphonomy which are adopted in this 

field. In fact, much of the current knowledge base concerning water-modified bone comes from 

palaeontological research.  

While palaeontological and archaeological studies are concerned with taphonomic changes over 

large geological time periods, these disciplines also recognise that diagenetic changes occurring 

during the interval between death and burial are vital to understand, as early post-depositional 

changes play a central role in dictating the long-term survival of remains (Beardmore et al., 2012; 

Behrensmeyer and Hill, 1980; Bell et al., 1996; Collins et al., 2002; Dodson, 1971; Fernández-

Jalvo et al., 2010). While there are some disparities in approach when compared to forensic 

research, these fields have the potential to establish a valuable cross-discipline knowledge base of 

aquatic bone modifications.  

In palaeontology, the study of post-death, pre-burial processes is termed biostratinomy and can be 

considered distinct from diagenesis, which encompasses all changes occurring post-burial (note, 

diagenesis is often used in other disciplines to refer to any post-mortem change) (Madgwick and 

Mullville, 2015; Syme and Sailsbury, 2014). While sedimentological data are generally used to 

reconstruct depositional scenarios of vertebrate fossil remains (Wood et al., 1988), in cases where 

these data are confounded, physical and chemical changes to bone tissue may be the only basis for 

taphonomic interpretations (Madgwick and Mullville, 2015). Palaeontological studies therefore 

may take uniformitarian experimental approaches; generally using fresh carcasses to observe the 

modification processes which dictate bone’s taphonomic trajectory into deep time (Wuttke and 

Reisdorf, 2012). For example, Syme and Silsbury (2014) have shown through experimental 

reconstructions that rapid burial of submerged carcasses is not the only process by which remains 

will be preserved in states of good articulation, as internal decomposition processes may induce the 

same taphonomic outcome by preventing remains from floating and subsequently breaking apart 

when sinking (Syme and Silsbury, 2014). Adopting such approaches therefore allows for more 

confident analogical reasoning when interpreting different taphonomic scenarios. In this sense it is 

apparent that unless all possible interpretations of taphonomic pathways are explored, inaccurate 

conclusions may be drawn. For example, disarticulation of remains may be considered highly 

indicative of transport in an energetic aquatic setting. However, as Beardmore et al. (2012) show 

empirically, such taphonomic outcomes may also be caused by bioturbation in lower energy burial 

contexts. In addition, Hellawell and Orr (2012) took an experimental approach to better understand 

early taphonomic changes to a fossil fish assemblage from the Green River Formation, Wyoming. 
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Here different reconstructions of lake conditions and taphonomic scenarios were used to elucidate 

possible decay pathways; the authors concluded that calm conditions which may have facilitated 

rapid burial could not explain the abundance of well-articulated remains alone, and that 

bathymetric microbial mats constrained buoyancy of remains, allowing for better preservation. 

Numerous other palaeontological studies (Iniesto et al. (2013; 2016; 2017); Reisdorf et al. (2012); 

Richter and Wuttke (2012); Smith and Wuttke (2012) for example) adopt experimental approaches 

to reconstruct the early decay sequences of animals in aquatic settings, which can be used not only 

to understand the survival rates of bone, and hence the propensity of different quantic processes to 

bias archaeological and palaeontological records, but also to better understand fresh bone tissue 

modifications. 

In addition to experimental reconstructions, a number of authors from different fields note the 

utility of actualistic monitoring experiments for understanding how early decay processes dictate 

long-term diagenetic pathways (for examples of monitoring experiments which measure bone 

diagenesis on yearly and decadal scales see: Andrews and Armour-Chelu (1998); Behrensmeyer, 

(1978); Cáceres et al. (2009); Fernández-Jalvo et al. (2010); Trueman et al. (2004; 2008); and 

White and Booth (2014)). The findings of such experiments will be discussed in greater detail in 

section 2.5 in relation to distinct processes and measures of diagenesis. However, what they 

generally indicate is that diagenetic changes to bone can occur rapidly post-mortem, with these 

modifications often having significant implications for the probability of bone surviving into deep 

time. For example, microstructural modifications to bone may occur immediately after death due to 

the action of endogenous gut bacteria (Bell et al., 1996; White and Booth, 2014), and as Garff et al. 

(2017) show, using micro CT scanning, changes in bone density may develop just weeks post-

mortem due to protein and lipid loss.  

However, while some of these monitoring experiments involve observations of remains being 

periodically exposed to water, such as in flooding events (Trueman et al., 2008), they are largely 

limited to terrestrial contexts. There is in fact relatively limited data concerning the long-term 

monitoring of early post-depositional changes to submerged bone, which can be directly applied to 

understanding human bone diagenesis, a knowledge gap that needs addressing. Weigelt (1989) 

conducted a number of pioneering experiments recording vertebrate decomposition in fluvial and 

estuarine environments, which allowed the development of extrapolative frameworks for assessing 

differential accumulation of fossil bones in aquatic contexts (Kennan, 2016). In addition, Ascenzi 

and Silvestrini (1984) document microstructural changes to submerged human bone at yearly 

intervals (see section 2.5.4), and data from whale fall studies which monitored long-term 

decomposition processes, including changes to bone, may be broadly applicable to the study of 

other animal remains. Whale fall monitoring studies have for example identified temperature, 

depth, dissolved oxygen content, current, sedimentation and organic enrichment as playing an 

important role in scavenger and bacterial succession, and hence decay rates of submerged remains 
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(Braby et al., 2007; Vetter and Dayton, 1998): The periods of decay that have been identified are 

the mobile scavenger stage (metabolysis of soft tissue by marine animals); the enrichment 

opportunist stage (colonisation of organic enriched bone); and the sulfophilic stage (breakdown of 

bone lipids by sulphide-oxidizing bacteria). However, with some exceptions, these processes are 

observed in deep-sea contexts and the size of the remains makes direct comparisons with other 

animals, particularly human remains, problematic. While other experiments have monitored the 

decomposition of pig carcasses, which act as human analogues, in both shallow (7-15m depth) 

(Anderson, 2010; Anderson and Hobischak, 2002; 2004) and deeper submersion environments 

(150-300m depth) (Anderson and Bell, 2014; 2016; 2017), observations are largely concerned with 

soft tissue decay rates, with documentation ending soon after the skeletonisation of remains.  

While the aforementioned studies are not always directly applicable to the study of human bone, 

they do show that the empirical evaluation of different modification pathways, particularly through 

the use of monitoring studies, is a useful approach for understanding both short and long-term 

diagenetic changes; as actualistic observations allow analogies to be made (Gifford-Gonzalez, 

1989; 1991; Syme and Sailsbury, 2014). However, as Haglund and Sorg (2002) and Wuttke and 

Reisdorf (2012) highlight, where such studies show good cross discipline applications / lines of 

enquiry, there is a need for more active knowledge transfer between the fields of palaeontology, 

archaeology, and forensic medicine. Therefore, the early post-depositional taphonomic studies 

carried out in this thesis in chapter 5 not only aim to assess short term changes in osseous tissue, 

but also endeavour to make predictions concerning how such change may impact the longer term 

diagenetic pathways of bone. 

Current approaches in archaeological and palaeontological studies that relate more specifically to 

aquatic bone transport and abrasion are discussed below.  

2.4.2 Archaeological and Palaeontological approaches 

Initially it should be noted that while a number of methodologies exist for interpreting water-

transported bone assemblages, aside from stable isotope analysis (for example see Meier-

Augenstein and Fraser, 2008), current approaches arguably have limited applications in the analysis 

of isolated, decontextualized skeletal tissue. In addition, while the isotopic composition of remains 

can generate useful data concerning the potential geographical origins of transported skeletal 

material, such analysis does not provide direct information regarding the taphonomic histories of 

remains after they enter water. Therefore, any taphonomic information detailing transport pathways 

and durations may provide useful additional and supporting data when attempting to establish 

submerged remains’ provenances and original depositional contexts. At a site specific scale the 

cause and timing of different aquatic bone modifications are important to determine in the fields of 

archaeology and palaeontology for a number of reasons. Firstly, reconstructions of taphonomic 

histories help to differentiate between site formation processes and any subsequent depositional 
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changes, aiding in defining the context in which burial data is created and determining possible 

circumstance surrounding death and decay. For example, Lopez et al. (2016) note that the 

excavation of underwater sites over long time frames (years), may cause bone to become altered by 

physical, chemical and biogenic processes, and that these changes may be mistaken as occurring 

during initial deposition. Therefore, an understanding of how bone may react to different 

environmental stimuli, and how this may vary due to the decay state of bone upon exposure, is 

fundamental. Only when depositional / site chronology is properly understood can accurate 

conclusion be drawn concerning details of past environments and the reliability of assemblages for 

making ecological and community-based reconstructions (Wuttke and Reisdorf, 2012). 

Importantly, while sedimentological data is generally used to reconstruct depositional scenarios of 

fossil and archaeological remains (Wood et al., 1988), in cases where this data is confounded, 

physical and chemical changes to bone tissue may be the only basis for taphonomic interpretations 

(Madgwick and Mullville, 2015).  

In relation to bioarchaeology specifically, an understanding of post-depositional modifications to 

bone is also important. Research in this field is generally concerned with the identification of 

individuals, their demographic affiliations, and the reconstruction of their life histories (through the 

analysis of lifestyle markers such as past diet, trauma, pathology and disease). The analysis of 

remains recovered from wreck sites, for example, generally focuses on questions concerning the 

composition of the crew, their life style aboard ship, and the circumstances surrounding death 

(Mays, 2008). Similarly, the analysis of large volumes of archaeological crania recovered from the 

river Thames and Walbrook has been focused on determining whether deposition in water was due 

to ritual practices, violent death, suicide, or non-anthropogenic causes, such as the erosion of 

graveyards in close proximity to rivers (Edwards et al., 2009; Redfern and Bonney, 2014). 

Information concerning how bone is transported in water, and whether any identified trauma 

occurred ante-mortem or post-mortem (i.e. is due to post-depositional processes), can help to 

answer these questions. Furthermore, data on aquatic bone modification can inform 

bioarchaeologists on how the reliability of certain analyses will be impacted on due to submersion. 

For example, it is important to determine how the isotopic and trace element compositions of 

remains, which are used to reconstruct past diets and geographic origins of individuals, may be 

altered in different submersion contexts. Similarly, the diagenetic condition of remains upon 

recovery may indicate whether destructive analyses, such as DNA extraction, are likely to be 

successful. This is particularly important to determine when analysing a finite amount of material. 

Archaeological and palaeontological studies which attempt to answer these questions largely 

employ field-based observations of fluvially deposited human and faunal assemblages (Aslan and 

Behrensmeyer, 1996; Badgley and Behrensmeyer, 1995; Behrensmeyer, 1975; 1982; Cook, 1995; 

Dodson, 1973; Edwards et al., 2009; Gifford and Behrensmeyer 1977; Korth 1979; Lyman, 1994; 

Nasti, 2005; Reinhardt, 1993; Shipman et al., 1981; Shotwell, 1955; Stojanowski, 2002; 
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Turnbaugh, 1978; Wolff, 1973; Wood et al., 1988) and laboratory flume experiments to recreate 

transport and modification processes (Blob, 1997; Boaz and Behrensmeyer, 1976; Bunn et al., 

1980; Coard, 1999; Coard and Denell, 1995; Cook, 1995; Hanson, 1980; Peterson and BigalkeI, 

2013; Ratigan, 2011; Trapani, 1998). Others have adopted a geochemical approach, using the trace 

element compositions of fossil bone from marine vertebrate assemblages to determine a degree of 

mixing and taphonomic averaging (see Trueman et al., 2003 and section 2.5.5). Largely, these 

studies relate the transport and hydrodynamic sorting potentials of different skeletal elements to 

variations in their size, density and shape. This has led to the development of important data 

concerning the behaviour of different skeletal elements in water, with various Fluvial Transport 

Indices (FSIs), as defined by those such as Boaz and Behrensmeyer (1976), Todd and Frison 

(1986) and Voorhies (1969), being applied to understand the differential dispersion rates of 

remains. In addition, Behrensmeyer (1975) correlated settling velocities of different skeletal 

elements with those of sediment grains; showing that different elements will be transported at 

different rates depending on their morphology and density. Most recently, Domínguez-Rodrigo et 

al. (2017) utilised a spatial statistical approach to identify whether remains have been transported 

by fluvial action. Other similar studies have shown that skeletal elements will be moved differently 

due to changes in current velocity. For example, initially when fluid shear force and lift overcomes 

hydrostatic force, bone will slide along the sediment substrate at low speeds, followed by flipping 

and rolling as a result of increased force acting on its surface (Dilen, 1984; Haglund, 1993; 

Haglund and Sorg, 2002; Redfern and Bonney, 2014). These data have principally been used to 

establish whether the compositions of fluvially deposited assemblages have been biased by 

taphonomic agents. This is achieved by determining whether remains have been moved from a 

primary depositional context and are autochthonous (locally-derived) or allochthonous (nonlocal) 

in nature. Consequently, estimates of transport distance using such methodology are only 

established relative to the frequency and distribution of remains in and between sites. Therefore, 

this approach relies on the analysis of multiple skeletal elements from defined stratigraphic 

contexts. 

While hydrodynamic sorting methodology has proven to be a very useful approach for determining 

whether remains have been transported in water, its application to the analysis of isolated bone, 

rather than skeletal assemblages, may lead to inaccurate or incomplete conclusions. Simply relating 

a distance transported to a degree of skeletal completeness is problematic, as the recovery of 

disarticulated skeletal elements, with high transport potentials, is not necessarily indicative of long 

distance transport in water. For example, during rapid erosion and re-deposition events, such as 

flooding, skeletal elements may enter water, become isolated, yet only travel short distances before 

burial in bottom sediments. Similarly, remains may become exposed and then be subsequently 

sheltered behind topographical bed features. In addition, Coard and Dennell (1995) have shown 

that articulated elements generally have equal or greater transport potentials than those that are 

disarticulated. Furthermore, studies by Herrmann et al. (2004) and Nawrocki and Baker (2001), 
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indicate that FTIs as defined by Boaz and Behrensmeyer (1976) and Voorhies (1969) are not 

always accurate predictors of remains’ transport potentials in natural settings, due to variability in 

hydrodynamic systems and the physical constituents of bone itself. Finally, remains may be 

disarticulated and transported by biological means such as savaging. Therefore, as Todd and Frison 

(1986) indicate, the idiosyncrasies of natural aquatic settings will alter predictable taphonomic 

trajectories concerning transport potentials, hence calling into question whether hydrodynamic 

sorting methodologies are a sound proxy for understanding bone transport in ways that are 

universally applicable. 

Qualitative methods that assess the degree of rounding or smoothing on bone to suggest a distance 

transported, or period of exposure to bombardment, are based on the principles of mobile sediment 

grain modification / abrasion. As a general rule of sediment transportation, movement in a flow 

causes progressive rounding of grains, allowing connections to be made between hydrological 

conditions, particle morphology and duration of transport in relative terms. Abrasion on bone is 

defined as the removal of osseous tissue from the surface of bone by physical processes. Abrasive 

changes encompass all physical modifications caused by these processes; which are rounding 

smoothing, polishing, cracking, pockmarking and windowing at a gross morphological scale, and 

ablation, cracking, pitting and displacement at a micro-scale (Thompson et al., 2011). If bones 

displaying varying degrees of abrasion are present in the same depositional context, it can be 

assumed that those, which are highly abraded, have undergone multiple cycles of transport and are 

not allochthonous when compared to more intact material (Wood et al., 1988). However, as 

Behrensmeyer (1975) has shown, variations in the size, density and shape of bone means the 

hydrodynamic properties of different skeletal elements are less homogeneous than those of 

sediment clasts; therefore, different elements cannot be considered hydrodynamically equivalent 

(Hanson, 1980). Consequently, while variability in the hydrodynamic properties of bones allows 

some distinctions to be made concerning the transport potentials of different remains entrained in a 

flow, it presents potential difficulties when attempting to accurately relate degrees of rounding and 

smoothing across a range of bone classes to transport distances or period of bombardment (Cook, 

1995). Furthermore, these qualitative measures of change lack temporal resolution. For example, 

Boessenecker et al. (2014) employ a taphonomic grading system for recording aquatic bone 

modifications, which is broken into three stages: un-abraded, lightly abraded and heavily abraded 

(figure 2.3). While such measures allow distinctions to be made concerning taphonomic processes 

affecting remains at a relative, site-specific scale, they lack detail and universal applicability. In 

addition, it is apparent that no active transport needs to occur for bone to become modified, as 

abrasion may progress in situ due to bone becoming trapped in sediment bed features or aquatic 

plant life, but still being impacted by mobile sediments, hence further complicating interpretations. 

Previous studies have attempted to correlate extents of abrasion on bone surfaces with pertinent 

taphonomic information, such as duration of bombardment, transport distances, and exposure to 
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different sediment classes. For example, Cook (1995) found that abrasion increases when there is a 

change in the sediment class impacting bone, with gravel grains producing higher degrees of 

abrasion than sand. Similarly, Andrews (1995) notes that increased abrasion on water-submerged 

bone is related to changes in sediment class, with the pebble class having the highest abrasive 

capabilities. However, determining the exact origin of abrasive modifications on submerged bone 

 
Figure 2-3 Boessenecker et al. (2014) 3 stage abrasion scale: unabraded (Stage 0), lightly abraded (Stage 1), and heavily 

abraded (Stage 2). 

by accurately correlating degrees of abrasion with specific taphonomic processes and durations has 

proven difficult, particularly at a gross morphological scale, as abrasive changes at this scale often 

progress slowly (Shipman and Rose, 1988) and are hard to differentiate and assign temporal 

specificity (Cook, 1995). As a result, there is a limited understanding of whether such physical 

modifications can be used to accurately establish remains’ spatio-temporal parameters of 

submersion, and whether this lack of elucidation is due to the complexity of hydrodynamic 

processes modifying bone or the resolution of analyses used to interpret modifications. A recent 

study by Thompson et al. (2011) shows preliminary success in quantitatively relating bombardment 

by mobile sediments to micro-abrasion propagation on submerged bone. However, to achieve a 

better understanding of the hydrodynamic processes modifying bone, which may ultimately help to 

facilitate the successful reconciliation of taphonomic effect, cause and duration when analysing 

bones’ aquatic taphonomic pathways, it is apparent that further experimental work is needed. 

Therefore, chapters 3 and 4 of this thesis explore the application of quantitative recording of 

sediment dynamics in conjunction with quantitative and semi-quantitative imaging techniques for 

recording abrasion on bone surfaces and interpreting of bones’ taphonomic pathways.  

2.4.3 Forensic approaches 

Forensic taphonomy studies have a more direct focus on the analysis of isolated skeletal tissues, 

with the aim of establishing time since death, post-mortem submersion intervals (PMSIs), and 

distinguishing between the influence of human and natural environmental processes affecting the 

movement and modification of remains post-mortem. In a forensic context the ability to correctly 

identify post-depositional modifications aids in reconstructing the circumstances surrounding death 

and dispersal, and ultimately helps in victim identification (Dirkmaat, 2014). Therefore, in addition 
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to questions concerning identification (Haglund and Sorg, 2002; Rathbun and Rathbun, 1984) 

forensic taphonomists ask questions concerning the provenance of remains (O’Brien, 1996) and 

their taphonomic histories (London et al., 1997; Nawroki et al., 1997). The generation of 

methodological frameworks and analytical techniques which can be applied to elucidate the 

original taphonomic contexts of remains, and accurately identify the cause and timing of any post-

depositional changes in water is important for a number of reasons. For example, in scenarios 

where isolated remains are washed ashore, such methods can aid in the successful resolution of 

forensic cases by helping to narrow down the possible geographical or jurisdictional origins of 

bone (Pokiness, 2017). Taphonomic analyses may also help to determine the age of any recovered 

bone (i.e. forensic vs. archaeological), which will dictate subsequent analysis and procedures: most 

importantly this distinction will determine whether a criminal investigation is opened. The analysis 

of post-depositional changes may also be used to determine whether modifications were caused by 

anthropogenic or natural taphonomic agents, and differentiate pre-, ante- and post-mortem changes, 

which can help to better elucidate circumstance surrounding death and dispersal (Pokiness, 2017). 

For example, in mass disaster scenarios it may be unclear if trauma identified on remains was 

inflicted at the time of death or occurred as a consequence of longer-term processes during 

subsequent submersion periods (Ribéreau-Gayon et al., 2016).  

In addition, an understanding of common diagenetic changes to bone recovered from different 

aquatic settings will help to inform forensic anthropologists about the most appropriate recovery 

procedures and analytical techniques to adopt. For example, if remains are recovered by a member 

of the public, in fishing nets for instance, the quality and quantity of bone recovered may indicated 

whether long or short distance transport has occurred, therefore helping to determine whether 

additional skeletal material is likely to be found in the same approximate location. Should DNA 

analysis be conducted, the potential age of remains, diagenetic state, or predicated PMSI, may help 

to indicate the most appropriate extraction protocols to adopt. For example, Kus et al. (2016) have 

shown that the QIAamp®DNA Investigator Kit is not suitable for the analysis of decades-old 

osseous tissue, and that PrepFiler® and organic methods of extraction are likely to be more 

successful when applied to highly degraded material. In addition, Campsos et al. (2012) show that 

in fresh bone the majority of amplifiable DNA is contained within bone collagen, whereas after a 

year of submersion the majority is contained with the mineral component. In a basic sense then, 

data concerning aquatic bone modifications play a major, if not fundamental, role in answering the 

main questions posed in any forensic case where decontextualized bone is recovered. These 

questions are: how old it is? where did it come from? how did it get here? who does it belong to? 

and how should it be analysed? While the original depositional contexts of buried remains may be 

more easily determinable, the potential for remains to be moved large distances in water means that 

the development of methods which facilitate the accurate elucidation of aquatic taphonomic 

pathways is a pressing research issue in the field of forensic anthropology. 
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In cases where human remains are recovered from water, soft tissues, hair, and teeth may often not 

be recovered (Rankin et al., 1996). Therefore, when the analysis of dentition and fingerprints is not 

possible, DNA extracted from more biologically stable bone tissue is usually the primary means of 

victim identification. DNA analysis will be discussed in detail in section 2.5.2. However, what 

should be noted is that for DNA analysis to be applied successfully, an understanding of the decay 

states of remains and hence the most appropriate extraction and post-processing methodologies are 

needed. Furthermore, identification through DNA analysis requires an appropriate reference sample 

for comparison (e.g. recovered from a next of kin) (Byard et al., 2008); as mentioned in section 2.3. 

For this to be achieved contextual relevance must be assigned to the remains, which is often 

problematic when bone may have been moved long distances or submerged for prolonged periods. 

Hence, the taphonomic interpretation of remains may be an essential precursor to any DNA 

analysis as this allows the range of comparative data needed for successful victim identification to 

be narrowed down. 

Unfortunately, in forensic contexts correlations between disarticulation sequences of remains and 

PMSIs have proven problematic (Haglund, 1993), and these measures assume some degree of 

connective tissue is present upon deposition in water. Data on the rate of skeletonisation of remains 

from different aquatic environments also indicates that this process is highly variable. In general, a 

sequence of soft tissue decay and exposure of different elements is known, with peripheral areas 

and those with thin soft tissue cover (e.g. hands, ankles, and cranium) being exposed first, and the 

trunk and femora being exposed last (Redfern and Bonney, 2014). The rate of decay is less 

predictable; Haglund and Sorg (2002), for example, indicated through an assessment of anecdotal 

evidence that bodies can skeletonise when submerged in as little as 433 days (Haglund and Sorg, 

2002; Redfern and Bonney, 2014). However, it has been shown more recently in experimental 

studies, using domestic pigs (Sus scrofa) as human analogues, that complete skeletisation can occur 

just 4 days post-deposition due to local environmental conditions (most importantly sufficient 

dissolved oxygen levels) resulting in rapid amphipod scavenger succession rates (Anderson and 

Bell, 2016). Such variability is not surprising, and presents a significant challenge to the 

determination of PMSIs through the analysis of soft tissue cover and skeletal fidelity. 

While biological markers such as rasping and boring gastropods attached to bone have shown good 

potential application in approximating the location and period of submersion (see for example 

Boessenecker (2013)) who demonstrates that barnacle growth rates can be used to indicate a 

minimum time of submersion), this is a relatively under-explored area (Haglund and Sorg, 2002; 

Skinner et al., 1988; Sorg et al., 1997). Furthermore, biological markers may produce modification 

data that are only relevant within a defined geographical context; as local variability, such as 

biodiversity and seasonality, dictate the succession of different modifying agents which may limit 

the broad application of these observations (Haglund and Sorg, 2002). As Pokines and Higgs 

(2015) indicate, more predictable and general indications of submersion time and location may be 
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better achieved through the analysis of broad trends in bone decay, such as changes in chemical 

composition and loss of organic content. In addition, the analysis of abrasion shows good potential 

as a universal taphonomic marker, as it is a very commonly observed feature on bone recovered 

from water. However, the current knowledge base means that when establishing PMSIs and 

transport pathways of skeletonised remains in medico-legal contexts, analysis is often limited to 

qualitative assessment of gross morphological abrasion, measures of skeletal completeness (see, for 

example, Nawrocki et al., 1997) and estimations of remains’ transport potentials, which draw from 

the archaeological and palaeontological data (as discussed in section 2.4.2). In addition, 

comparisons with diagenetically altered remains from case studies, whose spatiotemporal 

parameters of submersion are not always clearly defined, may also have to be relied upon 

(Delabarde et al., 2013; Nawrocki et al., 1997). 

An additional issue is that forensic literature concerning the analysis of human remains recovered 

from aquatic environments largely focuses on quantifying soft tissue decay rates to establish time-

since-death or PMSI; there being limited studies on bone tissue modification. Methods commonly 

utilise Accumulate Degree Day (ADD) and other temperature based decomposition models 

(DeDonnoa 2014; Heaton et al., 2010; Kahana et al., 1999; Mateus 2013; Telmon et al., 1995), and 

aquatic insect, microbial, bacterial and crustacean succession rates (Anderson, 2010; Anderson and 

Hobischak, 2004; Barrios and Wolff,  2011; Dickson et al., 2011; Hobischak, 1988; Hobischak and 

Anderson, 1999; Hobischak and Anderson, 2002; Heo et al., 2008; Humphreys et al., 2013; Keiper 

et al., 1997; MacDonell and Anderson, 1997; Myskowiaka et al., 2010; Payne and King, 1972; 

Vanina and Zancaner, 2011; Wallace et al., 2008; Zimmerman and Wallace, 2008). While it has 

been shown, for example, that marine bacteria colonise soft tissue in a successional manner, with 

seasonality acting as an important control (Dickson et al., 2011), less is known about bacterial 

succession rate in submerged bone (see section 2.5.4)  

Forensic studies to predict cadaver transport pathways, some of which incorporate current and flow 

data have also been explored (Bassett & Manhein, 2002; Brewer, 2005; Brooks and Brooks 1997; 

Dilen, 1984; Donoghue and Minnigerode, 1977; Ebbesmeyer and Haglund, 2002; Herrmann et al., 

2004; Mateus, 2013; O’Brien, 1996; Pámpin and López-Abajo-Rodríguez, 2001). However, these 

also relate largely to the study of fleshed cadavers, rather than isolated skeletal elements. Similarly, 

while the interpretation of diatoms which are incorporated into the body through the inhalation of 

water can be used to determine whether drowning was the cause of an individual’s death, 

(Delabrade et al., 2013; Gruspier and Pollanen 2000) these markers are traditionally determined 

using nitric acid extracts from bone marrow, and therefore their utility is limited in cases which 

display advanced degrees of soft tissue decomposition. However, skeletal trauma may be analysed 

to establish circumstances surrounding death, as is shown by a study of skeletal injuries by Able 

and Ramsey (2013); where fracture patterns were found to be distinct on the remains of individuals 
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who committed suicide by jumping from bridges when compared to those who died from 

accidental drowning.  

It should be noted that in both forensic and archaeological research there is currently a lack of data 

that incorporates both soft tissue decay rates and bone decay rates into the same taphonomic / 

diagenetic models. While this thesis is focused on diagenetic changes to bone, and studies on soft 

tissue decay rates were not possible due to budgetary and time constraints, it is important to note 

that to better understand post-depositional changes to bone, and generate the most accurate 

interpretations of useful taphonomic information, such as PMSI estimations, bone should be 

viewed as part of a musculo-skeletal system. Therefore, the research in this thesis should be viewed 

in light of the fact that soft tissue modification rates need to be integrated into future diagenetic 

models, particularly in relation to the analysis of forensics material. This is due to the fact that data 

on bone modifications alone only provides information regarding post-soft tissue exposure, rather 

than a complete history of post-depositional changes upon submersion. Such an approach is 

important as the rate at which soft tissue decomposes in different aquatic contexts is highly 

variable, and can therefore result in significantly different periods of immersion passing before 

bone is more directly exposed to destructive aquatic taphonomic processes. Soft tissue 

decomposition is generally thought to progress at a slower rate than observed in terrestrial settings, 

due to associated low temperatures and the exclusion of larval masses (Pokiness and Higgs, 2015). 

Fleshed bodies tend to sink upon deposition in water and may be moved along river / sea beds 

when entrained in currents (Redfern and Bonney, 2014). Following sinking, soft tissue decay 

processes may cause cadavers to bloat and subsequently float to the surface of water due to the 

build-up of trapped gasses; as this pressure is released due to putrefactive gas leakage or explosion, 

remains may disarticulate and break-up upon sinking. This process is largely dictated by 

hydrostatic pressure and the density of remains relative to surrounding water. For example, 

increased depths (increased pressure and reduced temperature) may inhibit remains from bloating 

and floating, or may cause remains to rise to the surface of water after a period of submerged 

decomposition (Reisdorf et al., 2012). The release of decomposition gasses may not occur for a 

long period of time due to cold surface temperatures or the inhibition of scavengers and aquatic 

insect succession. Consequently, remains may drift as intact cadavers on the surface of water for 

long periods, hence confounding estimations of transport distance and initial submersion location 

based on physical modifications to bone alone. However, large floating cadavers are very 

susceptible to scavenger activity and rapid subsequent disarticulation and dispersal (Cook, 1995).  

Float and bloat does not need to occur for disarticulation to take place, as other taphonomic agents 

such as energetic sediment, wave and current action, transport, underwater scavenging activity, and 

bioturbation in lower energy settings, may all reduce skeletal fidelity. Scavenging in particular has 

a major influence on rates of soft tissue loss and post-mortem transport of remains. For example, 

Anderson and Bell (2016) show that complete skeletisation of submerged remains can occur just 4 
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days post-submersion due to rapid amphipod scavenger succession. Submerged bone and soft 

tissue may be modification by a range of aquatic and semi-aquatic scavengers, and may also be 

damaged by terrestrial animals in cases where water is shallow and accessible, or cadavers are 

washed ashore. In aquatic settings scavenger succession is largely controlled by variations in, 

depth, temperature, sediment substrate and bathymetry, current energy, and dissolved oxygen 

content. Food availability also plays a major rate limiting role. For example, it known that 

scavenging in deep sea settings usually progresses more rapidly than in shallow environments due 

to a lack of food at increased depths (Reisdorf et al., 2012). Scavengers can modify bone when 

consuming adherent soft tissues (see, for example, Ribéreau-Gayon et al. (2016)) or may directly 

break open remains to access lipids and marrow content, and gnaw bone as a source of calcium. In 

rarer forensic cases, large shark species have been known to ingest entire human bones (Işcan and 

McCabe, 1995; Rathbun and Rathbun, 1984). In addition, certain species of fish, such as parrot 

fish, scrape algae and bacterial biofilms from the hard surfaces they adhere to, leaving behind 

diagnostic scavenging marks (Pokiness, 2017). 

Despite the general paucity of data concerning forensic bone modification in water, novel research 

in this area is continually developing. For example, forensic practitioners are attempting to 

determine PMSIs using inelastic neutron scattering to establish rates of chemical substitutions in 

submerged bone (ISIS, 2014). However, it is apparent that few medico-legal studies employ 

quantitative research approaches in regard to the analysis of submerged skeletonised tissue. It is 

also evident from the literature that the best approach to the analysis of bone recovered from water 

is a multi-proxy one. For example, Delabarde et al., (2013), using a combination of gross 

morphological interpretation (assessments of abrasion and articulation), DNA, toxicology and 

diatom analysis, and insect succession rates were able to establish the PMSI of remains recovered 

from the L’lll River in France as being between 6 months and 2 years. However, it should be noted 

that this prediction relied on comparisons with remains that were previously recovered from 

approximately the same location with known times of death and submersion; again, highlighting 

the fact that stand alone, broadly applicable measures of changes to bone material in water are 

elusive. Therefore, as Haglund and Sorg (2002) indicate, this scarcity in data should be addressed 

using experimental animal analogues in conjunction with the accumulation of anecdotal and 

actualistic data. 

2.5 Bone diagenesis: a synopsis 

Bone is a composite material (figure 2.4), its wet weight being comprised of an approximately 65% 

inorganic mineral phase (non-stoichiometric Calcium Hydroxyapatite; Ca10(PO4)6(OH)2) and an 

over 20% organic protein phase (c.90% of which is type 1 collagen), with the remaining 10% 

consisting of water (Buckwalter et al., 1996; Kinard et al., 2012; Trueman and Martin, 2002). The 

mineral crystalline structure of the inorganic phase determines bone strength or stiffness and 
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collagen fibrils in the organic phase determine elasticity (Kinard et al., 2012; Trueman and Martin, 

2002). Bioapatite crystals in the mineral phases are interconnected with collagen fibrils in a parallel 

and staggered order, whereby crystals occupy intra, inter, and extrafibrillar spaces (Alexander et 

al., 2012; Keenan, 2016) (figure 2.4). Collagen therefore stabilises and shields the inorganic matrix 

(Collins et al., 1995; Trueman, 1999), and this explains why bone mineral is not subject to rapid 

dissolution upon exposure to water despite the high solubility of the bioapatite crystals when 

isolated (i.e. taken out of physiological equilibrium) (Trueman, 1999; Trueman and Martin, 2002). 

Therefore, these two phases are intimately related, whereby diagenetic change to one will result in 

modification and / or rapid degradation of the other (Nielsen-Marsh, 2002). 

 

Figure 2-4 Bone structure. Image adapted from Rho et al. (1998) and AB (2017). 

Physicochemical rates of change to these phases are dictated by the intricate interaction of many 

variables (Madgwick and Mulville, 2015; Robinson et al., 2003), which can be basically 

categorised as intrinsic (relating to the structure of bone) and extrinsic (relating to external 

environmental factors). Measures of such changes are called diagenetic markers or parameters and 

are defined as a single determinate aspect of bone (e.g. Crystallinity Index) that indicates the 

degree of diagenetic change bone tissue has experienced (Hedges et al., 1995). While extrinsic 

variables can cause a suite of different diagenetic changes to bone which show analogous starting 

points (i.e. fresh bone), variations in the decay state of remains upon exposure to defined 

environmental agents, and taxa specific variability, may cause bone to react differently to 
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comparable processes; a phenomenon with is apparent at both site-specific and more general scales 

(Hedges et al., 1995; Trueman and Benton, 1997; Robinson et al., 2003; Suarez et al., 2010).  

Predominant diagenetic modifications to bone have been identified as: abiological chemical 

hydrolysis and dissolution of both mineral and organic constituents (and accordingly molecular 

components); degradation of structural collagen through autolysis and microbial metabolysis; re-

crystallisation of bone’s mineral matrix; changes in mineral porosity; and ion exchange in 

bioapatite. (Berna et al., 2004; Hackett, 1981; Hollund, 2013; Nilesen-Marsh, 2002; Robinson et 

al., 2003; Stathopoulou et al., 2008; Trueman, 2003; Turner-Walker and Syversen, 2002; Wright 

and Schwarcz, 1996). The latter three changes are mediated by the former two (i.e. the solubility 

condition of the bone); inversely the structural and chemical condition of bone controls the 

trajectory and rate at which bone dissolution and fossilisation can occur, and as such these are 

inextricably and complexly related (Berna et al., 2004; Trueman et al., 2003). Therefore, these 

processes cannot be viewed in isolation, as they may hinder or catalyse one another. Resultantly, a 

multi-proxy approach to measuring diagenetic parameters is essential, as to date no single measure 

of diagenesis can be applied to elucidate predictable rates of change to bone (Nielsen-Marsh and 

Hedges, 2000; Smith, 2002; Stathopoulou et al., 2008).  

This thesis is concerned with early diagenetic processes, which deal with modifications upon initial 

deposition of bone in a distinct geochemical / physical setting (Keenan, 2016). These changes may 

be defined as early, or short-term changes (i.e. occurring several months or years after deposition 

(Trueman et al., 2008)). Later diagenetic processes refer to slower structural and chemical changes 

that take place when bone is in a more stable condition and the mineral phase is wholly replaced by 

exogenous elements (Keenan, 2016) (these changes take place over millennia (Nielsen-Marsh and 

Hedges, 2000)). In a basic sense bones’ early diagenetic trajectories can lead to two potential 

outcomes: destruction or long-term survival resulting in fossilisation (Trueman and Tuross, 2002). 

Again in a general sense, these eventualities are dictated by the rate of change of bone’s organic 

phase, namely structural collagen (Turner-Walker and Syversen, 2002); whereby rapid chemically 

and microbially mediated loss of proteins results in destabilization and dissolution of bone’s poorly 

organized mineral crystalline matrix; or adversely, in scenarios which allow for slow chemical 

degradation of proteins, bone undergoes a recrystallization process, resulting in the development of 

more chemically-stable forms of bioapatite, e.g. francolite (Nielsen-Marsh, 2002) (figure 2.5). As 

Trueman (1999) notes, for fossilisation to occur conditions must allow for the rate of re-

crystallisation and substitution of ions to exceed that of mineral dissolution. This is because, as the 

organic component of bone is depleted, bone porosity increases, which results in heightened 

exposure of mineral crystalline surfaces to pore water interactions and hence chemical hydrolysis 

(Hedges et al., 1995; Lyman, 1994; Nielsen-Marsh, 1997; Robinson et al., 2003). While pores may 

be enlarged as a result of microbial burrowing, they may also be expanded by abiological chemical 

dissolution of bone mineral, which leaves collagen fibrils susceptible to hydrolysis (Robinson et al., 
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2003) and subsequently further exposes apatite to dissolution. Therefore, abiotic and biotic 

processes acting concertedly on bone may increase the rate of diagenesis by inducing changes in 

pore size and distribution, which mediate rates of pore water interactions (Hedges et al., 1995; 

Hedges and Millard, 1995). In conditions which allow for increased crystallinity, authigenic apatite 

in-fills porous spaces, which effectively results in bone becoming a closed system that is more 

stable and less susceptible to dissolution (Pfretzschner, 2004).  

However, during early diagenesis, while bone is still an open system, elemental exchange occurs. 

Accordingly, in addition to decomposition of collagen, rate of re-crystallisation is also intimately 

related to the exchange of biogenic and exogenous elements into and from bone (Hollund, 2013; 

Trueman et al., 2008; Wright and Schwarcz, 1996), which alter the elemental and isotopic 

composition of remains (Denys et al., 1996; Iacumin et al., 1996; Pfretzschner, 2004) (see section 

2.5.5). 

 

Figure 2-5 Potential bone preservation and destruction pathways. Image adapted from Nielsen-Mash (2002). 

While still imperfectly understood, some basic environmental parameters are known to play rate-

limiting roles in submerged bone diagenesis (figure 2.6). Interrelated variations in depth, dissolved 

oxygen content and redox conditions, hydrological regime, salinity, pH, dissolved ionic species, 

temperature, sediment dynamics, burial, biota, and conductivity may influence rates of diagenesis 

concertedly (Haglund and Sorg, 2002; Mays, 2008; Pokines and Higgs, 2015). It may be assumed 

that diagenesis in water is more rapid than in terrestrial contexts due to constant water exposure 

promptly inducing hydrolysis of organic and mineral fractions. However, as Nielsen-Marsh and 

Hedges (2000) indicate in terrestrial settings, the general preservation potential of bones may be
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Figure 2-6 A. Energetic fluvial environments result in varying preservation potentials. Fast flowing water may lead to 

poor preservation through fragmentation and disarticulation of remains. Survival is hindered by periodic exposure to 

oxygen and access by scavengers. However, such conditions may also promote rapid burial in bottom sediment due to 

scour pit formation around the remains, which will subsequently help to preserve the material. Low dissolved oxygen 

may promote bacterial colonisation of remains in areas of static flow. However, energetic areas will limit cyanobacteria 

activity. B. Lacustrine environments generally result in good preservation; low-energy waters and the potential for 

rapid burial in bottom sediment may limit disarticulation and dispersal of remains. C. In large fluvial systems 

preservation potential is generally better than that of more energetic fluvial environments; remains are often deposited in 

meandering river bends and covered in bottom sediment. However, reworking of bottom sediment and transportation is 

possible during times of higher energy. Bacterial colonisation is also likely in areas of low flow-energy. While both 

aquatic and terrestrial scavengers may be able to access the remains, terrestrial scavengers are more limited due to water 

depth. D. Estuarine environments generally promote good preservation of remains. Waters move slowly and there is a 

strong possibility of rapid burial in soft sediment such as silts and clays. Flooding may expose remains; however, many 

fossil remains are preserved in estuarine / flood plain contexts. E. Intertidal environments result in poor preservation 

potential; these locations are often extremely energetic, which hinders prolonged burial due to frequent reworking. 

Exposure to atmospheric oxygen, which may cause increased cracking, in addition to the incorporation of soluble salts 

into bone, hinders survival. Energetic sediment, wave and current action can disarticulate and fragment remains. 

Furthermore, there is potential for predation by terrestrial and marine scavengers. F. Shallow marine environments are 

not as energetic and therefore promote better conditions for preservation through prolonged burial. Currents still have 

potential to transport and disarticulate remains depending on local and seasonal conditions. G. Deep marine 

environments result in good preservation potential; a stable, cold environment, with low oxygen and low light promotes 

conservation. As these may also be anaerobic settings there is less potential of scavengers and microorganism 

colonisation. However, there is still potential for succession by deep-sea organism and anaerobic bacteria. Wreck sites 

and inundated sites; preservation is largely a function of the site-specific environment. However, if material is rapidly 

buried in the hull of a ship, the closed environment will promote preservation. Similarly, if bones from inundated sites 

remain buried, long-term conservation is likely. Note, across various contexts anthropogenic processes, such as dredging 

and coastal engineering may expose or protect remains, hence influencing preservation potentials. Image adapted from 

(BBC, 2017). 



Chapter 2 

35 

better defined by the stability of the depositional environment, with better tissue quality being 

evident in material where the water content of the depositional setting is consistent, rather than 

fluctuating. For example, data from Arnaud et al. (1978) looking at calcium to phosphorus ratios in 

bone from Mediterranean wreck sites (closed submersion environments) indicate that these 

conditions are conducive to good preservation of the bone’s mineral components. Mays (2008) 

explains that favourable preservation in such settings is due to the richness of dissolved ionic 

species in water, coupled with low temperatures/ dissolved oxygen contents and neutral pH 

buffering against leaching of bone mineral. However, in a different aquatic context, such as an 

open-water, high-energy setting, with elevated dissolved oxygen contents or periodic exposure to 

oxygen (e.g. inertial zones) this diagenetic pathway may not prevail. For example, differences in 

the chemical nature of the water bone passes through, in particular the amount of saturated calcium 

carbonate present, may influence bone’s structural integrity (Haglund and Sorg, 2002). What we do 

know from previous research in both terrestrial and marine settings, is that better overall 

preservation of remains is associated with rapid burial in bottom sediments, which limits water 

leaching and rapid microbial depletion of collagen (Marsden, 2003; Mays, 2008; Pfretzschner, 

2004; Weiner and Bar-Yosef, 1990).  

However, it is apparent that even on some basic levels the processes and pathways of bone 

diagenesis are still poorly understood. As Keenan (2016) discusses in the most recent overview of 

bone diagenesis, many fundamental questions still remain concerning the timing of different 

processes; and in congruence, the rate-limiting effects that different environmental variables may 

induce. The basic picture of bone diagenesis as it relates to work carried out in this thesis is that 

early post-depositional environments and related processes can have significant influence on 

bone’s long-term diagenetic pathways and preservation potentials. For example, while 

archaeological bone may display a range of diagenetic states (Hedges et al., 1995; Trueman, 1999), 

fossil bones are very rarely found in poor states of structural preservation, there being a notable 

absence of bio-erosion in such material (Trueman, 1999; Trueman et al., 2003) (see section 2.5.4). 

In addition, biomarker survival in bone, most notably DNA survivability, has been found in general 

to correlate well with mineral integrity and the residual organic content of bone (Campos et al., 

2012; Fredericks et al., 2012; Götherström et al., 2002; Hollund, 2013), meaning that under 

conditions which initially allow for slow chemical degradation of organics, biomarkers are more 

likely to persist dues to the effects of hydrolysis, gelatinization and microbial burrowing being 

limited (Nielsen-Marsh, 2002). Therefore the study of early diagenetic parameters is essential for 

better understanding the potential for biomarker survival and extraction (Keenan, 2016). However, 

as Mays (2008) and Trueman et al. (2003) indicate, while extensive work has been carried out to 

understand diagenetic change to buried remains, less research has been conducted in relation to 

pre-burial, surface exposure processes, with this scarcity in data being even more apparent in 

relation to changing composition of submerged bone. Consequently, further research is needed to 

explore correlations between extrinsic variables and diagenetic markers to establish if rates of 
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change are predictable at site-specific or broader scales; and subsequently whether any diagnostic 

modifications can be used to answer pertinent taphonomic question such as those pertaining to 

submersion time and location, and the potential for biomarker survival. In addition, such research is 

needed to ensure that methods which analyse biochemical information in bone are applied 

correctly, as taphonomic agents may alter endogenous biogenic signatures (Berna et al., 2004; Lee-

Thorp and Sealey, 2008) (see section 2.5.5). Therefore, in this thesis quantitative measures of 

material change and environmental parameters are investigated in both field-based and laboratory 

settings with the aim of coming to a more nuanced understanding of the taphonomic markers and 

analytical techniques which demonstrate the best potential for establishing predictable measures of 

change to bone recovered from aquatic settings. An ancillary aim is to establish environmental 

parameters which have the greatest rate-limiting influences on different diagenetic trajectories in 

aquatic settings. Measures of bone diagenesis employed in this thesis are discussed in the 

subsequent sections of chapter 2.  

2.5.1 Collagen decay 

As mentioned in section 2.5 type 1 collagen is the largest organic component of bone, occupying 

approximately half of its micro-porosity space (Hedges et al., 1995). Collagen’s intimate 

relationship with the mineral phase means its rate of degradation in different environments plays an 

important role in mediating other decay processes and the long-term diagenetic trajectory of bone.  

Collagen is a structural, refractory protein; its molecules consist of three polypeptide strands which 

are interlinked to form a right-handed triple helix (Kadler, 1996). These molecules are arranged as 

fibrils in an alternate, overlapping configuration (Smith, 2002). Under stable conditions collagen is 

insoluble, however when taken out of physiological equilibrium the triple helix structure is 

destabilized and denatured, whereby collagen becomes soluble gelatin through consecutive 

splitting and abridgment of protein chains (Collins et al., 1995; Pfretzschner, 2004). Resultantly, 

collagen is leached from bone. Denaturation is driven initially by autolytic enzyme-mediated 

hydrolysis (collagenases), which may be catalysed by increased temperature, pH extremes and 

organic acids (Collins et al., 1995; 2002; Leikina et al., 2002; Miles et al., 2000; Roberts et al., 

2002; Smith, 2002; Trueman and Martill, 2002). Under stable conditions which exclude the 

influence of microbes, the thermal history of the material (time / temperature) plays the key rate-

limiting role in degradation (Collins et al., 2002). Additionally, increased hydration causes 

gelatinised collagen to swell and degrade; a common alteration observed in bone recovered from 

aquatic environments (Keenan, 2016; Pfretzschner 2004). For example, Marsh and Hedges (2000) 

compared a number of archaeological bones from different depositional contexts, and note that 

where microbial attack is limited, the highest rates of protein loss are observed in bones which are 

in frequent contact with water. Collagen swelling causes the propagation of radial micro-fractures 

around the perimeter of secondary osteon due to increased stress imparted on the haversian bone; 
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and this facilitates further leaching of protein, while also exposing the mineral phase of bone to 

interactions with external pore waters (Pfretzschner, 2000; 2004).  

Degradation via microbially mediated hydrolysis occurs as these organisms metabolise carbon and 

nitrogen in collagen molecules (Jans, 2008; Keenan, 2016; Smith, 2002; Trueman and Martill, 

2002) (see section 2.5.4). As is the case with abiological processes, microbially mediated 

degradation will expose bone to further diagenetic alteration; however, at a faster rate (Collins et 

al., 1995; Trueman and Martin, 2002). This is evidenced by the fact that loss of structural protein 

results in increased macro-porosity in bone and hence the exposure of both mineral and organic 

constituents to further destructive processes, as is discussed in section 2.5 (Nielsen-Marsh and 

Hedges, 2000; Hedges et al., 1995). 

In relation to the long-term survival of bone, imperfectly understood environmental processes 

control rates of collagen loss. However, it is apparent that such changes can occur rapidly post-

mortem (10 years or less) (Shinomiya et al., 1998; Trueman and Tuross; Tuross et al., 1989). 

Therefore, measures of material change over very early post-depositional periods are needed to 

better elucidate the ordering and influence of such processes. For example, while it is known that 

mineral integrity will inhibit collagen denaturation by acting as a pH buffer and physically limiting 

collagenase, questions remain concerning the influence that specific submersion conditions have on 

collagen survivability. For example, the approximately neutral pH of many aquatic environments is 

beneficial for the mineral preservation of bone, but also produces ideal conditions for 

microorganism habitation (Collins et al., 2002). This prompts further questions, such as - do waters 

with high concentrations of calcium carbonate, which buffer leaching of mineral components, 

effectively limit microbial succession? Or will any microbial presence have a deleterious effect 

regardless of these potential controls? Internal controls, which may determine the differential 

survival of collagen, are also important to explore. For example, areas of bone that show no 

microbial focal destruction will most probably be subject to slower abiological degradation, and 

hence these regions may be favourable to target for protein extraction (Collins et al., 2002).  

In addition to residual collagen content being used as a measure of diagenesis and as a crude dating 

tool, bone collagen is frequently extracted for radiocarbon dating of remains, and is used in the 

analysis of stable isotope ratios to determine past diets and population movements. Furthermore, 

collagen quality has been use as a proxy for screening samples before DNA analysis (Hoke et al. 

2011; Hollund, 2013). It is therefore important to establish conditions which may impact on the 

successful use of collagen for such analyses. Collagen yields and quality are generally determined 

by measuring percentage weight contents of carbon and nitrogen, C/N ratio, and δ13C and δ15N 

values (Brock et al., 2010; Lebon et al., 2016; Sealy et al., 2014). These measures allow for an 

assessment of degradation and the viability of extracts for downstream analysis. Of these measures, 

nitrogen content is considered the most reliable (Brock et al. 2007; 2010; 2012) as collagen 

constitutes over 95% of the nitrogen in bone (Collins et al., 2002). While nitrogen content can be 
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measured directly using elemental analysers, recent studies have shown that exogenous nitrogen 

contamination may skew results. Fourier Transformed Infrared (FTIR) measures of Amide band I 

collagen intensity (Trueman et al., 2004) and Amide I/ PO4 ratios (Lebon et al., 2016) are quicker 

and equally viable methods for assessing residual collagen content in bone, which appear less 

sensitive to nitrogen contamination (Lebon et al., 2016). FTIR analysis employed in this thesis is 

discussed in detail in chapter 5.  

2.5.2 DNA degradation 

The amplification of Deoxyribonucleic acid (DNA) from bone has many applications, ranging from 

phylogenetic studies of ancient biomolecules to victim identification in forensic cases when other 

biological material is degraded or incomplete (Crainic et al., 2002; Keenan, 2016; Nielsen-Marsh, 

2002). 

DNA is comprised of molecules called nucleotides. Each nucleotide consists of a phosphate and 

sugar group and a nitrogen base. In DNA, biopolymer strands are structured by the sugar of one 

nucleotide and the phosphate of the next being joined by covalent bonds; this forms a chain of 

alternating deoxyribose sugar-phosphates referred to as the DNA backbone. These strands run 

counter parallel, and are curled around each other to form an alpha-helix. The nitrogen bases of 

nucleotides link these biopolymer strands via hydrogen bonds to form double-stranded DNA. Each 

nitrogen base consists of one of four nucleobases; either guanine (G), adenine (A), cytosine (C) or 

thymine (T), whose ordering denotes DNA’s genetic code. DNA contained within the nucleus of 

cells (nDNA) holds the majority of the genomic information, being encoded by both maternal and 

paternal sources (diploid), whereas DNA contained within cell mitochondria (mtDNA) only 

encodes information from maternal sources (haploid). While more genetic information is encoded 

in nDNA (46 chromosomes as opposed to a single chromosome in mtDNA), and it is therefore 

more viable in profiling and identification applications (Yoder, 2013), there are only two copies of 

nDNA contained within each cell nucleus. The copy number of mtDNA is far more numerous, with 

approximately 200–1700 copies per cell (Alaeddini et al., 2011). This higher copy number means 

mtDNA is more likely to survive when bone undergoes diagenesis (Smith, 2002), and is therefore 

often used in the analysis of degraded or ancient bone material. The majority of residual DNA in 

skeletal tissue is thought to be extracted from cells responsible for bone formation and resorption 

(osteocytes, osteoblasts and osteoclasts), which occupy physiological spaces in bone (Collins et al., 

2002), and may also be contained within any residual blood, epithelial, and cartilage cells (Hollund, 

2013).  

After death DNA degradation begins through autolysis and is preceded by hydrolysis and / or 

oxidation. These processes cause DNA to randomly fragment, resulting in the reduction of 

biopolymer stand lengths, while crosslinking may also occur (Doberstienn et al., 2009). This decay 

process is referred to as depurination, in which the covalent bonds of the DNA backbone are 
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destabilised, followed by hydrolysis induced breaking of apurinic sites, deoxyribose residues, and 

pyrimidine-glycosyl bonds (Alaeddini et al., 2011; Collins et al., 2002; Lindahl, 1993). It should be 

noted that DNA degradation is a separate process from denaturation, in which hydrogen bonds 

between strands are broken (Iwamura et al., 2004). As longer DNA strands are more susceptible to 

degradation that shorter ones (Alaeddini et al., 2011) DNA degradation in tissue, which is exposed 

to the environment, initially progresses rapidly post-mortem (Rankin et al., 1996; Campos et al., 

2012). 

The success of DNA amplification (polymerase chain reactions) and subsequent downstream 

applications, such as short tandem repeat (STR) analysis, depends on the quality and quantity of 

DNA in a sample. The fragmentation state of DNA strands, in addition to the overall yield, may 

result in insufficient amounts of source material being available for amplification (Ip et al., 2015; 

Kus et al., 2016; Lathamand and Madonna, 2013; Yoder, 2013). Degradation also results in higher 

risks of contaminants by exogenous alleles, which may inhibit amplification or result in false 

positives, a problem which is particularly prevalent in the analysis of ancient samples (Lindahl 

1993; Hollund, 2013; Smith, 2002). It is therefore important to assess the degradation state of bone 

before analysis, not only to ensure that appropriate extraction and amplification procedures are 

adopted for the task at hand, but for the wider implications of identifying survival potentials and for 

establishing screening and authentication protocols (Allentoft et al., 2012). However, the 

assessment of DNA preservation and decay rate is not straightforward, being confounded by many 

variables. 

A recent study looking at DNA degradation in fossil moa bird bones recovered from homogeneous 

geological settings and with comparable thermal histories, identified the half-life of DNA as being 

521 years (Allentoft et al., 2012). However, it is apparent that the rate of DNA degradation will be 

highly environmentally specific. In general, it is known that variables which influence decay rates 

are: temperature, salinity, pH, oxygen levels, enzymatic activity, microbial attack, ultraviolet light, 

availability of water and dissolved ionic species, and the diagenetic state of bone upon exposure 

(Hollund, 2013; Pruvost et al., 2007; Smith et al., 2003; Smith, 2002; Yoder, 2013). However, the 

processes of biomarker decay, in addition to the exact affinity of biomolecules to different 

components of bone during various stages of diagenesis are still imperfectly understood (Campos 

et al., 2012; Pinahsi et al., 2015). Therefore, it is important to understand how decay mechanisms 

operating in different depositional environments will either promote or hinder DNA survival, and 

how this varies over the course of diagenesis. In accordance, it is important to establish if any 

diagnostic markers of diagenetic changes can be used to infer success of DNA extraction and 

downstream applications.  

Various diagenetic measures may be used to assess degree of DNA degradation in bone; however, 

to date results are often quite contradictory and no single measure has been identified as a wholly 

consistent marker when applied to samples from different temporalities and depositional contexts. 
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While DNA may be associated with both the mineral and organic components of bone, various 

studies have shown that DNA is likely to be preferentially preserved within bone mineral, as it is 

retained within osteocyte lacunae or absorbed into the mineral surface from surrounding biogenic 

fluids (Götherström et al., 2002; Smith, 2002). In accordance, bones with a high overall mass (i.e. 

limited porosity) have been shown to be better reservoirs for biomolecules, as hydroxyapatite acts 

as protective buffer against leaching (Guarino et al., 2000; Okazaki et al., 2001; Smith, 2002; 

Tuross, 1993; Tuross and Sathoplos 1994). It has also been shown that DNA amplification success 

rates may decrease when bone undergoes recrystallization, reinforcing the idea that DNA will be 

initially bound to mineral components (Fredericks et al. 2012; Smith, 2002). In addition, other 

studies have found strong correlations between remaining collagen content in bone and DNA 

amplification (Collins et al., 1999; Poinar et al., 1996); however, this may simply be reflective of 

good general preservation conditions for organics rather than an affinity between collagen and 

DNA molecules (Smith, 2002). It should also be noted that variation in inherent bone density, 

rather than diagenetically induced density change has been shown to be an important variable 

influencing DNA preservation (Adler et al., 2011; Hollund, 2013). The selection of compact, 

cortical tissue from load bearing bones (e.g. femoral diaphyses or metatarsals) is often conducive to 

successful analysis (Fredricks et al., 2013). Intra-bone variability is also influential as certain 

portions of compact bone may be better buffers of external weather processes. For example, 

Pinhasi et al. (2015) show that the dense petrous region of temporal bone is the most favourable 

area for aDNA survival in the skeleton.  

A number of authors identify histological integrity (namely the presence or absence of microbial 

attack) as the best screening tool for assessing DNA preservation (see Burger et al. (1999), Colson 

et al. (1997), Gilbert et al. (2005); Hagelberg et al. (1991); Hedges et al. (1995); and Rankin et al. 

(1996)). However, such correlations are not always apparent. For example, a recent thesis by 

Hollund (2013), which to date represents the most comprehensive multi-proxy study of bone 

diagenesis in relation to DNA survival, found that infiltration by humic and metallic compounds, 

and mineral dissolution and cracking may have a greater influence on DNA degradation than 

microbial burrowing. Hollund (2013) in fact identified limited correlations between bio-erosion 

measured using the Oxford Histological Index (OHI) and DNA recovery rates. However, a new 

histological index (the General Histological Index (GHI)), which also measures mineral 

dissolution, staining and micro-cracking, displays stronger correlations. Concurrently, Hollund 

(2013) suggests that microbially mediated degradation allows for the retention of islands of 

unaffected bone mineral; and therefore, while microbes may influence overall DNA yield, they 

may not negatively influence DNA quality. However, it is apparent that these processes cannot be 

viewed as wholly separate, as infiltration by fluids and liquid-borne contaminants may be 

accelerated by microbial activity. Nevertheless, this study brings to the fore the question of the 

exact role microbes play in DNA degradation in bone; a role that is particularly important to 

establish for submerged bone, as cyanobacteria burrowing in aquatic contexts may be largely 
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limited to the external areas of bone (see section 2.5.4). Therefore, it needs to be further assessed 

whether the presence of such diagenetic alterations has notable effects on DNA survivability, and if 

they can be used as suitable screening tools prior to DNA extraction. Hollund (2013) identifies the 

UV autofluorescence of bone as being the single best predictor of DNA survival, a method 

developed by Hoke et al. (2011). However, while it is most probable that UV florescence is 

gauging residual organic content in bone, and also correlates well with bone’s microstructure 

integrity, it is still unclear exactly which parameter of bone this technique is measuring; in addition, 

the method can produce high false negatives when screening (Hollund, 2013). 

In summation, it would appear that different diagenetic pathways cause variations in DNA survival 

and hence differences in correlations between successful amplification and various diagenetic 

parameters. While these mechanisms are still imperfectly understood, it is apparent that different 

taphonomic histories / states of diagenesis may result in either the mineral or organic phases of 

bone being more favourably targeted for extraction. Therefore, a multi-proxy assessment of 

organic, mineral and histological parameters would appear to be the most favourable approach to 

understanding DNA preservation in osseous tissue. Accordingly, such an approach is adopted in 

this thesis in an attempt to better define the relationships between diagenetic markers and DNA 

quality and quantity in submerged bone. It is hoped that this approach will facilitate cost effective 

analysis, sample screening and elucidation of depositional histories, while also helping to better 

establish how early post-depositional aquatic processes may promote or hinder the long-term 

survival of DNA in bone.  

While there have been few studies to date which directly study DNA preservation in submerged 

bone (Alaeddini et al., 2011; Courts and Madea, 2011; de Oliveira Musse et al., 2009; Delebarde et 

al., 2013), it is generally assumed that water will have a deleterious effect on DNA survivability 

due to the increase effect of hydrolysis (Boyle et al., 1997; Heaton et al., 2010; Delebarde et al., 

2013; Mameli et al., 2014). To give some examples, Rankin et al. (1996) deposited cow femur 

bones in a number of terrestrial and aquatic contexts over a period of 18 months, and found that 

submerged samples showed the highest rates of DNA decay. However, over the first 3 months of 

deposition submerged remains retained higher quality DNA than those from terrestrial contexts, 

something that may be related to the different processes of bioerosion in submerged environments 

(as discussed above). More recently Graham (2014) submerged human bone in salt, swamp, and 

freshwater over a 72-hour period, observing that there was an approximately ~10,000-fold 

reduction in detectable DNA in most samples, while salt water completely destroyed DNA over 

this period. However, the author also notes that loss of DNA quality was not as apparent. In 

contrast, various case studies have shown that submerged bone from both archaeological and 

forensic contexts may contain replicable amounts of DNA for analysis even after long periods of 

immersion (Pokine and Higgs, 2015). For example, Mays (2008) notes that mtDNA was 

successfully extracted from victims of the Mary Rose shipwreck (1545), and suggest that closed 
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marine environments are conducive with good preservation of biomolecules due to the likelihood 

of rapid burial in bottom sediment limiting microbial attack as wells as facilitating mineral 

stability. Hochmeister et al. (1991) extracted DNA from the femoral bone of an individual 

submerged in a riverine environment for 18 months. Goodwin et al. (2003) using extracts from the 

tibia were able to identify a US serviceman, who had been submerged in a lake for 35 years. 

Imaizumi, et al. (2005) found that human bone submerged in a marine context for 11 years showed 

no PCR inhibition, and Byard et al. (2008) were able to identify a drowned fisherman through STR 

profiling who went missing ten years previously; the authors suggest that DNA stability had been 

maintained by the low light, cold temperatures, and alkaline pH of the ocean floor. Courts and 

Madea (2011) show successful extraction of DNA from human bone submerged in lake water for 

67 years, and Fredricks et al. (2013) report successful STR profiling of DNA from foot bones, 

which were submerged for 4 years in the English Channel. From these cases, we gain a qualitative 

idea of the type of environments that may promote or hinder survival, and also the benefits of 

different extraction protocols.  

As mentioned it is apparent that different DNA extraction protocols influence the success rates of 

DNA amplification. Methods generally utilise phenol-chloroform extraction, crystal aggregate 

extraction or total demineralization (Yoder, 2013). However, these techniques perform differently 

depending on the diagenetic state of the bone, the intended downstream use of the DNA, and the 

presence of amplification inhibitors (Yoder, 2013); such variability explains the differing success 

rates of commercially available kits and adapted protocols (see for example; Kus et al. (2016); 

Ludwikowska-Pawłowska et al. (2009); and Yoder (2013)). An investigation into the success of 

different extraction protocols for submerged bone was beyond the scope of this thesis due to time, 

budgetary and laboratory constraints. Instead a single commercial extraction method was employed 

which is discussed in chapter 5, section 5.2.4. Consequently, while this approach allows for a 

standardized measure of DNA degradation to help elucidate DNA survival in relation to different 

environmental and diagenetic controls, the focus of the current work does not facilitate an 

assessment of the most favourable extraction protocols. 

2.5.3 Bone crystallinity changes 

Quantifying changes in bone mineral crystal size and structural order is a commonly used method 

for assessing the degree of diagenetic change bone has undergone. Fresh bone crystals are poorly 

organised plate-shaped structures of bioapatite; while their exact dimensions are still uncertain they 

are thought to be approximately 30 nm in height and diameter, and 1–10 nm in thickness (Rubin et 

al., 2003; Trueman et al., 2008; Trueman and Martin, 2002). As mentioned in section 2.5 bone 

mineral is intimately related to bone collagen, with c. 85% of apatite crystals being located within 

collagen fibrils (Elliot, 1993), hence they provide mutual stability. However, due to their small size 

and high surface area / mass ratios, bone crystals will be subject to dissolution when this stability is 

not maintained by physiological equilibrium (Karkanas et al., 2000; Trueman, 1999; Trueman et 



Chapter 2 

43 

al., 2008; Trueman and Martin, 2002). The general processes of crystallinity changes as put 

forward by those such as Sillen (1989), Nielsen-Marsh and Hedges (1999); Trueman (1999); 

Trueman et al. (2008) and Lebon et al. (2010) is that collagen loss will result in increased bone  

Figure 2-7 Bone crystallinity change. Image adapted from Trueman and Tuross (2002). 

porosity and hence increased exposure of bone crystals to water resorption. This partial dissolution 

of bone mineral leads to replacement of small, poorly organized carbonated apatite crystals by 

larger, more stable authigenic apatite and exogenous minerals incorporated into the crystal lattice. 

Essentially, during this process, dissolution and growth of minerals occurs together, whereby 

smaller crystals are preferentially dissolved, as in Ostwald ripening, and are re-precipitated onto 

large existing crystal surfaces to fill inter-crystalline spaces (Hubert et al., 1996; Trueman et al., 

2004) (figure 2.7). Closing of inter-crystalline spaces reduces porosity, which means the crystal 

lattice is under less strain and is less susceptible to destruction through environmental interactions 

(Piga, 2012; Rogers et al., 2010). Recrystallization is not the only diagenetic outcome for bone, as 
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dissolution of minerals in turn allows increased diffusion of water and foreign contaminates into 

bone, which may result in complete destruction of both organic and mineral phases. Therefore, in a 

basic sense the rate at which collagen loss (increases in porosity) progresses must be sufficiently 

stable to allow the closing of inter-crystalline spaces to occur. In relation to bioerosion, which may 

cause large changes in pore size (c. 100- 10,000 nm) (Trueman et al., 2008), it is easy to see why 

rates of dissolution exceed rates of recrystallization, hence explaining why fossils vary rarely 

exhibit any advanced features of microbial attack. 

Hedges et al. (1995) debate whether depletion of bone’s organic component and subsequent 

recrystallization are interrelated processes. However, as Trueman et al. (2004) indicate, Hedges et 

al. (1995) made their observations across a number of sites and temporal scales, and hence 

depositional conditions may have concealed the relationship between recrystallization and loss of 

organics. In general, other studies have found that microstructural reordering correlates well with 

residual collagen content and changes in micro-porosity during early diagenesis (see Nielsen-

Marsh (1997), Nielsen-Marsh and hedges (2000), Roberts et al. (2002); Smith et al. (2005); 

Trueman and Tuross (2002)). In addition, the processes of recrystallization and trace element 

uptake are also intimately related during early diagenesis, and are discussed in detail in section 

2.5.5. The use of crystallinity change as a predictor for biomarker survival has had some success 

(see for example Fredericks et al. (2012), Hollund (2013) and Smith (2002)). However, Thompson 

et al. (2011) indicate that studies have often found no relationship between biomarker survival and 

crystallinity changes (see for example Brock et al. (2010) and Lebon et al. (2010)). This is most 

probably due to the fact that changes in crystallinity still progresses, even after complete loss of 

organics, which confounds potential correlations depending on the age / diagenetic state of the 

material being studied (Thompson et al., 2011; Trueman et al., 2008). In addition, while the decay 

of organics will have a deleterious effect on biomarker survival, it is possible that under certain 

conditions cells containing DNA may be incorporated into and protected by bone mineral during 

recrystallization; something which needs further investigation. 

While there is quite limited data concerning the study of mineral changes in submerged bone, the 

main variables that control these processes in terrestrial settings should also hold true in aquatic 

contexts. In addition to the rate-limiting effect of collagen decay Hedges and Millard (1995) and 

Nielsen-Marsh and Hedges (2000) identify water chemistry (i.e. dissolved ionic species, pH, redox 

potentials), and hydraulic regime (i.e. rate of infiltration of water) as the main environmental 

factors limiting the rate of crystal mineral changes. Basic conditions which allow recrystallization 

to occur have been well studied, with it being identified that this process can only occur within a 

pH range of 7.6 – 8.1 (Berna et al, 2014). Any pH below 6.5 will cause total bone destruction due 

to increased solubility, while in alkaline conditions above pH 8.1 bone mineral will not 

recrystallize, but will be well preserved due to the incorporation of exogenous material, such as 

calcite (Elliot, 1993; Jackes et al., 2001; Trueman, 1999). The pH of water is generally, but not 
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exclusively neutral; meaning recrystallization may occur in aquatic environments. However, this of 

course depends on the interactions of several variables. It is therefore important to empirically 

asses the types of aquatic environments which may allow recrystallization to occur by establishing 

rates of collagen decay and mineral dissolution as they relate to different controls. In turn it may 

then be possible to make some basic inferences about the potential for the long-term survival of 

bone from early post-depositional diagenetic and environmental data. However, it should be noted 

that while crystallinity changes occur during early diagenesis, studies suggest that even in relatively 

extreme environmental settings, such changes will most likely take between 2 years and a decade to 

occur (Trueman et al., 2004; Trueman and Tuross, 2002; Tuross et al. 1989; Shinomiya et al. 

1998). However, this needs empirical confirmation in different aquatic settings. 

Fourier transform infrared spectrometry (FTIR) is employed in this thesis to assess changes to bone 

crystal. FTIR records the infrared splitting factor (IRSF) or Crystallinity Index (CI) of bone, which 

is a measure of the microstructural ordering and length of bone crystals, as determined by the 

splitting of the phosphate absorption peak in the infrared spectra (Piga, 2012; Rogers et al., 2010). 

While other methods such as X-ray diffraction may be used for the same means, FTIR allows for 

the simultaneous identification of other structural changes to bones, such as carbonate to phosphate 

ratio, and measures of residual organic / collagen content (Rogers et al., 2010; Trueman et al., 

2008). The relative advantages and disadvantages of this method will be discussed in more detail in 

chapter 5. 

2.5.4 Bioerosion and histological integrity 

As discussed in previous sections, the bioerosion of bone is generally thought to accelerate 

diagenesis by rapidly decaying structural collagen, leading to increased porosity and hence 

exposure of the mineral and organic phases to further deleterious environmental interactions. The 

presence of bioerosion in archaeological and fresh remains is therefore a good indicator of whether 

the material is likely to become fossilised. For example, Trueman and Martill’s (2002) study of 350 

fossil and archaeological bones indicated that the former very rarely show evidence of bioerosion, 

again highlighting the importance of early post-depositional processes for determining the long-

term diagenetic trajectory of skeletal remains. Micro-focal destruction (MFD) in bone is caused by 

structural collagen being broken down into acid-soluble peptides by collagenolytic enzymes 

(collagenases), which are produced by microorganisms that metabolise proteins (Trueman et al., 

2003). However, in fresh bone inter-crystalline spaces are too small to allow collagenases to reach 

collagen fibrils; therefore, microorganisms release organic acids to dissolve this mineral barrier 

(Child, 1995), which is then re-precipitated to form characteristic areas of hypermineralized, 

organic depleted bone that surround microbial tunnelling (Jackes et al., 2001; Turner-Walker and 

Syversen, 2002). MFD can be divided into a number of distinct categories (see figure 2.8): Weld 

type 1 and 2 tunnelling is caused by the lytic action of fungi in terrestrial contexts and mainly by 

cyanobacterial burrowing in aquatic contexts (see below). Type 1 tunnelling is c. 10-15 µm in 
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diameter, and is generally limited to the periosteal and endosteal margins of bone, whereas type 2 is 

c. 5 µm in diameter and penetrates the inner cortex of bone, being found primarily in osteons 

(Fernandez-Jalvo et al., 2010; Hackett, 1981; Trueman and Martill, 2002). Non-Weld MFD is 

associated with the action of burrowing bacteria and has three variations (linear longitudinal, 

budded and lamellate) (Hackett, 1981; Smith, 2002), which propagate via the microstructural / 

vascular pathways of bone (White and Booth, 2014). Linear longitudinal tunnelling is found 

primarily in osteonal bone and is c. 5-10 µm in diameter (Dixon et al., 2008; Hackett, 1981). 

Budded tunnelling is c. 30 µm in diameter and is also limited to 

 

Figure 2-8 Microbial burrowing in bone as observed at a microstructural level (note white outlines are representative of 

hypermineralized zones around MDF A. Weld type 1 tunnelling, which may be observed with or without 

a hypermineralized zone B. Non-Weld type linear longitudinal tunnelling. C. Riseholme bioerosion 

(similar to B. however no hypermineralized zone is present) D. Budded tunnelling. E. Weld type 2 

tunnelling. F. Lamellate tunnelling. Image adapted from Jans et al. (2004). 

harversian systems and osteonal bone and osteocyte lacunae (Dixon et al., 2008; Hackett, 1981). 

Lamellate tunnels measure c. 20-250 µm and follow the direction of lamella bone; these foci are 

generally found on the surface of the bone cortex (Dixon et al., 2008; Hackett, 1981). Recently, 

White and Booth (2014) identified a morphologically distinct form of MFD in fresh bone, named 

Riseholme bioerosion, which is considered to be an early manifestation of non-Weld MFD as it 

does not display any re-precipitated hypermineralized zones. While early inoculation experiments 

confirmed fungi (e.g. Mycelites and Mucor fungi) as being the causal agent of Weld-type MFD 

(Marchiafava et al., 1974), until recently there was more ambiguity concerning the origins of 

bacterial bioerosion (Fernandez-Jalvo et al., 2010). Namely, it was debated whether tunnelling 

bacteria had endogenous or exogenous origins. Certainly, in early research Non-Weld tunnelling 

was considered to be caused exclusively by soil bacteria (Hollund, 2013; Turner-Walker, 2008). 
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Child (1995) suggested that Clostridium histolyticum was responsible; a bacterium found in both 

soil and the intestinal tracts of animals (Child et al., 1993; Jackes et al., 2001; Smith, 2002; White 

and Booth, 2014). However, various inoculation experiments using such bacteria have been unable 

to induce characteristic tunnelling in bone (Balzer et al., 1997; Child et al., 1993; Fernandez-Jalvo 

et al., 2010; White and Booth, 2014). A number of taphonomic processes studies have, however, 

identified that animal bones are less likely to display bioerosion than human remains (Fernandez-

Jalvo et al., 2010; Jans et al., 2004; Trueman and Martill, 2002). It may be argued that the surface 

deposition of animal carcasses results in their limited exposure to soil bacteria. However, Jans et al. 

(2004) identified that burial in conjunction with the articulation of remains had a significant 

influence on human bones being subject to higher degrees of bacterial modification than animal 

remains, which are more prone to fungal attack. Resultantly, it was recognised that anthropogenic 

processes such butchering (Smith et al., 2007) and also the processes of scavenging, disarticulation, 

burial in humic rich deposits, and rapid putrefaction during surface exposure limits the ability of 

any endogenous gut bacteria to infiltrate animal bone (Bell et al., 1996; Nielsen-Marsh et al., 2007; 

Trueman and Martill, 2002; White and Booth, 2014). This data therefore confirmed the hypotheses 

of those such as Yoshino et al. (1991) and Bell et al. (1996) that the infiltration of intestinal 

bacteria into bone though vascular networks was the most likely driver of early post-depositional 

bioerosion. Concurrently, this indicated that the early taphonomic history of remains, namely the 

exposure to conditions that promoted or hindered putrefactive processes, was playing a major role 

in the long-term survival of bone.  

The rapid colonisation of bone by endogenous gut bacteria has now been confirmed experimentally 

by White and Booth (2014); using domestic pigs (Sus scrofa) as human analogues, the authors 

demonstrated how enteric putrefactive bacteria bioeroded interred bone prior to skeletonisation. In 

addition, more recent work has confirmed the appearance of putrefactive MFD in bone in as little 

as 7 days post-mortem (Keenan and Engel, 2017a; 2017b). It should however be noted that not all 

Non-Weld bioerosion is caused by internal bacteria. For example, a study by Fernandez-Jalvo et al. 

(2010) recorded peripheral bacterial burrowing in 31% of 100 experimentally placed animal 

carcasses. However, it is thought that endogenous bacteria will have a more deleterious effect on 

bone if their succession is not inhibited, as they preferentially alter bone cortex not just the 

periosteal regions (Fernandez-Jalvo et al., 2010; Jans et al., 2004).  

It is apparent that anoxic and waterlogged conditions will inhibit soft tissue decay and enteric 

bacterial bioerosion (Booth, 2017; Hollund et al., 2012; Janaway, 1996), as is evident from the 

absence of Non-Weld MDF in crewmembers of the Mary Rose shipwreck for example (Bell and 

Elkerton, 2007; Mays, 2008). However, the question still remains as to whether isolated bone 

samples (i.e. disarticulate elements) are appropriate analogues for archaeological and forensic 

tissue, as the influence of putrefaction on diagenesis is being ignored in such models. An additional 

issue concerning the use of de-fleshed bone analogues is that any exogenous bacterial boring may 
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occur more rapidly than in natural scenarios, as it is assumed that soft tissue cover acts as a barrier 

which limits microbial access to bone upon initial environmental exposure (Bell et al., 1996). In 

addition, it has been shown that bone with high fat contents slow the rate of bioerosion due to 

bacterial intolerance of certain organic constituents or blocking of porous networks (Davis, 1997). 

These issues will be discussed later in relation to the specific experiment detailed in chapter 5. 

The occurrence of bioerosion in submerged bone has been quite well studied in comparison to 

other aspects of water-based bone diagenesis. Determining the exact agents responsible for boring 

in aquatic contexts is difficult using tunnelling morphology alone, as endolithic borers display 

similar metabolic traits (Jans, 2008; Danise et al., 2011). However, despite the fact that no 

controlled inoculation experiments have been conducted, and evidence that amoebic protozoans 

(Ascenzi and Silvestrini, 1984), algae (Arnaud et al., 1978; Davis, 1997) and other heterotrophic 

fungi and bacteria (Danise et al., 2011; Smith and Baco, 2003) may all play a role in metabolizing 

collagen and dissolving bone mineral in aquatic contexts, the general consensus is that phototrophic 

cyanobacteria are the main causal agents of Weld foci tunnelling in submerged osseous tissue 

(Davis, 1997; Jans et al., 2004). This conclusion has been drawn as observations of MFD in 

submerged remains suggest that this bioerosion is exclusively limited to the periosteal region of 

bone (Mays, 2008; Yoshino et al., 1991), which is highly suggestive of activity by photosynthetic 

microborers that can only infiltrate material as far as an available light source can penetrate (Danise 

et al., 2011). This assumption is supported by the fact that submerged bones which are rapidly 

buried in bottom sediments show limited evidence of Weld type MFD (Bell and Elkerton, 2008; 

Davis, 1997; Mays, 2008). Bell and Elkerton (2007) suggest that tunnelling depth in shallow 

marine and intertidal contexts is therefore related to the period of exposure, presumably because 

the destruction of mineral must occur to allow bone to be exposed to light, and hence allow 

microbial tunnelling to progress. In addition, tunnels in submerged bone may be surrounded by 

mineralized zones (Pesquero et al., 2010) that are consistent with calcite deposits precipitated by 

endolithic bacteria (Danise et al., 2011). However, it should be noted that this mineralized zone is 

not always observed in bone or enamel recovered from water (see Bell et al. (1996) and Pesquero et 

al. (2010)). Heterotrophs that are not dependant on light and are found across all aquatic contexts 

may also metabolize organics in submerged bone (Danise et al., 2011; Golubic et al., 2005). 

However, if material is washed ashore or found in shallow coastal regions it will have passed 

through a euphotic zone for at least a brief period and therefore will have most probably been 

exposed to the actions of light-dependant bacteria. Consequently, it is better to use the depth 

limitations of MFD tunnelling, rather than morphology, to make a diagnostic assessment of the 

causal bioeroding agent.  

The timing of cyanobacteria burrowing is varied but undoubtedly has the potential to be a very 

rapid post-depositional process. For example, Yoshino et al. (1991) observed Weld type tunnelling 

in experimentally submerged bone in seawater after 4-5 years. Bell et al. (1996) who analysed bone 
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recovered from intertidal and lacustrine contexts ranging from 3 months to 83 years of submersion, 

found evidence of burrowing after 2 years. Ascenzi and Silverstrini (1984) observed tunnelling in 

experimentally deposited cow (Bos taurus) bones in a marine context after 1 year. In addition, 

Weld (1864) recorded peripheral tunnelling in tooth dentine after 13 days of immersion in a well 

(Jans, 2014), and Davis (1997) observed similarly rapid burrowing in experimentally placed bone 

after as little as 4 days post-submersion in fresh and salt water. This data indicates that more 

research, in particular controlled inoculation experiments, is needed to better assess the timing of 

microbial attack in water. In addition, the rate-limiting role that water-based MFD plays in bone 

degradation needs to be assessed in relation to other diagenetic and environmental parameters. 

Currently, it is questionable whether peripheral burrowing has significantly deleterious effect on 

rates of mineral and organic destruction. For example, it has been found that Weld type MFD is 

more prevalent in fossil material than Non Weld MFD (Fernández-Jalvo et al., 2010; Trueman and 

Martill, 2002), indicating that this kind of diagenetic alteration does not necessarily inhibit survival 

of bone into deep time. Danise et al. (2014) for example, show that the surface of fossil 

Ophthalmosaurus bone from the late Jurassic was heavily bioeroded in a shallow marine context. 

Similarly, Roux (1887) recorded Non-Weld MFD in Mesozoic and Quaternary reptiles from 

submerged contexts, while numerous other examples of peripherally bioeroded fossil bone exist 

(see for example Belaústegui (2012); Esperante et al., (2009); Keenan and Engle (2017b); Shapiro 

and Spangler (2009)). Trueman and Martill (2002) note that such tunnelling often causes limited 

overall damage, which may in fact represent a difference in the succession strategy of these 

microbes when compared to terrestrial bacteria, such as surface colonization rather than protein 

catabolism, however this is questionable. Recent experimental work conducted by Keenan and 

Engle (2017a) in fact suggests that microbial burrowing during early diagenesis has the ability to 

promote the long-term preservation of remains, as trace element uptake on peripheral surfaces may 

be initiated by microbial colonization within days or weeks post-deposition. This process results in 

rapid, but poor, recrystallization of bone surfaces, after which microbial biofilms develop, 

protecting the internal portion of bone from fluid infiltration and degradation (Keenan and Engle, 

2017a). This research highlights two important points: firstly it suggests that microbial burrowing 

cannot be viewed as having a solely deleterious impact on the long-term survival of bone. 

Secondly, it shows how impactful very early post-depositional processes may be on the long-term 

survival of bone.  

As mentioned in previous sections, general correlations between bioerosion and loss / 

contamination of organics and DNA are evident (Burger et al., 1999; Colson et al., 1997; Gilbert et 

al., 2006; Hagelberg and Frame, 2005; Hedges 2002; Jans et al., 2004). Therefore, bioeroded 

samples will often be excluded from analysis where possible. However, this relationship is not 

always apparent (see discussion in Hollund (2013)), and again, due to the inability of Non-Weld 

type focal destruction to penetrate the sub-periosteal region of bone it needs to be further assessed 

whether such tunnelling does significantly influence DNA recovery rates, or if it is in fact 
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conducive to more steady decay. Such data would provide forensic practitioners and archaeologists 

with important information concerning screening protocols for recovered material. For example, 

Mays (2008), Hollund (2013) and White and Booth (2014) all suggest that conditions which hinder 

putrefaction may allow islands of cortical bone to be excluded from bioerosion, and resultantly 

certain bioeroded material may in fact act as a good repository for biomolecules and should not be 

ignored.  

In addition to general questions about timing and causal agents, further experimental work is 

needed to determine how different aquatic environments dictate microbial attack. Davis (1997) 

notes that in general, endolithic cyanobacteria are not only influenced by available light sources, 

but also fluctuations in pH, hydrological regime, dissolved oxygen contents, salinity, temperature 

and water depth. The presence or absence of dissolved ionic species, such as metals, which are 

actively used in the metabolic processes of certain bacteria will also play a role (Elliot, 1993), as 

will burial in sediment and the overall stability of the depositional environment. For example, 

Nielsen-Marsh and Hedges (2000) have shown that bioerosion is more prevalent in remains which 

undergo wet and dry cycles than those which are consistently submerged or rapidly buried (e.g. in 

palaeochannel deposits).  

While cyanobacteria tend to favour less energetic, shallow environments, they have an extensive 

worldwide distribution in water (Davis, 1997). In addition, although a pH below 6 will stop the 

action of collagenases (Jackes et al., 2001), water ordinarily has approximately neutral pH, and 

therefore submerged bone will generally stand a high chance of being exposed to microbial 

modification. Studies looking at microbial succession rate in submerged soft tissue (see for 

example Dickson et al. (2011), identify seasonality and temperature as playing a major role in the 

succession of certain bacteria species, and while this has not been tested for the colonisation of 

bone, it is likely that similar seasonal controls will influence bioerosion in skeletal tissue.  

While periodic variability in prevailing environmental parameters will therefore either promote or 

hinder the succession of bacteria (Fernandez-Jalvo et al., 2010; Trueman and Martill, 2002), 

bacteria may also alter the local chemical environment within or surrounding bone, which can in 

turn result in the inhibition of bacterial species, hence influencing diagenetic pathways. For 

example, microbially produced organic acids may not be removable from bone due to extensive re-

precipitation of bone mineral and this creates an internal environment which is too acid for bacteria 

to exist, hence bacteria’s own metabolic by-products may limit any further microbial degradation 

(Jackes et al., 2001; Trueman et al., 2003). In contrast, tunnelling may result in the incorporation of 

foreign contaminates into bone; in particular humic substances may limit collagenases due to their 

acid nature (Hollund, 2013; Jans et al., 2004). Additionally, the precipitation of manganese, 

botryoidal cements, peloids and pyrite framboids, are all considered to be induced by microbial 

influences. (Danise et al., 2011; Hollund, 2013; Shapiro and Spangler, 2009). The inclusion of 

frambodial pyrite within bone’s microstructure is a relatively common observation in submerged 
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fossil bone. These inclusions result from the consumption of oxygen surrounding bone by aerobic 

bacteria, which promotes localised anoxic conditions. These conditions in turn favour the 

succession of anaerobic sulphate reducing bacteria which break down bone lipids and saturated 

sulphate, which is then released as hydrogen / iron sulphide into bone pore spaces (Allison et al., 

1991; Belaústegui, 2012; Danise et al., 2011; Pfretzschner, 2001) (see figure 2.9). Such processes 

may in turn result in bone becoming a closed, chemically distinct environment (Trueman et al., 

2003) due to the creation of acid conditions and physical inclusions limiting movement of water, 

oxygen and microbes within bone. These visible inclusions emphasise the utility of histological 

interpretations for elucidating past depositional conditions of remains, as well as the importance of 

understanding the interplay between external environmental parameters and internal micro-

environmental parameters when assessing the impact of bioerosion on bone diagenesis. It is also 

apparent that only with more controlled studies, which measure both environmental and diagenetic 

controls, can this heterogeneity be better understood and incorporated into taphonomic models. 

 

Figure 2-9 Sulfophilic stage of submerged bone decomposition. A. Diffusion of sulphate from seawater into bone, 

followed by sulphate reduction by anaerobic bacteria decomposing lipids. B. Diffusion of sulphide 

outward from the bone core. C. Sulphide oxidation by bacteria living on the bone surface. Image adapted 

from Smith and Baco (2003). 

The most commonly used method to assess histological changes to bone is the Oxford Histological 

Index (Hedges et al., 1995) where thin sections of bone are scored on a scale of 0 to 5 to determine 

degree of alteration. This method has received various adaptions for specific tasks (see Millard 

(2001), Hollund (2013) and White and Booth (2014) for example). In this thesis the General 

Histological Index (Hollund, 2013) is adopted, as this method all accounts for aspects of 

microstructural change in addition to bioerosion (see chapter 5). 

2.5.5 Elemental changes in bone 

The elemental composition of bone, amongst other applications, can be used as an indicator of its 

early post-depositional environment. In particular, the trace element content of bioapatite may be 
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alerted upon immediate deposition in terrestrial and aquatic settings (Shinomiya et al., 1998; 

Tuross et al., 1989). Therefore, while the alteration of biogenic elemental signatures confounds the 

utility of certain analyses that attempt to interpret pre-mortem aspects of bone; diagenetic 

geochemical signatures do have useful applications in taphonomic process studies (Trueman et al., 

2008). Common diagenetic changes in bone involve the replacement of calcium by Fe2+, Mn2+, 

Zn2+, U4+, Sr2+, Na+, and phosphate by carbonate, fluoride and chloride (Pfretzschner, 2004); 

however, such changes are dependent on a number of interrelated intrinsic and extrinsic variables 

(Hollund, 2013; Keenan, 2016; Trueman et al., 2008; Wright and Schwarcz, 1996). In a general 

sense, ion exchange in bioapatite is mediated by the solubility conditions and endogenous 

elemental makeup of bone (i.e. exchange potential), in conjunction with the adsorption coefficients 

and availability of ions in waters for substitution (i.e. local water chemistry / hydrology) (Bertram 

et al., 1992; Elliot 1993; Trueman et al., 2003; Trueman and Benton, 1997; Trueman and Tuross 

2002; Williams, 1988).  

Regarding intrinsic controls, the adsorption and leaching of major, minor and trace elements into 

and from bone has been shown to be rate-limited by collagen decay, which results in increased 

porosity and the exposure of crystalline surfaces to pore water or free water interactions (Trueman 

et al., 2008). In a geological time frame this exchange can be classed as an early diagenetic process, 

as while bone is an open system, undergoing recrystallization, elemental exchange with 

surrounding pore waters will occur due to the large surface area of bone crystals being extremely 

reactive (Elliot, 1993; Posner, 1969; 1985; Trueman et al., 2004; 2008). While there is some debate 

concerning elemental exchange processes (see Kohn and Moses (2012)), altered geochemical 

signatures are largely considered to occur through diffusion and adsorption processes, whereby 

cations are incorporated into exposed hydroxyapatite crystals or authigenic minerals; new 

complexes are created in the organic phase of bone; and water bound or precipitated elements 

occupy porous spaces, voids and micro-cracks within bone (Elliot 1993; Hedges and Millard, 1995; 

Hassan and Ortner, 1977; Trueman et al., 2004). The latter changes have been shown to be a 

particularly rapid (Barker et al., 1997; Trueman and Tuross, 2002). However, the trace element 

composition of bone mineral may also be comprehensively modified after only a few years post-

mortem through substitution or adsorption (Trueman et al., 2004). For example, under experimental 

conditions (25 °C), Rare Earth Elements (REEs) have been shown to substitute for 70% of Ca2+ 

sites in apatite after as little as 24 hours (Trueman and Benton, 1997; Valsami-Jones et al., 1996). 

The incorporation or binding of elements to the organic phase of bone (humic acids, amino acids, 

proteins and enzymes) is often overlooked, but may also play an important role during early 

diagenesis when the organic fraction of bone is still intact (Reynard and Balter, 2014).  

After recrystallization, when bone effectively becomes a closed system due to infilling of inter-

crystalline spaces, there is a decrease in the total crystal surface area viable for sorption of 

exogenous ions, hence elemental exchange occurs at a much slower rate through solid-state 
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diffusion (Pfretzschner, 2004; Trueman, 1999). Therefore, the loss of organics no longer controls 

growth of authigenic apatite and interactions with water. Consequently, correlations between 

crystal size and trace element uptake are impossible during later diagenesis (Trueman et al., 2008). 

In addition, intra-site and intra-bone variability means that measures of crystallinity and collagen 

content during early diagenesis cannot be used as direct indicators of whether a bone still retains 

authentic geochemical signals (Trueman et al., 2008). However, such measures can be useful in 

approximating the extent of potential geochemical interactions a bone has experienced, and may 

therefore act as a rough screening tool for samples before any elemental analyses (Trueman et al., 

2008). What these data do indicate is that the trace element composition of fossil and modern bone 

reflects its early post-depositional geochemical history, providing important information about the 

pH and redox conditions of specific depositional environment (Keenan, 2016; Keto and Jacobsen, 

1987; Pfretzschner, 2004). This data has been applied to the fossil record to establish whether 

material from marine vertebrate assemblages has been reworked / moved from an original 

depositional context: if remains from a seemingly homogenous assemblage display different 

geochemical signatures it can be shown that a portion of the material was transported from 

different original depositional contexts and hence is allochthonous in nature. Therefore, when 

viewed in conjunction with collagen loss and crystallinity changes, the trace element composition 

of recent remains recovered from aquatic contexts may prove useful as a means of geochemical 

provenancing to determine the location of submersion.  

For example, if a bone is recovered at the interface of two aquatic contexts, such as on a beach in 

close proximity to a river, the elemental composition of the bone could potentially be used to 

distinguish between riverine of marine origins of the remains. However, the application of such 

tools is not straightforward, as cations incorporated into fresh bone during early diagenesis may be 

subject to constant fluctuation, as bone is still an open system (Trueman et al., 2004); hence 

resulting in successive diagenetic overprinting. For example, if a bone has been transported through 

an acid aquatic environment, calcium in apatite may be replaced by hydrogen ions (White and 

Hannus, 1983); however, were the bone to enter a less acidic setting, calcium could be 

reincorporated (Baxter, 2004), hence disguising a period of the material’s diagenetic history. Stable 

isotopes are more resistant to diagenetic change (Koch et al., 2001), and their analysis will 

therefore provide a more viable tool for provenancing remains. However, this means of analysis is 

limited to making assessments concerning the pre-submersion origins of remains, and would 

therefore benefit from complementary tools to establish possible submersion pathways; to facilitate 

this, an improved understanding of ion exchange processes and rates in different submersion 

environments is needed.  

In water-submerged bone adsorption is considered to be the prevailing process of elemental uptake 

(Trueman and Tuross, 2002). Hence, elemental capture is dictated by the adsorption coefficients of 

different elements or molecules (Trueman and Tuross, 2002), which vary depending on ion radius 
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and the charge between the replacement and host ions (Trueman et al., 2003). In addition, 

adsorption is mediated by ambient environmental variables such as pH, temperature, dissolved 

oxygen content and microbial activity (Baxter, 2004; Elliot, 1993). For example, the presence of 

organic compounds in water will affect the oxidation state of different trace elements in solution, 

hence influencing their exchange potentials (Baxter, 2004). Furthermore, the habitation of water by 

microorganisms may catalyse redox reactions (Pfretzschner, 2004).  

Adsorption potentials are also restrained by internal and ambient kinetic factors that control the 

diffusion and hence supply of dissolved ions from bone’s outer surface into the cortex. Active 

water flow within bone, which increases with heightened porosity, causes elevated rates and depths 

of elemental uptake and leaching (Tuross et al., 1989) as pore morphology denotes the surface area 

and hence the extent of solid-solution interactions (Hedges and Millard, 1995). As Trueman et al. 

(2004) show, under conditions which allow for evaporation at bone surfaces and the frequent 

movement of fluid through bone (i.e. conditions which promote refreshing of dissolved ionic 

species) element uptake can be rapid. Laboratory based experiments indicate that porous spaces in 

submerged, weathered bone may be completely saturated by fluid within 20 hrs (Trueman et al. 

2004); with rates of diffusion being significantly slower in fresh bone (Pfretzschner, 2004). The 

rate of elemental exchange in submerged bone may therefore be partly dependant on the 

hydrological regime of the submersion environment in conjunction with the capillarity or matrix 

potential of the bone sample in question (Hedges and Millard, 1995). While it is probable that 

complete saturation of submerged bone will limit elemental recycling, when compared to buried or 

surface exposed bone in terrestrial setting (Millard and Hedges, 1999), it still needs to be 

determined how different submersion environments may influence this process. For example, if 

there is little successive water cycling in submerged bone due to a steady state of saturation being 

maintained, trace element compositions may be used to infer environmental parameters upon initial 

deposition in water. However, if active cycling is evident, the elemental composition of bone may 

be more reflective of conditions at the time of recovery. Wetting and drying cycles in nearshore 

environments for example, may increase trace element diffusion in bone (Kohn and Moses, 2012). 

Therefore, a range of different dispositional scenarios need to be investigated in relation to trace 

element uptake rates, which in turn may help to establish the usefulness of recovered material in 

either pre-mortem or taphonomic process studies.  

Much of the data concerning trace element uptake in submerged bone comes from studies of recent 

and fossil fish bone / teeth in deep marine contexts (see Bernat (1975), Staudigel et al. (1985), 

Elderfield and Pagett (1986) and Wright et al. (1987)). These studies suggest that while 

concentrations of trace elements in submerged bone may be six or seven orders of magnitude 

higher than surrounding seawater concentrations (Reynard and Balter, 2014; Keto and Jacobsen, 

1987), bone located at the sediment-water interface should record an relatively unfractionated 

elemental record of overlying water chemistry (just above the sediment interface), due to the 
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stability and homogeneity of marine bottom waters (Elderfield and Sholkovitz, 1987; Shaw and 

Wasserburg, 1985; Trueman, 1999). It is also apparent that REE patterns in remains buried in oxic 

sediments are reflective of surrounding seawater compositions. However, this is not the case in 

anoxic sediments (Elderfield and Pagett, 1986; Reynard and Balter, 2014), and as German and 

Elderfield (1990) and Reynard et al., (1999) indicate, the fractionation of REEs between seawater 

and bone can occur due to the high abundance and complexity of the elements in bottom sediment 

pore waters, which show considerable temporal and spatial variations in shallow marine 

environments (Trueman et al., 2003). For example, bone that is buried even at shallow depths in 

bottom sediment may record reducing conditions as opposed to oxic conditions in the overlying 

water column, and hence geochemical signatures in bones recovered from these settings should not 

be considered as reliable, unfractionated proxies of marine bottom water composition (Trueman, 

1999). In terrestrial-fluvial environments, trace element signatures will show higher variability than 

in buffered marine contexts (Trueman, 1999). This may prove to be a disadvantage to the 

geochemical provenancing of unburied bone recovered from seawater, due to the more limited 

resolution of any trace elemental signatures (Trueman et al., 2003), but in contrast may have 

advantages in terms of more universal models of diagenesis being developed as a result of this 

homogeneity. 

While burial may impact the use of submerged remains in palaeo-oceanographic reconstructions, it 

does not necessarily diminish the potential use of bones’ geochemical signatures for decoding 

district aquatic taphonomic histories. It would therefore be beneficial to further test the influence of 

different bottom sediment burial regimes and submersion depths on trace element uptake and rate, 

and in turn see how these relate to other diagenetic markers. Therefore, this thesis aims to gain a 

more nuance understanding of early diagenetic elemental exchange in bone from a variety of 

different submersion environments. 

There are a number of techniques that can be used to measure the elemental compositions of bone 

such as: inductively coupled plasma mass spectrometry, X-ray diffraction and electron probes, each 

of which have their advantages. However, in this thesis X-ray fluorescence (XRF) analysis was 

employed, which allows for the quantitative analysis of trace element ratios in bone, and has 

proven to be a successful tool for provenancing archaeological artefacts (Gonzalez-Rodriguez and 

Fowler, 2013; Keenan, 2016; Piga et al., 2009). This methodology is discussed in detail in chapter 

5. 

2.5.6 Colour change in bone 

Colour change in bone may be initiated by a number of environmental and anthropogenic 

processes. For example, Argáez et al., (2011) note that black discoloration of bone may be caused 

by interaction with substances such manganese oxide, graphite, asphalt or bitumen. In addition, as 

Ellingham et al. (2015) discuss, in regard to the analysis of burnt bone, discoloration may also 
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result from changes to the organic and inorganic components of bone. For example, Abdel-

Maksoud and Abdel-Hady (2011) note that grey-blue and grey discolorations are caused by organic 

components in bone being pyrolized. In a general sense then, colour changes may correlate with 

diagenetic and environmental parameters, with the most notable variables affecting these changes 

being identified as sedimentary interactions, moisture, sun exposure, and decomposition processes 

(Abdel-Maksoud and Abdel-Hady, 2011; Pijoan et al., 2007; Holliday and Gartner 2007; Janjua 

and Rogers, 2008; Koon et al., 2003). 

Bones recovered from aquatic contexts often display diagnostic bleaching: this is caused by two 

main processes. Firstly, the depletion of bone collagen, due to leaching and hydrolysis of organics 

components, which results in the calcination of bone. Secondly, during submersion soluble salts, 

namely sodium chloride, are absorbed into bones’ porous network. These salts are then precipitated 

onto bone surfaces where they recrystallize producing a distinctive white mineral discoloration 

(Pokiness and Higgs, 2015). This process also causes damage as the expanding salts break apart 

surface material. Heavy bleaching is usually associated with a period of free-water action, and / or 

wet-dry cycling and sun exposure, which expedites salt precipitation and expansion. Bleaching, in 

general, represents the final stage of calcination where the organic component of bone is 

completely lost, and slats are fused to surfaces (Mayne-Correia, 1997). Submerged bone may also 

become stained due to mineral deposition during interactions with surrounding sediments (Higgs 

and Pokines, 2014; Pokines and Higgs, 2015). For example, red staining in aquatic settings may be 

indicative of interactions with iron-oxides, and dark staining may infer the presence of iron 

sulphide (formed in anoxic conditions) (see section 2.5.4) (Higgs et al., 2011; Pokines and Higgs, 

2015), contamination by humic materials (Hollund, 2013), or sediment inclusions. In addition, 

purple or pink staining in submerged bone may be indicative of the pooling of blood in vascular 

networks after death. However, little work other than qualitative observations of changes has been 

conducted to assess how colour modifications (different pigments, hues and saturations) relate to 

other diagenetic changes and environmental variables in water. It would therefore be beneficial to 

quantitatively assess any correlations between colour change and other taphonomic markers, as if 

relationships can be identified, colour change represents a potentially rapid, non-invasive and 

inexpensive way of assessing diagenetic change in submerged osseous tissue. For example, it is 

reasonable to suggest that burial in different sedimentary contexts may correlate with DNA 

survival in bone, and hence the analysis of sediment staining indicative of specific burial 

environment may provide a basic screening tool before any destructive analysis.  

Therefore, this study employs a quantitative approach to record colour change in bone, similar to 

that of Maksoud and Abdel-Hady (2010). For this purpose, a video spectral comparator (VSC), 

which records the response of materials to different light sources and wavelengths, was employed, 

and is discussed in detail in chapter 5.
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Chapter 3: Experimental abrasion of water-submerged 

bone: the influence of bombardment by different 

sediment classes on micro-abrasion rate 

This chapter is comprised of a published article that has been revised for inclusion in this thesis. 

The author of this thesis is lead author, and was responsible for experimental design, completion of 

experimental work, data analysis and writing of the article. The published article can be found as 

follows: 

Griffith, S.J., Thompson, C.E.L., Thompson, T.J.U., Gowland, R.L. 2016. Experimental 

abrasion of water-submerged bone: the influence of bombardment by different sediment 

classes on micro-abrasion rate. Journal of Archaeological Science: Reports, 10, 15-29. DOI: 

10.1016/j.jasrep.2016.09.001. 

Abstract: 

Data presented here demonstrate the utility of quantitative analysis of sediment-induced micro-

abrasion on bone’s surface. Fresh sheep (Ovis aries) bone, acting as a human analogue, was 

bombarded by mobile sediments from silt, sand and gravel classes (ranging 20µm-3.35mm) in a 

series of flume-based experiments. Controlled bombardment produced unique abrasion patterns on 

bone which were recordable using scanning electron microscopy. Imaging abrasion at both x 100 

and x 1000 magnifications allowed quantitative and qualitative distinctions to be made concerning 

the sediment class that the bone was abraded by; bombardment by gravel classes caused abrasion to 

advance through cyclical cracking, whereas smoothing of bone’s surface occurred more frequently 

in sand and silt classes. A stepwise multi-linear regression model identified changes in sediment 

grain size (p<0.001), duration of exposure to abrasion (p<0.001), sphericity of the abrasive 

(p=0.002), and abrasive force (T value; p=0.013) respectively, as the strongest rate-limiting factors 

controlling micro-abrasion propagation. The methodology presented herein demonstrates analytical 

value by allowing diagnostic modifications to bone’s surface to be correlated with specific 

taphonomic processes. Data developed from flume-based experimentation were applied in four 

separate case studies; abrasion data recorded on bones recovered from different aquatic contexts 

was linked to hydrological and marine seabed sediment data, to demonstrate how documented 

micro-abrasion can reflect the different sedimentary contexts bone has passed through. In light of 

these results it is suggested that a quantitative approach to analysing abrasion on bone retrieved 

from water has potential to allow remains’ submersion times and transport pathways to be 

established with a higher degree of resolution than is currently possible. The development of 
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improved methodologies for the interpretation of submerged human bone is vital due to the 

increasing risks posed to archaeological sites by flooding and coastal erosion. 

Keywords: Fluvial Taphonomy; Human Remains; Sediment Abrasion; Aquatic Environments; 

SEM. 

3.1 Introduction  

The development of improved methodologies for the interpretation of submerged human and other 

animal bone is of considerable importance as a variety of anthropogenic and natural-environmental 

pressures threaten archaeological sites located around water bodies (river systems, lakes and the 

coast). Taking the UK as an example, while the full extent of risk to sites holding skeletal remains 

is not known, there are in excess of 20,000 archaeological and historical sites located in coastal and 

intertidal areas (EH RCZAS, 2009). English Heritage has stated that climate change threatens the 

survival of thousands of sites through the effects of coastal erosion and flooding (Cassar, 2005). 

This is further evidenced by the study conducted in chapter 2, section 2.2 of this thesis, which 

indicates that c. 35% of site holding skeletal remain in UK coastal zones may be at-risk of exposure 

to potentially destructive environmental processes by the end of the century. A lack of frequent 

quantitative monitoring of these resources and the often-unpredictable nature of rapid, stochastic 

climatic events means destructive processes acting on these sites are not effectively mitigated 

(Chapman et al., 2001; Flatman, 2009). Consequently, associated skeletal material from at-risk 

sites become exposed to and displaced into water. 

Currently the interpretation of isolated, water-transported human remains presents a number of 

challenges to archaeologists. Bone entrained in a flow may be moved large distances from an 

original depositional context and be subject to a wide range of diagenetic alterations (physical, 

chemical and biological processes) that hinder osteological analysis (Haglund and Sorg, 2002; 

Mays, 2008; Sorg et al., 1997) (see chapter 2 for a full examination). Within the discipline of 

archaeology there is a need for methods which facilitate accurate interpretations of remains’ 

submersion times, transport pathways and provenances. Such methods would also have useful 

applications in the fields of palaeontology and forensic taphonomy. Currently, analysis of 

taphonomic pathways from aquatic environments is often limited to a qualitative assessment of 

skeletal completeness and gross morphological change on the bone. One such modification that is 

frequently observed on submerged bone is abrasion, caused by impacting mobile sediments 

entrained in a flow (Cook, 1995; Haglund and Sorg, 2002; Littleton, 2000). Therefore, to better 

understand the taphonomic histories of skeletal material recovered from water, an ideal solution 

would be the development of numerical models for the abrasion rates of bone, which are easily 

relatable to different flow velocities, the nature of the impacting sediment and the structural 

properties of bone itself.  
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Previous studies have attempted to correlate extents of abrasion on bone surfaces with pertinent 

taphonomic information, such as duration of bombardment, transport distances, and exposure to 

different sediment classes (Cook, 1995; Nawrocki et al., 1997). However, determining the exact 

origin of abrasive modifications on submerged bone by accurately correlating degrees of abrasion 

with specific taphonomic processes and durations has proven difficult at a gross morphological 

scale, as abrasive changes progress slowly (Shipman and Rose, 1988) and are hard to differentiate 

and assign temporal specificity (Cook, 1995). As a result, there is a limited understanding of 

whether such physical modifications can be used to accurately establish remains’ spatio-temporal 

parameters of submersion, and whether this lack of elucidation is due to the complexity of 

hydrodynamic processes modifying bone or the resolution of analyses used to interpret 

modifications.  

A recent study by Thompson et al. (2011) shows preliminary success in quantitatively relating 

bombardment by mobile sediments to micro-abrasion propagation on submerged bone. However, 

to achieve a better understanding of the hydrodynamic processes modifying bone, which may 

ultimately help to facilitate the successful reconciliation of taphonomic effect, cause and duration 

when analysing bones’ aquatic taphonomic pathways, further experimental work is needed. 

Therefore, using laboratory flume experiments and quantitative recording of abrasive / 

hydrodynamic processes, this study builds on the preliminary work of Thompson et al. (2011) and 

aims to gain a more nuanced understanding of the influence that different sediment classes and 

morphologies have on the abrasion rate of bone at a microstructural level. In addition, this study 

aims to achieve a more in-depth understanding of the different mechanisms and variables 

influencing micro-abrasion rate, such as abrasive force and duration of exposure to bombardment. 

It is hoped that this study will provided a new methodology and data set which can complement the 

gross morphological assessment of abrasive changes to submerged bone, and be used in 

conjunction with other taphonomic markers to help better interpret the aquatic taphonomic histories 

of bone.  

3.1.1 Current analytical approaches 

Aside from stable isotope analysis (for example see Meier-Augenstein and Fraser, 2008), current 

approaches for interpreting water-transported remains have limited applications in the analysis of 

isolated, decontextualized skeletal tissue. In addition, while the isotopic composition of remains 

can generate useful data concerning the potential geographical origins of transported skeletal 

material (Meier-Augenstein and Fraser, 2008), such analysis does not provide direct information 

regarding the taphonomic histories of remains upon entering water. Therefore, any taphonomic 

information detailing transport pathways and durations may provide useful additional and 

supporting data when attempting to establish submerged remains’ provenances and original 

depositional contexts. 
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Archaeological, palaeontological and forensic studies concerning aquatic bone taphonomy have a 

number of commonalities in approach and cross-discipline applications. Archaeological and 

palaeontological disciplines largely employ field-based observations of fluvially-deposited human 

and faunal assemblages (see for example Aslan and Behrensmeyer (1996); Behrensmeyer (1982); 

Gifford and Behrensmeyer (1977); Stojanowski (2002)), and laboratory flume experiments to 

recreate transport and modification processes (Boaz and Behrensmeyer 1976; Coard, 1999; 

Peterson and Bigalkel, 2013; Trapani, 1998). Others have adopted a geochemical approach, using 

the trace element compositions of fossil bone from marine vertebrate assemblages to determine a 

degree of mixing and taphonomic averaging (see Trueman et al. (2003)). 

In large, these studies relate the transport and hydrodynamic sorting potentials of different skeletal 

elements to variations in their size, density and shape. Such studies are principally concerned with 

establishing whether the composition of fluvially deposited assemblages have been biased by 

taphonomic agents; this is achieved by determining whether remains have been moved from a 

primary depositional context and are autochthonous (locally-derived) or allochthonous (non-local) 

in nature. Consequently, estimations of transport distance are only established relative to the 

frequency and distribution of remains in and between sites. Therefore, this approach relies on the 

analysis of multiple skeletal elements from defined stratigraphic contexts. 

While hydrodynamic sorting methodology has proven to be a very useful approach for determining 

whether remains have been transported in water, the application of this methodology to the analysis 

of isolated bone, rather than skeletal assemblages, may lead to inaccurate or incomplete 

conclusions: simply relating a distance transported to a degree of skeletal completeness is 

problematic, as the recovery of disarticulated skeletal elements, with high transport potentials, is 

not necessarily indicative of long distance transport. For example, during rapid erosion and re-

deposition events, such as flooding, skeletal elements may enter water, become isolated, but only 

travel short distances before burial in bottom sediments. In addition, Coard and Dennell (1995) 

have shown that articulated elements generally have equal or greater transport potentials than those 

that are disarticulated. Furthermore, studies by Herrmann et al. (2004), Domínguez-Rodrigo et al. 

(2017) and Nawrocki and Baker (2001) indicate that Fluvial Transport Indices (FTI) as defined by 

Boaz and Behrensmeyer (1976) and Voorhies (1969) are not always accurate predictors of remains’ 

transport potentials in natural settings, due to variability in hydrodynamic systems and the physical 

constituents of bone itself. 

Methods that qualitatively assess the degree of rounding or smoothing on bone to suggest a 

distance transported, or period of exposure to bombardment, are based on the principles of mobile 

sediment grain modification. As a general rule of sediment transportation, movement in a flow 

causes progressive rounding of grains, hence allowing connections to be made between 

hydrological conditions, particle morphology and duration of transport in relative terms. However, 

as Behrensmeyer (1975) has shown, variations in the size, density and shape of bone means the 
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hydrodynamic properties of different skeletal elements are less homogeneous than those of 

sediment clasts; therefore, different elements cannot be considered hydrodynamically equivalent 

(Hanson, 1980). Variability in the hydrodynamic properties of bones does allow distinctions to be 

made concerning the transport potentials of different remains entrained in a flow, but presents 

potential difficulties when attempting to accurately relate degrees of rounding / smoothing across a 

range of bone classes to a transport distances or period of bombardment (Cook, 1995). 

Furthermore, these are qualitative measures of change that lack temporal specificity.  

Forensic taphonomy studies have a more direct focus on the analysis of isolated skeletal tissues, 

with the aim of elucidating Post Mortem Submersion Intervals (PMSI) and transport histories. 

Therefore, forensic data have good potential cross-discipline applications in the analysis of isolated 

archaeological remains. However, correlations between disarticulation sequences of remains and 

PMSI have proven problematic in forensic contexts (Haglund, 1993), and also work under the 

principle of some degree of connective tissue being present upon deposition in water. In addition, 

while biological markers such as rasping and boring gastropods attached to bone have shown good 

potential application in approximating location and period of submersion, this is a relatively under-

explored area (Haglund and Sorg, 2002; Skinner et al., 1988; Sorg et al., 1997). Furthermore, 

biological markers may produce modification data that is only relevant within a defined 

geographical context, since local variability, such as biodiversity and seasonality, dictate the 

succession of different modifying agents which may limit the universal application of these 

observations. Consequently, when establishing PMSI and transport pathways of skeletonised 

remains in medico-legal contexts, analysis is often limited to qualitative assessment of gross 

morphological abrasion, measures of skeletal completeness (see for example; Nawrocki et al. 

(1997)) and estimations of remains’ transport potentials, which draw from the archaeological and 

palaeontological data. In addition, comparisons with diagenetically-altered remains from case 

studies, whose spatio-temporal parameters of submersion are not always clearly defined, may also 

have to be utilised (Nawrocki et al., 1997). 

3.1.2 The potential of quantitative approaches 

It is clear that macroscopic analysis of abrasion and observation of skeletal completeness, which 

may be used in current interpretations of water-modified bone, do not fully account for the 

complexity of the aquatic taphonomic systems at work. Quantitative experimental methodology, as 

presented herein, offers an alternative approach to, and understanding of, this problem. 

Experimental approaches attempt to better understand past modifying processes by duplicating 

them empirically (Coles, 1979). For example, experimental reproductions of wear indices have 

been commonly employed to ascertain the function of bone tools (see for example Greenfield 

(1999)), and to distinguish between use-wear and natural environmental modifications to bone (see 

for example Blackwell and d’Errico, (2008)). Taphonomic process studies are principally 

concerned with relating an effect to a cause, and establishing the predictability of such relationships 
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to determine whether diagenetic changes can be correlated with specific taphonomic agents. 

Therefore, adopting a quantitative experimental approach facilitates a better fundamental 

understanding of modifying processes by allowing trends in bone tissue modification to be 

established with more certainty, hence limiting diagnostic ambiguity. 

3.2 Material and Method 

3.2.1 Bone samples 

Sections of fresh adult sheep (Ovis aries) femora (c. 1 inch in length) were bombarded by mobile 

sediments in a series of flume-based experiments. Due to difficulties with the availability of human 

archaeological bone in very similar diagenetic states or pre-abrasion starting points, these fresh 

bone analogues were utilised to ensure that the material being abraded was as structurally 

homogeneous as possible. Furthermore, archaeological material was not selected due to ethical 

considerations surrounding destructive analysis. Sheep bone’s structural properties, and organic 

and inorganic compositions are very similar to those of modern human bone (Rehman et al., 1995), 

and therefore are appropriate analogues as they react in comparable ways to stress and abrasive 

forces. Issues concerning the application of fresh bone analogues to the study of archaeological 

material are discussed in section 3.4.6. Samples (figure 3.1) were de-fleshed following an enzyme 

maceration method described by Simonsen et al. (2011), and classed at stage 0 on the 

Behrensmeyer (1978) and McKinley (2004) weathering scales prior to submersion /abrasion  

Figure 3-1 Example of de-fleshed sheep bone used in bombardment experiments prior to sectioning 

(appendix B.1). Bones were not frozen, to avoided potential issue concerning the possible 

generation of micro-cracks during this processes. Compacted cortical bone of sheep femora were 
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chosen for analysis as studies by those such as Pokiness and Higgs (2015) indicate that intact long 

bones are most commonly identified and recovered from aquatic setting, and are therefore more 

likely to be used in archaeological and forensic analysis. In additional, while different skeletal 

elements and taxa may be transported and abraded in a different manner due to variations in their 

size density and shape, the response of compact bone when directly exposed to impacting 

sediments should be comparable across different skeletal elements at a microscopic level. This 

approach therefore provides a good starting point to assess microscopic abrasive changes to cortical 

tissue. However, it is suggested that further analyses (see section 3.4.6) using different skeletal 

elements and bone decay states should be conducted in future studies. The possibility that trends in 

micro-abrasion propagation could be adversely influenced by potential variance in structural 

integrity between different bone specimens was considered. To control for this, sections of long 

bone from multiple specimens where bombarded by each sediment type.  

3.2.2 Abrasion experiments 

Flume-based sediment bombardment of bone followed the experimental design given in Thompson 

et al. (2011): Bone samples were placed in a fully calibrated laboratory annular flume (figure 3.2), 

 

Figure 3-2 Mini flume used in abrasion experiments. 

which was 0.3 m in diameter, with a working channel width of 0.045 m and a water depth of 0.2 m. 

Four evenly spaced paddles induced a unidirectional flow, and current and turbidity were measured 

using a Nortek Vectrino velocimeter and three optical backscatter sensors (OBS) (Thompson et al., 

2011). Samples were bombarded with a range of sediment classes and sizes (table 3.1) over fixed 

time periods of 24, 48, 72 and 120 hours. 
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Sediment class Median grain size (d50) 

Silt 38µm 

Sand 152.5µm, 362.5µm, 512.5µm, 700µm, 925µm 

Gravel 2mm, 3mm. 

Table 3-1 Summary of sediment classes and sizes used in flume-based bombardment experiments 

 

Different sediments were initially placed on the flume floor in c. 1 cm uniform layers, to simulate 

bed sediment. Sediment sizes used were chosen based on the standard Wentworth scale 

(Wentworth, 1922) (appendix B.2), and were selected to provide a comprehensive range of grain 

sizes, which could be accommodated within the mini flume. The time periods chosen followed 

those utilised by Thompson et al. (2011), as these have proven appropriate for understanding 

incremental changes to the surface of bone by allowing small-scale changes (initial modifications) 

as well as extensive alterations to be documented. A control sample was also placed in the flume 

without any sediment load to observe the influence of fluid shear force acting on the bone alone.  

3.2.3 Calculation of abrasive force 

To facilitate an energy-based assessment of abrasion, number of impacts per second, impact 

trajectory and velocity of saltating sediment grains were recorded using a Casio's Exilim Pro EX-

F1 high speed video camera, recording at 1200 frames per second (fps) (Image resolution = 336 x 

96 pixels). Data for silt particles could not be collected, as they were too small to accurately record. 

Figure 3.3 demonstrates how variability in the way sediment impacts bone, such as angle of 

impingement, will influence its abrasive potential. The relative abrasive forces (T Value) of 

different sediment sizes, measured in Pascals (Pa), were then calculated using the impact wear 

equation provided in (Amos et al., 2000): 

			" = (%&'[)*+, +./,	]	/Ɛ34)	67, 

Equation 3-1 Impact wear equation. 

Where " is an expression of the ballistic momentum or abrasive force of the sediment, % is number 

of impacts per unit area per second; &' is sediment grain mass,	)*+, +./, is speed of impact; and 

Ɛ34  is an efficiency term dependant on the transfer of momentum from the grain to the bone (Ɛ) 

and the area of impact (34). Impacts for all samples were measured over the same fixed area 

(c.1cm2) on the upstream side of the bone where they were most frequent. This equation accounts 
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Figure 3-3 A. Direct 90 degree impacts by saltating grains causes the highest degree of abrasion though ablation. B. An 
ascending grain may produce more numerous but less energetic impacts. C. Variations in grain morphology may result in 

sediment losing momentum before impact and scraping the bone surface. 
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for the elastic properties (Young’s modulus) of the abrasive, and based on previous observations by 

Thompson et al. (2011) we assume that bone acts as a quasi-brittle material, experiencing 

deformation wear when bombarded. To allow for an assessment of the effect of sediment grain 

morphology on abrasion rate, grain sphericity and angularity were determined using the Krumbein 

roundness chart (Krumbein and Sloss, 1951) (appendix B.3). Grain Reynolds number (ratio of 

inertial forces to viscous forces) was also calculated to assess differences between laminar and 

turbulent flow conditions. Sediments’ physical and hydrodynamic properties are summarised in 

table 3.2.  

Table 3-2 Summary of sediment’s physical and hydrodynamic properties.  

Imaging and calculation of abrasion followed methods in Thompson et al. (2011). In total, 1152 

pre- and post-abrasion scans of bone surfaces were taken using a Hitachi TM1000 scanning 

electron microscope (SEM). For each bone sample, nine regions of interest (ROIs) were selected 

(figure 3.4). Each ROI was imaged at two magnifications (x 100 and x 1000). Using the public 

domain software ImageJ, ROI scans were gridded into concentric cells of which the central 15 were 

examined. Missing data were minimal, allowing c.540 total (pre- and post) abrasion cells to be 

aligned and analysed for each bone sample / time interval. Four types of abrasion were recorded, 

which effectively encompass all types of observed surface change: ablation (surface area removal), 

cracking (the appearance of or increase in length or width of surface fissures), pitting (the  

Median grain size 152.5µm 362.5µm 512.5µm 700µm 925µm 2mm 3mm 

Median grain mass (mg) 0.002 0.029 0. 2 0. 6 1 24 72 

Mean impacts per second 3.37 3.71 21.85 9.11 18.62 1.76 1.05 

Mean impacts velocity 

(cmps) 

63.6 24.2 25.9 29.02 29.47 36.7 34.3 

Mean impact trajectory 

(degrees) 

87.2 90.9 92.03 87.55 87.56 87.34 93.22 

(T) value, Pa 0.03 0.16 0.10 0.20 0.23 3441.77 5522.12 

Grain sphericity 0,7 0,8.5 0,7 0,9 0,9 0,3 0,3 

Grain angularity 0,4.5 0,7 0,5 0,7 0,7 0,7 0,5 

Grain Reynolds number (Re) 5.40 14.74 25.93 37.25 54.06 143.02 292.94 
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Figure 3-4 Nine regions of interest (red areas) were imaged on impacted, upstream side of bone. 

appearance of or increase in diameter of non-linear, edge bounded features, and displacement (the 

lateral movement of material across the visible surface) (figure 3.5). Ablation abrasion took two 

distinct forms: (a) material being removed through smoothing of the bone surfaces and (b) being 

broken off in individual pieces as a result of progressive cracking. The two occurrences of ablation 

were both simply treated as removal of surface material, as the differences in depth of abrasion 

caused by the two mechanisms were hard to determine using 2D imaging. An abrasion score of 0-9 

for each abrasion type was assigned to post-abrasion cells. Scores assigned to cells were calculated 

based on the surface area each abrasion type affected. Where multiple abrasion types were present 

in each post-abrasion cell all types were recorded. Where cells could not be matched due to heavy 

abrasion (as was sometimes apparent for gravel-induced abrasion) these areas received the highest 

ablation abrasion score. This approach facilitates a semi-quantitative interpretation of micro-

abrasion propagation and allows abrasion to be represented as a common numerical expression, 

hence overcoming the subjectivity associated with more qualitative assessments of abrasion, such 

as measures of rounding or smoothing on bone’s surface. Abrasion scores are represented as 

percentage values of change and material loss. Total percentage abrasion and percentage abrasion 

of each contributing abrasion type  were calculated at both magnifications, and as combined total 

values. The frequency of each contributing abrasion type was also calculated. Abrasion data from 

Thompson et al. (2011) was incorporated into the analysis of total abrasion: this data for the 

bombardment of fresh bone by saltating sand grains was collected under the same experimental 

conditions utilised in the current study. However, the sediment size employed (sand with a median 

grain size of 200µm) is not tested directly herein. Therefore, this data is included in the results 

section so as to allow abrasion induced by 200µm sand to be directly compared with abrasion 

caused by the additional sediment sizes adopted in the current study.
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 Figure 3-5 A. Pre-abrasion surface (left) and post-abrasion surface (right) of bone after a period of bombardment imaged 

at x100 magnification (material missing from the bone’s surface is an example of ablation abrasion). B. Shows cracking 

at x100 magnification. C. Shows pitting at x100 magnification. D. Surface modified by smoothing ablation abrasion at 

x1000 magnification. E. Shows displacement (movement of loose material across the surface, which often fills surface 

pores) at x1000 magnification.
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3.3 Results 

3.3.1 Abrasion types and rates 

For all sediment classes and sizes excluding silt (38µm) and fine sand (152.5µm) ablation is the 

dominant form of abrasion, accounting for an average of (76.3%) of total abrasion (figure 3.6). The 

total percentage of ablation abrasion therefore follows highly comparable trends to those seen in 

total percentage abrasion (figure 3.7). For the silt and fine sand sediment classes displacement 

shows the highest percentage occurrence (67.6%) (figure 3.6), accounting for the reduction in 

abrasion shown by these size class. 

 

Figure 3-6 Percentage occurrence of abrasion types on bone surface for all sediments (grain sizes in microns) 

Abrasion rates show strong logarithmic trends, with abrasion propagation principally being a 

function of both increasing time and changes in sediment class and size (figure 3.7). The degrees of 

abrasion are grouped according to sediment classification, with the largest gravel size inducing 

maximum abrasion after 120h, sand types showing intermediate abrasion, and silt producing 

minimal total abrasion. Abrasion rate data incorporated from Thompson et al. (2011) follows these 

trends, showing consistency between studies. Two sediment sizes, 152.5µm and 362.5µm, do not 

follow clear logarithmic trends, displaying a reduction in abrasion during the last two time intervals 

of 72 and 120 hours. As shown by Thompson et al. (2011) the control bone displayed no 

modification, indicating that increased fluid shear force acting on the bone alone is not responsible 

for any observed changes. Recorded variables of sediment grain morphology and their inherently 

related hydrodynamic properties (table 3.2) were tested for significant influence on micro-abrasion 

rate using IBM SPPS 22 statistics software. A stepwise multi-linear regression model identified 

grain size (p<0.001), time (p<0.001), sphericity (p=0.002) and T value (p=0.013) respectively as
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 Figure 3-7 Trend lines and bar charts of A. total percentage of abrasion attributable to ablation between 0 and 120 hours. 

B. Total percentage abrasion between 0 and 120 hours. Note each data point represents average of abrasion scores from 

270 cells. Discontinuous lines represent samples that experienced consistent scour pit formation on the upstream side of 

the bone 
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 the strongest predictor variables for abrasion rate (table 3.3). Adjusted R squared values indicate 

these four controls account for 47.8% of the variance in the regression model. 

Adjusted 

R 

Squared 

Standard 

error of 

estimate 

Durbin 

Watson 

Predictor 

Variables  

Significance Pearson 

Correlations 

Beta ANOVA 

.478 5.478 1.527 Grain size 

Time 

Sphericity 

T Value 

.000 

.000 

.002 

.013 

 .638 

 .278 

-.589 

 .625 

1.134 

 .232 

-.500 

-.949 

F= 50.770 

Sig = .000 

Table 3-3 Stepwise multi-linear regression model summaries. 

3.3.2 Abrasive potential within the sand sediment class 

While there is a general trend of increased abrasion in relation to changing sediment size and class, 

the relationship between increasing grain size and abrasion propagation is more complex within the 

sand sediment class. Abrasion was highest for bone bombarded by the intermediate grain size of 

512.5µm followed by 925µm, 700µm, 152.5µm and 362.5µm grains respectively (figure 3.7). The 

reduction in abrasion shown by the 152.5µm and 362.5µm grains is explained by the frequent 

occurrence of scour pit formations around the bone, which resulted in a notable reduction in the 

number of impacts on the bones for the experimental duration (table 3.2). Results confirm 

observations by Thompson et al. (2011), who identified scour presence as having significant 

influence on micro-abrasion propagation rate.  

While the difference in final abrasion score for the remaining sand sizes is marginal, greater 

modification is also relatable to an increase in number of impacts per second. Bombardment by 

512.5µm grains produced 21.8 impacts per second, 925µm produced 18.6 impacts, and 700µm 

produced 9.1, with the reduction in the latter again being due to intermittent scour formation on the 

upstream side of the bone. This trend was confirmed by additional regression analysis, which 

excluded abrasion data from the gravel class and the influences of time and T value, to assess 

which variables within the sand class had significant influence on abrasion. Analysis identified 

number of impacts as having significant influence (p<0.001) accounting for 8.2% of variance. 

It should be noted that while sand-sized material had far more numerous impacts than gravels 

(table 3.2), it produced lower abrasion scores as a result of its grain morphology and smaller size, 

showing that when analysed across all sediment classes, grain size / morphology has more 

influence on abrasive potential than frequency of bombardment.  
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The observed trend of the 512.5µm sand causing higher abrasion than other sand types can also be 

explained, in part, by the increased ability of an angular abrasive to penetrate the bone and remove 

material through deformation. The 512.5µm grains in this case were more angular (consisting of 

medium-high sphericity sub-rounded grains) while the 925µm, 700µm grains were rounded and 

highly spherical. Comparably, the 152.5µm grains used where more angular (consisting of 

medium-high sphericity sub-rounded grains) than the larger 362.5µm particles, which were highly 

spherical and rounded. These variations in grain morphology may translate into higher abrasive 

potentials, as relative to particle size the force applied by angular grains is more concentrated on 

the bone’s surface than that applied by spherical particles. While regression analysis did not 

identify sphericity or angularity as having a significant influence on abrasion within the sand class, 

it did have a significant influence on abrasion rate when data from gravel classes was included in 

the model (table 3.3) and should therefore be considered of interest in future analysis. 

3.3.3 Ballistic momentum flux 

Figure 3.8 indicates that T value increases with grain size, and that there is a strong relationship 

between the force of the abrasive and the degree of abrasion bone experiences. Impact trajectory 

was consistent across all sediment sizes; averaging at 89.7 degrees to the plane of the bone surface, 

due to the stationary bones creating uniform flow geometries. These consistent impacts at 

approximately 90 degrees confirm that maximum abrasion was being recoded. The statistically 

significant relationship (p=0.013) between force of the impacting abrasives and degree of abrasion, 

shows great potential for allowing observed modifications on bone to be related to the energy of the 

environment it may have passed through. Furthermore, calculated grain Reynolds numbers (Re) 

(see table 3.2) can be used to determine whether impacting grains were transported in steady or 

turbulent conditions. Gravel grains in this study are shown to have Re values of >70, indicating 

turbulent flow conditions, whereas Re values for sand types range 5.40 - 54.09 (>5 <70) indicating 

laminar/steady flow conditions. This difference in the dynamic properties of the flow (the ratio of 

momentum forces to viscous forces), which is affiliated with increasing grain size, appears to have 

a direct effect on the abrasion propagation. While T value did increase with grain size, the fact that 

smaller grain sizes within the sand sediment class can display higher extents of abrasion is due to 

variations in number of impacts per second, and to the fact that the calculated T values do not 

adequately account for how changes in grain morphology affect the exact surface area of impacts. 

Therefore, more experimental work is needed to quantify changes in abrasive forces in relation to 

variable grain morphology; specifically changes in the abrasive’s surface roughness. Our results 

suggest that within the sand sediment class there is a complex relationship between grain size, 

angularity / sphericity, number of impacts of the abrasive and the formation of scour, which is 

principally controlling abrasion rate. It is apparent that this relationship is currently imperfectly 

understood, and that the erosion rates of bone when bombarded by different sand sizes show very 

similar abrasion extents due to sands’ closely related morphologies and hydrodynamic properties. 
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While distinctions can be made concerning abrasive capabilities in relation to recorded variables, 

subtle changes in these measures may result in either larger or smaller grains inducing high levels 

of abrasion.  

Figure 3-8 Top: Relationship between grain size and (T) Value. Bottom: Total % abrasion vs (T) value (regression line 

included samples which experienced scour pit formation). Note total abrasion data points are averaged from 270 image 

cells). 

3.3.4 Differences in abrasion propagation  

The basic proposition of this study, namely that different sediment types cause distinct variations in 

the way micro-abrasion progresses on bone’s surface, seems well supported by the experimental 

results. Importantly, viewing abrasion at the two magnifications of x 100 and x 1000 allows for an 

improved understanding of differences in abrasion propagation. A large difference is apparent 

between the occurrence of ablation abrasion on bone bombarded by sands and gravel at x 100 

magnifications (figure 3.9): Minimal abrasion is visible for sand classes, unlike gravels which 

cause high degrees of abrasion. However, sand-induced abrasion is apparent when imaged at x 
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1000 magnification. Image analysis also indicates that for gravel bombardment, abrasion proceeds 

through cyclical cracking. Initially loosely bound material is removed, then once a more compact 

surface is encountered large-scale cracking proceeds to weaken the bone, hence facilitating further 

volume removal; after which this process is repeated. It is apparent that sands do not have this 

Figure 3-9 Percentage ablation recorded at both magnifications with sand showing minimal abrasion at x100 mag. 

 

capacity and instead cause widespread, but smaller scale volume removal, producing abrasion that 

is best described as smoothing of the bone surface (see next page: figure 3.11). Figure 3.10 

demonstrates that there is a large rise in the amount of cracking caused by gravel-sized sediment 

over different time periods, while this remains consistent and low for sand classes. This difference 

in abrasion mechanism can again be explained by the larger size and more angular morphology of 

gravel grains facilitating more penetrative impacts. It is possible that the process of cracking is 

occurring for sand types but may simply not be apparent at the magnifications employed, or over 

the time periods involved. However, during the time intervals used in this study, imaging abrasion 

at x 100 and x 1000 magnifications allowed quantitative and qualitative distinctions to be made 

concerning the sediment class that the bone was abraded by.  

 

Figure 3-10 Cyclical cracking displayed by gravel types 
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Figure 3-11 A. Bone surface abraded by sand at x1000 mag. B. Bone surface abraded by sand showing minimal abrasion at x100 mag (very little change is recordable). C. Bone surface abraded by gravel 

showing widespread cracking and ablation at x100 magnification 
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3.4 Discussion 

3.4.1 Comparisons with previous abrasion experiments 

The results presented herein are consistent with the findings of Thompson et al. (2011); with 

abrasion advancing rapidly during early periods of bombardment (24 and 48 hours), due to the 

removal of loosely bound surface material, after which abrasion rates decreased when more 

compact material was met. In addition, abrasion patterns produced by sand classes show 

homogeneity, with the majority of abrasion being identified only at x 1000 magnification in both 

studies.  

Our results also largely agree with other experimental water-based abrasion studies. Cook (1995), 

utilising macroscopic techniques, found that abrasion increases when there is a change in the 

sediment class impacting bone, with gravel grains producing higher degrees of abrasion than sand. 

Similarly, Andrews (1995) notes that increased abrasion on water-submerged bone is related to 

changes in sediment class, with the pebble class having the highest abrasive capabilities. Shipman 

and Rose (1983) observed microscopically that sand-induced abrasion can cause smoothing of bone 

surface features. A later study by Shipman and Rose (1988) which employed SEM analysis 

indicates that within the sand sediment class, not only finer but more angular grains are capable of 

producing higher degrees of abrasion than larger and well-rounded particles.  

Fernandez-Jalvo and Andrews (2003), using both macroscopic and microscopic observations, 

found that gravel particles cause the highest degrees of abrasion, and that finer particles from sand 

and silt classes display increased abrasive capabilities compared to coarser grains when 

bombarding fresh, fossilised and weathered bone, with the exception of silts and clays causing 

minimal changes to fresh material, a finding consistent with our own. However, it should be noted 

that a more recent study by Fernandez-Jalvo et al. (2014) observed that coarser sand particles can, 

in contrast, induce slightly higher abrasion rates than finer particles. In addition, Fernandez-Jalvo et 

al. (2014) observed less cracking on bone surfaces abraded by gravel than recorded in our study; 

this difference may in part be due to the fragmented edges of fossil /weathered bone abrading more 

rapidly, hence smoothing out any features of cracking, and because tumbler barrel experiments 

may result in a higher rate of sediment-bone impacts than under flume-based conditions, as they do 

not account for natural sediment transport modes and processes (Cook, 1995; Shipman and Rose, 

1988). While Shipman and Rose (1983;1988), Fernandez-Jalvo and Andrews (2003) and 

Fernandez-Jalvo et al. (2014) conducted tumbler based experiments, which produce less accurate 

representations of abrasion processes (Cook, 1995; Kuenen, 1956; Thompson et al., 2011): overall 

their results are in good agreement with our own.  

Bromage (1984), using SEM imaging, observed that on the surface of forming lamellar bone, 

undergoing remodelling, deformation of superficial mineral clusters occurred during initial stages 
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of bombardment. However, Bromage (1984) used fine salt particles in this study (ranging 5-

150µm), which were projected onto bone surfaces using a Cavitron Prophy-Jet Dental Prophylaxis 

Unit, to observe the effects different cleaning regimes and taphonomic processes have on the 

micromorphology of surface features. Therefore, it is questionable if this experimental abrasion 

process is sufficiently comparable to the processes of sediment abrasion in a natural aquatic 

environment. Micro-abrasion appeared to propagate more rapidly on these forming bone surfaces 

than on the bone surfaces used in our study. In addition, Bromage (1984) identified rough surface 

morphologies resulting from waterborne particle abrasion. While we did observe rough surface 

modifications, alterations more consistent with smoothing were present on bone abraded by fine 

particles. Bormage (1984) utilised archaeological material and fresh bone that was treated to 

remove organic components with a 7% solution of NaOCl. Therefore, it is likely that these 

observed differences are due to the more fragile bone surfaces used in Bromage’s (1984) study 

being worn more readily during initial stages of bombardment. 

3.4.2 Advantages of microscopic analysis 

While there is a general agreement between macroscopic and microscopic observations of abrasion, 

the latter has a number of distinct analytical advantages. Firstly, macroscopic analysis of smoothing 

or rounding is more susceptible to the issue of equifinality, where abrasion by different sediment 

classes may produce very similar abrasion features on bone’s surface (Cook, 1995). Recording 

multiple markers of abrasion, visible through microscopic imaging, helps to overcome the 

subjective nature of macroscopic observations and allows for more accurate distinctions to be made 

concerning the class of sediment which bone has been abraded by. This understanding of variances 

in abrasion propagation between sediment classes may be particularly helpfully for determining the 

transport pathways of remains by elucidating the different sedimentary environments a bone may 

have passed through. Furthermore, smoothing and rounding are not direct measures of material 

removal. Consequently, macroscopic analysis of abrasion can only place abrasion into broad 

categories of change; microscopic analysis helps to overcome this by facilitating a more sequential 

understanding of abrasion propagation. Therefore, temporality of bombardment can be established 

more accurately than through gross morphological assessment. Furthermore, taking multiple 

images of a bone’s surface allows for more confidence in observed abrasion trends through 

averaging and statistical analysis. The use of high magnifications (x 1000) also allows features that 

may not be visible at lower magnifications, or a gross morphological level, to be recorded and 

quantified during initial stages of bombardment. Thus, allowing for an assessment of changes over 

early periods of immersion. It should be noted that all bones used in the experimental portion of the 

current study displayed very similar gross morphological appearances after abrasion, with all 

samples being classed as Stage 1 (lightly abraded) on the Boessenecker et al. (2014) abrasion scale. 

In contrast, as has been demonstrated, bone showed considerable morphological variability at a 
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micro-scale. This gives weight to the utility of microscopic analysis for interpreting abrasives 

changes, particular over relatively short periods of bombardment or transport. 

Importantly, DeBattista et al. (2013) show that different diagenetic and pathological changes to 

bone’s surface, at the micro-level, are morphologically distinct from those caused by sediment 

abrasion, demonstrating the applicability of this analysis to a wide range of bone states and types.  

A disadvantage to microscopic imaging is that after a certain period of abrasion (which is yet to be 

defined experimentally) the entirety of bone’s initial surface features will be removed, meaning 

further analytical techniques may be needed to analyse longer periods of abrasion. However, 

overall, microscopic analysis is better-suited to assessing the complexities of abrasion propagation 

than more qualitative measures that afford less detail. SEM analysis was employed in this study, as 

this instrumentation is known to produce images with good depth of field, hence facilitating the 

capture of small abrasive modification. However, low-powered optical and stereo microscopes can 

also image bone surfaces at the magnification employed herein, and would therefore be a suitable 

alternative to SEM imaging. 

3.4.3 Time resolution 

It should be noted that degrees of abrasion observed in this study are not representative of those 

that would be found on transported bone. Timescales presented herein represent idealised 

conditions of maximum abrasion, and are not likely to occur consistently in the field. Chu et al. 

show in their 2013 study of micro-abrasion propagation on mobile and stationary flint artefacts that 

active artefact transport results in a reduction in abrasion rate. This is most probably due to the 

smaller number of impacts the material will experience in transit, and a reduction in force and 

concentration of these impacts over a specific surface area due to the abrasives and the impact 

surface being in motion simultaneously. Therefore, one may predict that under the same 

hydrological conditions it would take significantly longer periods of time for the degrees of 

abrasion recorded on stationary bone in this study to propagate on bone in motion. The controlled 

experiments presented herein therefore represent longer timescales in the field, which are yet to be 

defined through actualistic experimentation in natural systems. 

How flume-based abrasion relates to real-world abrasion rates can be approximated. For example, 

Pattiaratchi and Collins (1984) show the predicted transport rate of current-driven sand 

(d50=404µm) in the Bristol Channel as being between 5x10-3 and 93x10-3 g/cm/s. Taking the 

largest predicted transport rate (93x10-3 g/cm/s) and assuming that c.15% of bedload is in saltation 

(Middleton and Southard, 1984), this translates to a maximum sediment impact mass of 6kg/cm 

over 120 hours in a natural setting. The lowest predicted transport rate (5x10-3 g/cm/s) translates to 

a minimum sediment impact mass of 0.324kg/cm in 120 hours. Our flume-based observations of 

512.5µm sand show the mass of sediment impacts to be 15.17kg/cm in 120 hours. Therefore, our 

flume-based abrasion rates for 512.5µm sand represent a range of between 300 - 5619 hours (a 
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maximum of c.8 months) of abrasion in natural settings, depending on the hydrodynamic 

conditions at the time of submersion. 

3.4.4 Case studies 

As stated in section 3.4.3, actualistic experimentation is needed to accurately relate experimental 

micro-abrasion rates presented in this study to bombardment times in natural settings. However, the 

data presented herein currently have good potential applications in helping to determine the 

different sedimentary environments bone has been exposed to. To test the utility of our 

experimental findings, three animal bone samples recovered from coastal aquatic contexts, which 

had unknown transport histories, were imaged and the micro-abrasion analysed. Abrasion data 

were linked to hydrological and marine seabed sediment data to demonstrate how recorded micro-

abrasion can reflect the different sedimentary contexts bone has passed through, hence helping to 

establish the transport histories of the remains with more confidence. Lastly, a single published 

SEM image of the surface of a fragmented fossil bone, recovered from a drowned terrestrial site, 

was analysed. In addition to there being good agreement between abrasion data recorded in a 

previous set of experiments conducted by Thompson et al. (2011) using the same methodology (see 

section 3.3.1), these case studies demonstrate how our results can be applied to material outside the 

laboratory-based taphonomic models present herein. 

3.4.4.1 West Angle Bay, Pembrokeshire, UK 

The proximal end of a sheep femur bone was recovered from West Angle Bay, Pembrokeshire. The 

sample displayed a total percentage abrasion score of 25.5%. When compared to our experimental 

studies, this abrasion extent suggests extensive bombardment by gravels (>120 hours flume-based 

abrasion). Widespread cracking was recorded at both x100 and x1000 magnification (figure 3.12), 

signifying abrasion by gravel types. In addition, total percentage ablation recorded at x1000 

magnification was very high (98.3%), with the bone surfaces showing extensive smoothing of 

mineralised collagen fibrils indicative of abrasion by sands. The dominant hydrological and 

sedimentary processes at this sandy beach are characterised by high-energy wave action (>1200 

Nm-2) and moderate current energy (130-1160 Nm-2) at the seabed (Data.gov, 2016). The beach is 

supplied by offshore marine Holocene sediments consisting of gravelly sand (c.0-10km from site). 

Further offshore there are areas of marine Holocene sediments: mainly gravel and sandy gravel to 

the northwest, and sand and slightly gravelly sand to the southwest (c.>10km from site) (MareMap, 

2016) (figure 3.13). Wave action within the areas surrounding the littoral sub cell is known to 

produce strong on-and offshore movement of sediments (Motyka and Brampton, 1993).  

The occurrence of different abrasion types across the bone’s surface reflects the local and regional 

seabed sediment well. In light of the abrasion data, the known sedimentary and hydrological 

context, as well as the gross morphological state of the bone (recovery of the proximal femur only),
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Figure 3-10 A. Cracking on proximal sheep femur imaged at x1000 magnification and B. x100 magnification. C. 

Cracking on sheep metatarsal imaged and x1000 magnification and D. x100 magnification. E. Bird bone surface, 

showing ablation in the form of smoothing at x1000 magnification F. Minimal abrasion recorded on the surface of the 

bird bone at x100 magnification 

 it can be suggested that the bone was transported from the north of the site and most probably 

underwent a period of abrasion by offshore gravels before being abraded by nearshore sands prior 

to deposition. The recorded abrasion indicates that it is unlikely that the bone was transported from 

the southwest of the site where sands are the dominant bedload sediment type.  

3.4.4.2 Lepe beach, Hampshire, UK  

A sheep metacarpal bone was recovered from Lepe beach, Hampshire. Cracking was widely 

distributed across the bone’s surface at both magnifications (figure 3.12), indicating abrasion by 
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gravels, with the bone displaying a total percentage ablation score of 20.7% reflecting extensive 

abrasion by gravel; equivalent to c.120hours of flume-based abrasion. Recorded percentage 

cracking was higher at x100 magnification than at x1000; this greater extent of cracking at the 

lower magnification is indicative of a period where the bone surface is weakened but wide-scale 

material removal, visible at x100 magnifications, has not yet occurred. The bone also displayed 

high ablation wear at x1000 magnification (98.3%), caused by smoothing of the surface through 

sand-induced abrasion. At this site, the dominant hydrological and sedimentary processes are 

characterised by low-energy wave action (0-130 N/m2) on the seabed, with high current energy 

(>1200 N/m2) to the sites west and moderate current energy (130-1160 N/m2) to the east, at the 

mouth of the Solent estuary (Data.gov, 2016). Seabed sediment is complex in the surrounding area; 

predominantly coarse marine Holocene sediments, consisting of sandy gravel and gravel, are 

located to the west of the site (c.0-10km), with Holocene muddy and coarse sand to the east (c.0-

10km) (MareMap, 2016) (figure 3.13). The beach sediment consists chiefly of coarse sub-angular 

flint gravels, and pebbles, transported by littoral drift from southwest of the site; however, directly 

offshore there are areas of sand and muddy sand (MareMap, 2016). 

Again, recorded micro-abrasion reflects the surrounding sedimentary context well. As we used fine 

gravels in our flume experiments, it is reasonable to suggest that bombardment by the coarse grains 

present in the Solent would result in an increased abrasion rate (meaning the recorded abrasion is 

most probably equivalent to <120hours of flume-based bombardment). In light of these data, we 

can suggest that the recorded micro-abrasion represents bombardment by coarse gravels in a high-

energy setting. Therefore, rather than being transported through the predominately sandy eastern 

Solent, it is probable that the sample was moved from the southwest of the site in conjunction with 

the predominant direction of littoral drift in the area, and was further abraded by sand close to the 

shore before deposition. 

3.4.4.3 Gyllyngvase Beach, Cornwall, UK 

A bird tibiotarsus bone was recovered from Gyllyngvase Beach, Cornwall. The sample displayed 

minimal ablation (3.70%) at x100 magnification, but showed notable ablation wear of 83.53% at 

x1000 magnification (figure 3.12), reflecting abrasion predominantly by sand classes. A total 

percentage abrasion score of 12.8% was recorded (equivalent to slightly over 120 hours of flume-

based bombardment by coarse sands). The beach is characterised by low-energy currents on the 

seabed (0-130 N/m2) and moderate wave energy (130-1160 N/m2) (Data.gov, 2016). The 

surrounding seabed sediment load consists of coarse, slightly gravelly sand (c.0-10km from site) 

(MareMap, 2016). There are deposits of Holocene sands to the west of the site, and sand and Pre- 

Quaternary rock to the east (c.>10km from site) (MareMap, 2016) (figure 3.13). Sediment transport 

in the area’s littoral sub-cell generally consists of nearshore circulation of sands, with very little 

influence from littoral drift (Motyka and Brampton, 1993). 
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 Figure 3-11 Location of bone samples used in case studies and surrounding seabed sediment make-up. A. West Angle 

Bay, Pembrokeshire. B. Lepe beach, Hampshire. C. Gyllyngvase Beach, Cornwall. Image adapted from MareMap, 

(2016). 
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This abrasion data, in particular the limited abrasion recorded at x100 magnification, indicates that 

transport over the Pre-Quaternary rock to the east did not occur. Therefore, it is less likely that the 

sample was transported from the east of site; rather the abrasion data suggest the sample entered the 

water from the west of the site, or at the site itself, and was modified by nearshore sand abrasion 

only. 

3.4.4.4 Inundated Late Pleistocene terrestrial site, continental West Coast of South 

America 

A single SEM image published in Cartajena et al. (2013) (figure 6A, pp 53) showing the surface of 

a fragmented Palaeolama humerus bone, recovered from an inundated Late Pleistocene terrestrial 

assemblage on the continental West Coast of South America, was analysed. Only one image was 

available of the bone’s surface that was comparable to a magnification employed in the current 

study (x1000 magnification), meaning calculation of abrasion at two different scales was not 

possible, and abrasion scores could not be averaged from multiple images. A total percentage 

abrasion score of 13.89% was calculated for the sample, with 85.33% of recorded abrasion being 

caused by ablation, 8% by cracking, and 6.67% by displacement. Cartajena et al. (2013) indicate 

that at a gross morphological level abrasion attributable to the action of marine sands was a 

commonly-observed taphonomic alteration to bones from this site; with polishing and smoothing 

being homogeneous, affecting 99% of the bones’ surfaces. As the majority of the abrasion is 

attributable to ablation, and minimal cracking was recorded, the micro-abrasion data supports the 

gross morphological assessments made by Cartajena et al. (2013) and the conclusion that 

deformation of the bone’s surface was caused by in situ sand action. In contrast to our experimental 

samples, there appears to be greater depth of abrasion on the fossil bone (a modification also 

observed by Thompson et al. (2011) on fossil remains); however, this difference is not easily 

assessed using 2D images. It is likely that this disparity is related to the brittle surface of fossil 

bone being removed more easily than that of the fresh bone samples employed in our study. It 

should be noted that some surface material loss from the fossil bone might be attributable to 

periods of aerial weathering at the site prior to inundation (Cartajena et al., 2013, pp 51). Despite 

this fact, the recorded abrasion does reflect the surrounding marine sedimentary context well; 

again, demonstrating the utility of micro-abrasion for making assessments concerning the different 

sedimentary environments bone has been exposed to.  

3.4.5 Potential applications in the archaeological record 

An improved understanding of taphonomic signatures of abrasion on bone has a number of 

advantages when interpreting water-transported remains from the archaeological record. Firstly, the 

presence of micro-abrasion on bone can indicate whether remains have been moved from a primary 

depositional context, while also helping to establish whether the cause of this displacement is due 
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to natural taphonomic events rather than anthropogenic influences (for example, microscopic 

evaluation can be used to distinguish between sediment abrasion and butchery (Olsen and Shipman, 

1988)). Being able to correctly establish that an assemblage has been biased by taphonomic 

processes has important implications for contextual and stratigraphic interpretations of skeletal 

deposits, the definition of their spatial and temporal significance, and subsequently their cultural 

connotations and demographic or ecological affiliations. For example, if transported, skeletal 

remains can be viewed as dissociated from their primary context.    

Furthermore, if skeletal deposits are recognised as allochthonous in nature, then diagnostic 

signatures of abrasion may help to the elucidate transport pathways of remains, hence facilitating 

interpretations of the material’s potential primary depositional environments. As the above case 

studies demonstrate, empirical data can be implemented to better establish the different 

sedimentary environments bone has been exposed to; hence allowing the most probable direction 

of transport to be established in relation to known sediment distribution data. In addition, if rates of 

abrasion propagation are better understood in natural settings, this may also allow durations of 

transport to be better determined. Such information, used in conjunction with isotopic data, 

hydrodynamic sorting data (the relative abundance of different skeletal elements and taxa) and 

other pertinent taphonomic information, may help to elucidate the provinces of the remains, hence 

allowing disassociated material to be reassigned the contextual relevance on which many 

subsequent archaeological interpretations are based. 

3.4.6 Issues concerning the application of taphonomic models in the field 

This preliminary study indicates that a quantitative approach to understanding and analysing micro-

abrasion on bone has promise and merits further investigation. However, predictable abrasion rates 

may be influenced by the potential complexity of taphonomic pathways in natural aquatic systems 

and variations in the morphological and physiochemical properties of bone, and therefore need to 

be further assessed. For example, it may be appropriate to test further ranges of sediment type / size 

and lithology in additional studies. In particular, data in this study suggests that sediments which 

show different levels of  angularity  / sphericity need to be tested.  

A major issue to overcome when accounting for variability in natural environments is influences 

which affect linear abrasion propagation, hence causing discrepancies between measures of 

abrasion and periods of submersion. Periodic burial in bottom sediment and the formation of bed 

features, such as scour, around bone will reduce the amount of abrasion bone experiences over 

fixed time intervals (DeBattista et al., 2013; Thompson et al., 2011), as will periods of flotation 

(Evans, 2014). Additionally, initial modifications to bone may be obscured or altered by 

subsequent processes (Cook, 1995). For example, bone may pass through multiple sedimentary 

contexts, causing the abrasion by one sediment class to disguise alteration by another. Therefore, 

additional studies should assess the reliability of laboratory-based observation in natural settings, 
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by adopting an actualistic experimental approach. This approach should record and incorporate 

hydrological and sedimentary data, and track bone transport in detail, thus allowing observed 

abrasion to be related to real-world submersion times and transport pathways. 

Differences in abrasion propagation between fresh, weathered, archaeological and fossil classes of 

bone have been investigated in past studies (Cook, 1995; Fernandez-Jalvo and Andrews 2003; 

Thompson et al., 2011); as a general rule, abrasion progresses more rapidly in fossil and 

archaeological material than in fresh bone, as higher levels of collagen degradation in the former 

result in increased brittleness. The way in which variation in bone’s structural integrity within 

distinct weathering classes may affect micro-abrasion rate has yet to be tested, and may be 

particularly important to determine for archaeological material due to the wide range of diagenetic 

states this bone class demonstrates. To address this issue, and build on the data presented herein, 

future studies should assess variations in micro-abrasion rate in conjunction with more quantitative 

measures of bone tissue quality, such as bone mineral density, crystallinity index, mineral to matrix 

ratio, and total collagen content. In addition, observed abrasion rates of fresh bone in this study 

need to be compared to archaeological material to fully assess any differences in micro-abrasion 

propagation rate. Furthermore, studies which look at differences in abrasion rate on bones which 

display different pathologies (e.g. osteoporosis) and stages of development (e.g. woven bone vs. 

formed bone) should be conducted, as such variables will impact on the degree of organic content 

and ordering / integrity of bone mineral, which may influence micro-abrasion propagation rate. 

Studies on different bone shapes (e.g. flat bone vs. long bone vs. cuneiform bone), different taxa, 

and areas of bone that display different degrees of cortical thickens, would also be beneficial. 

Accounting for such variables will help to better constrain taphonomic abrasion models.  

Finally, as mention in chapter 2, it is important to consider bone as part of a musculo-skeletal 

system. It is possible, even when analysing archaeological material, that bone spent a period of 

time fleshed while submerged in water. Therefore, the data in this chapter should be viewed in light 

of the fact that soft tissue modification rates need to be integrated into future diagenetic models. 

This is important as the timing of soft tissue decomposition plays a major role in dictating the 

period at which bone is exposed to abrasion in aquatic settings, and as Gaudzinski-Windheuser et 

al., (2010) note: the presence of periosteal connective tissue may significantly impact the rate at 

which mechanical wear progresses on water-submerged bone. Therefore, the presence of soft tissue 

cover not only has the potential to disguise a period of the aquatic taphonomic history of bone, but 

also means that estimations of periods of aquatic exposure based on abrasive modifications to bone 

alone produce data on a minimum time of exposure post-soft tissue loss rather than complete 

PMSIs. 
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3.5 Conclusion 

This study provides preliminary data concerning quantitative analysis of micro-abrasion 

propagation on bones’ surfaces, caused by mobile sediment abrasion. SEM imaging has shown that 

different sediment classes (silt, sands and gravels) produce distinct levels of abrasion on bone at a 

microstructural level. Clear differences between the mechanisms that result in different abrasion 

types and extents have been identified, it being shown that a reduction in sphericity and increase in 

size of gravel grains causes abrasion to advance through cyclical cracking, whereas abrasion 

through smoothing of bone’s surface occurs more frequently for sand and silt classes. Such 

observations demonstrate potential for allowing distinctions to be made concerning the different 

sedimentary environments bone may have passed through.  

A stepwise multi-linear regression model identified changes in sediment size, duration of exposure 

to abrasion, grain sphericity and abrasive force as the strongest rate-limiting factors controlling 

micro-abrasion propagation. These results indicate that observed modifications to bone are highly 

relatable to the energy of the aquatic environment it may have passed through. 

Microscopic analysis has been shown to have a number of distinct advantages over gross 

morphological assessments of abrasion. Most notably the higher degree of resolution microscopic 

analysis provides facilitates a more sequential and detailed understanding of abrasion propagation; 

hence allowing periods of bombardment to be determined with a higher degree of temporal 

resolution than is possible through macroscopic observations.  

A series of case studies has shown initial successes in relating recorded micro-abrasion to the 

different sedimentary contexts bone was exposed to; hence demonstrating the utility of this 

methodology for analysing remains recovered from natural settings. 

In conclusion, the analysis of micro-abrasion propagation on bone retrieved from water has the 

potential to be used in conjunction with other methodologies to allow remains’ submersion times 

and transport pathways to be established with a higher degree of resolution than is currently 

possible through gross morphological assessment. However, it is clear that further research is 

needed to determine whether laboratory-based models of abrasion are appropriate analogues for 

diagenetically-altered bone recovered from water in natural settings. 
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Chapter 4: The use of laser scanning for visualisation 

and quantification of abrasion on water-submerged 

bone 

This chapter is comprised of two published article that have been revised for inclusion in this 

thesis. The author of this thesis is lead author of the first article, which makes up the majority of 

chapter 4 (c.90%), and was responsible for experimental design, completion of experimental work, 

data analysis and writing of the article. The published article can be found as follows: 

Griffith, S.J., Thompson, C.E.L. 2017. The use of laser scanning for visualisation and 

quantification of abrasion on water-submerged bone. In: Errickson, D., Thompson, T.J.U. 

(Eds.), Human Remains: Another Dimension. 2017. Elsevier: UK, 103-122. DOI: 

10.1016/B978-0-12-804602-9.00009-6. 

The author of this thesis is third author on the second article used in this chapter, which discusses 

the application of laser scanning in recording skeletal remains, and makes up c.10% of the chapter. 

All information included from this article was written by the thesis author. The published article 

can be found as follows: 

Errickson, D., Grueso, I., Griffith, S.J., Setchell, J.M., Thompson, T.J.U., Thompson, C.E.L., 

Gowland, R.L. Towards a best practice for the use of active non-contact surface scanning to 

record human skeletal remains from archaeological contexts. International Journal of 

Osteoarchaeology. 27 (4), 650-661. DOI: 10.1002/oa.2587. 

Abstract (The use of laser scanning for visualisation and quantification of 

abrasion on water-submerged bone): 

This chapter discusses the potential of laser scanning for quantitatively recording sediment abrasion 

on submerged bone in experimental and actualistic taphonomy studies. A series of flume and river-

based experiments were conducted to allow incremental abrasion on bone to be recorded over fixed 

time periods. Using a Multiscale Model to Model Cloud Comparison (M3C2) plugin for 

CloudCompare© software, point clouds of the pre-and post-abrasion surfaces of bone were 

compared. This methodology allowed erosion depths and locations, and incremental volume 

changes to be effectively measured. Through this approach it was possible to understand 

differences in bone abrasion rates as they relate to specific taphonomic variables, with duration of 

bombardment (time), and sediment grain morphology and size being identified as having notable 

influences on abrasion propagation. This preliminary study has shown that laser scanning can be 

used to accurately record abrasion on submerged bone at a resolution not possible through gross 
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morphological assessment. It is suggested that this quantitative approach may lead to an improved 

assessment of the accuracy, and hence the propriety, of using abrasion recorded on bone for 

decoding aquatic taphonomic pathways. 

Keywords: Sediment Abrasion; Laser Scanning; Aquatic Environments; Taphonomy; Human 

Remains 

4.1 Introduction 

This chapter discusses the potential of laser scanning for quantitatively recording sediment abrasion 

on bone in experimental and actualistic taphonomy studies. Recording physical diagenetic change 

on the surface of bone, such as abrasion, can be a useful tool for understanding the depositional 

histories of remains (Fisher, 1995; Haglund and Sorg, 2002; Lyman, 1994). With this intention, 

bone taphonomy studies attempt to correlate diagnostic features of change with specific modifying 

agents. This reconciliation of cause and effect facilitates an assessment of the types of 

environments and processes osseous material has been exposed to. Of equal importance in such 

studies is the ability to ascertain both predictability and rate of diagenetic change as they relate to 

different environmental and spatial parameters: establishing the uniformity of change to bone 

allows an evaluation of how reliable such modifications are for making inferences about the 

occurrence and temporality of different taphonomic processes. 

A major issue to overcome in such analyses is that of equifinality, where alterations caused by 

different taphonomic processes or durations produce seemingly indistinguishable features of 

change on bone (Cook, 1995; Lyman, 1994; 2004). As a result, the aetiology of modifications, such 

as abrasion, may be hard to determine (Madgwick, 2014). The inability to correlate modifications 

with specific taphonomic agents and durations can be attributed to four potential factors (as 

highlighted in chapter 1): firstly, the complexities of aquatic taphonomic systems at work are such 

that they confound analysis. Secondly, there is not sufficient variability in the way that bones with 

similar diagenetic states respond to different processes, hence restricting differential 

determinations. In contrast, variability in the physiochemical properties of bones may cause them 

to react differently to the same taphonomic stimuli, which limits dependable interpretations of 

taphonomic histories based on diagenetic signatures. Finally, the resolution of analysis used to 

interpret these changes may be inadequate. The latter leads to the following question: can improved 

methodologies help to decode taphonomic pathways where before this was not possible before? 

Traditional methods for recording taphonomic alterations on bones surfaces often utilise 

qualitative, point-based scoring of gross morphological change. For example, Behrensmeyer’s now 

classic study on the interpretation of taphonomic and ecologic information from bone weathering 

relates surface modifications to durations of exposure to specific environmental processes 

(Behrensmeyer, 1978). Behrensmeyer’s research resulted in the now widely used six-point 

weathering scale of bone, and provides invaluable information regarding the interpretation of 
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taphonomic pathways. However, while facilitating a rapid assessment of bone tissue modification 

using easily recordable criteria, qualitative, gross morphological measures do involve inherent 

caveats; most notably they may lack a degree of temporal specificity and the ability to record 

small-scale surface details. For example, Boessenecker et al. (2014) employ basic taphonomic 

grading of aquatic bone modification (see chapter 2, figure 2.3), which only allows the extent of 

abrasion to be classified at three stages, hence limiting the temporal resolution of the analysis. In 

chapter 2 of this thesis, semi-quantitative microscopic analysis of abrasion is explored. While this 

methodology has shown utility in recording the propagation of abrasive modifications, it may also 

be limited by a number of potential caveats. Most notably, a disadvantage of microscopic imaging 

is that after a certain period of abrasion (which is yet to be defined) the entirety of a bone’s initial 

surface features will be removed, meaning further analytical techniques may be needed to analyse 

longer periods of abrasion. Secondly, SEM imaging does not easily allow changes to the entirety of 

bone’s surface to be recorded. Accordingly, analyses which facilitate more comprehensive 

measures of change are needed for the recording of abrasive modifications to be considered truly 

quantitative. Finally, microscopic imaging often requires the sectioning or coating of bone prior to 

analysis; therefore, it would seem preferential to develop additional methods which are non-

destructive in nature. Arguably more accurate measures of material change allow for an improved 

assessment of both cause and frequency of bone tissue modification by removing a degree of 

ambiguity inherent in more traditional measures. Such methodology, as we discuss herein using an 

example of quantitatively recording abrasion on submerged bone, may therefore help to limit the 

aforementioned issue of the chosen analysis being a factor which inhibits the successful 

reconciliation of taphonomic effect, cause and duration. It is hoped that this study will provided a 

new methodology which can complement and improve upon the gross morphological and 

microscopic assessment of abrasive changes to submerged bone. 

4.1.1 Abrasion on submerged bone 

A common modification to submerged bone is abrasion caused by mobile sediment impacts when 

bone is suspended in a flow or transported along the sediment-water interface (Cook, 1995; 

Thompson et al., 2011). Numerous studies have attempted to accurately link degrees of abrasion 

(rounding, polishing and smoothing) on bone surfaces with useful taphonomic information: 

namely, research aims to elucidate transport distances, submersion times, and to classify the 

impacting sediment (Cook, 1995; Nawrocki et al., 1997; Thompson et al., 2011). Such methods are 

often based on the principles of mobile sediment grain modification, where transport in aquatic 

systems results in incremental rounding of sediment particles, which facilitates correlations 

between hydrological processes, resultant sediment grain morphology and duration of exposure to 

bombardment. However, it has proven difficult to definitively relate degrees of abrasion recorded 

on bone at a gross morphological level to environmental processes operating within defined spatio-

temporal parameters (Evans, 2014). Consequently, there is a limited understanding of whether 
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sediment-induced abrasion can be used to accurately interpret the aquatic taphonomic pathways of 

bone.  

It should be noted that a degree of this ambiguity is attributable to the potential complexity of 

taphonomic pathways in marine, lacustrine and fluvial systems and variations in the morphology 

and physicochemical properties of bone itself (Griffith et al., 2016) (chapter 3). For example, 

periods of bone floatation or burial in bottom sediment can disrupt linear wear progression, hence 

confounding predictable rates of erosion (Evans, 2014; Griffith et al., 2016; Thompson et al., 

2011). Similarly, different extents of bone soft tissue cover and weathering at the point of 

submersion or transport result in variable erosion rates under the same hydrological conditions 

(Fernandez-Jalvo and Andrews, 2003; Thompson et al., 2011). However, discrepancies are also 

derived from the limited resolution of qualitative measures of material change, as at a gross 

morphological level small-scale abrasive changes are hard to distinguish and assign temporal 

specificity (Cook, 1995). Furthermore, smoothing, polishing and rounding are often subjective 

judgements, and not direct measures of material removal (Griffith et al., 2016; chapter 3). 

To thoroughly assess whether abrasion can be used to elucidate bones’ submersion times and 

transport pathways, more quantitative methodologies which afford sequential measures of material 

change are needed. Here we investigate the potential of quantitative imaging, through laser 

scanning, for improving taphonomic interpretations of water-submerged bone in experimental 

studies. 

4.2 Material and methods 

4.2.1 Experimental flume studies 

A series of flume-based experiments were conducted to allow incremental abrasion on bone to be 

recorded. Fresh adult sheep (Ovis aries) bones (n=17) were bombarded by gravel ranging from 

3.35 mm-13.2 mm in diameter. The compact bone of sheep femora were used for the same reasons 

previously detailed in chapter 3, section 3.2.1. An enzyme maceration method (Simonsen et al., 

2011) was used in sample preparation to remove any adherent soft tissue. After maceration bone 

samples were classified at stage 0 of the Behrensmeyer (1978) and McKinley (2014) weathering 

scales, and pre-abrasion laser scans recorded (see section 4.2.3 below).  

The full experimental setup for the abrasion of water-submerged bone can be found in chapter 3 

and Thompson et al. (2011). In brief, samples were fixed to the floor of an annular flume to 

simulate bone being trapped and eroded in bottom sediments under unidirectional flow conditions. 

Experimental bone samples were bombarded by saltating gravel grains, so as to induce maximum 

wear (Thompson et al., 2011), and were removed from the experimental conditions at set time 

intervals of 24, 48, 72 and 120 hours, and re-scanned. To facilitate an energy-based assessment of 

wear, the abrasive forces of the different sediment sizes used were calculated by recording the 
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number of impacts of sediment on the bone surface per second, and their impact trajectory and 

velocity (table 4.1) using a Casio's Exilim Pro EX-F1 high speed video camera. Recorded variables 

were then used in the impact wear equation (equation 3.1) given in chapter 3, section 3.2.3 (Amos 

et al., 2000) 

In addition, variations in sediment grain morphology were recorded, with angularity and sphericity 

being determined using the Krumbein roundness chart (Krumbein and Sloss, 1951) (appendix B.3) 

(table 4.1). 

Median grain size 
(mm) 

4.48 7.350 9.600 12.000 

Median grain mass (g) 0.31 
 

1.39 
 

5.02 
 

8.31 
 

Mean impacts per 
second 

1.9250 
 

1.52 
 

1.18 
 

0.77 
 

Mean impact velocity 
(cm/s) 

0.49 
 

0.46 
 

0.76 
 

0.56 
 

Mean impact 
trajectory (degrees 

from vertical) 

88.83 
 

90.81 
 

90.72 
 

90.33 
 

T, (Pa) 6166.65 8921.63 28815.96 20425.59 

Grain sphericity 0,6 0,7 0,6 0,6 

Grain angularity 0,7 0,4 0,6 0,7 

Table 4-1 Summary of sediment grains’ physical and hydrodynamic properties. 

4.2.2 River-based studies 

In addition to flume-based studies, in situ river-based experiments were also conducted to record 

abrasion in natural settings and attempt to correlate recorded modifications with transport histories. 

Four sheep femora (prepared as describe above in section 4.2.1) were deposited in a middle section 

of the river Tees, Cleveland, UK (figure 4.1) Two samples were placed in the center of the river at 

a depth of approximately 2.5 metres, and the remaining two samples were placed on the left and 

right of the river bank at the point of a meander at c. 1m and 2m depths. At the point of the study 

the river had a maximum depth of c. 4.5 metres and a maximum width of c. 25 metres. Bedload 

sediment consisted of silts and rounded medium-sized pebbles. Annual flow rate data indicated that 

average flow velocities were approximately 20 cm/s (depth averaged) in low discharge months and 

c. 5m/s maximum in higher discharge periods during the winter (NRFA, 2016). It was therefore 

predicted that in higher discharge months, bedload pebbles would be transported in conjunction 

with bone samples, hence allowing for an assessment of transport distance through the progression 

of abrasion on mobile bones. However, due to complications concerning timing / consent for the 

project, samples had to be deposited in summer months and hence very minimal transport was 

observed (see section 4.3.2.2) 
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Waterproof Radio Frequency Identification (RFID) tags were placed within the diaphyses of each 

sample to allow bone movement to be tracked in real time using a TRX-16 receiver and antenna. 

Tagging was also carried out to facilitate sample recovery, as relocation of remains in actualistic 

aquatic taphonomy studies has been a major confounding factor in previous studies (see (NH, 

2016) for example).  

Figure 4-1 Stretch of river Tees used in field-based abrasion studies. 

As in flume-based studies, pre-abrasion scans were recorded before deposition and post-abrasion 

scans were recorded after submersion periods of 1, 3 and 7 days using the methodology outline 

below in section 4.2.3. 

4.2.3 Quantitative measures of abrasion 

A FARO Arm Fusion laser scanner, capable of 36 µm repeatability, was used to digitize the pre-

and post-abrasion surfaces of bone (figure 4.2). Pre-abrasion volumes of bone were computed 

using an automated function in Geomagic© software: meshed scans were made watertight using 

the fill holes tool, allowing polygon models of bone to become closed cylindrical objects with their 

internal portions representing their volumes (figure 4.3). Similar approaches adopted by 

Kuzminsky and Gardiner (2012), Shearera et al. (2012) and Sholts et al. (2010) have successfully 

acquired volumetric data from bone. However, it should be noted that these methods do not record 

any internal structural properties. Surface scanning, therefore, cannot provide a definitive measure 

of bone’s internal volume due to the medullary cavity and porous areas not being recoded. 

However, when assessing the removal of small quantities of compact tissue from the surface of 

bone, such methodology provides a suitable approximate pre-abrasion volumetric measure. An 

attempt was made to compare pre-and post-abrasion volumes of bone using this closed surface 

approach. However, this was challenging as unwanted artefacts (minor undulations or depressions 

not present on the bone surface) were sometimes generated in the filled areas when closing holes in 

the polygon models, causing volumetric differences between meshes that were potentially greater 

than those caused by abrasion. Resultantly, while this approach provided a good approximation of 
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pre-abrasion volume, to which volume change calculated using an additional method (discussed 

below) could be compared, it could not be used to compare pre-and post-abrasion volumes directly.  

 

 

 

Figure 4-2 3D digitisation of bone’s surface using laser scanning triangulation. On the scanning system, there are two 

known positions, the positioning laser and the detector. The laser is projected onto an object’s surface and 

reflected back to the detector. Depending on where the light is positioned in the detector it will compute a 

distance, and this method builds up a series of geometric points (a point cloud), which denote precise 3D 

geometric locations recorded on the surface of an object. 

 

A Multiscale Model to Model Cloud Comparison (M3C2) (Lague, et al., 2013) was used to 

measure erosion depths and volumetric changes by detecting surface displacements between pre- 

and post-abrasion point clouds. The M3C2 algorithm was initially developed to record differences 

in large-scale point cloud data collected by terrestrial laser scanning (TSL), so as to quantify 

topographic changes to complex landforms (Barnhart and Crosby, 2013). Recently, this algorithm 

has been applied in other contexts: Majcherczyk et al. (2015) used this method to monitor 

morphological changes to roadways, while Troisi et al. (2015) used the distance measure at a 

smaller scale, assessing error between point clouds of a Charonia tritonis shell, which was digitised 

in underwater and dry environments using photogrammetry. Although the primary focus of Troisi 

et al. (2015) was a determination of 3D image capture accuracy under different environmental 

conditions (submerged vs. non-submerged environment), the authors also show that M3C2 can be 

used to record material removal from the surface of a small, complex object: a small amount of 

material was lost from the surface of the shell during removal from the submerged context, which 

was effectively recorded using the M3C2 distance measure (Troisi et al., 2015, pp. 221). 
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Scans were saved in point cloud format and imported into the public domain software 

CloudCompare© for analysis. Prior to analysis, point clouds were manually cleaned to remove any 

extraneous points. The articular ends of the bone scans displayed moderate levels of noise due to 

areas with occluded light, such the trochanteric and intercondylar fossae, being difficult to record. 

Therefore, to limit the effects of noise, the epiphyseal areas were cropped, meaning comparisons 

were only conducted on the bone diaphyses (figure 4.3).  

Figure 4-3 Laser scanning workflow 1. bone sample point cloud captured using FARO Arm scanner 2. epiphyses 

cropped to reduce noise; scans are then meshed and made watertight, allowing pre-abrasion volumes to be 

computed in Geomagic software 3. pre-abrasion point cloud manually aligned with 4. the post-abrasion 

point cloud using CloudCompare software 5. fine alignment preformed between point clouds 6. M3C2 

measure applied to calculated surface displacement between pre-and post-abrasion point clouds, 

producing a heat map of measured abrasions (warm areas indicate abrasion). 

The M3C2 algorithm allows signed distances to be calculated between two point clouds, and has 

some distinct analytical advantages over Cloud to Cloud and Cloud to Mesh comparisons, which 

are discussed in depth by Lague et al. (2013) and Barnhart and Crosby (2013). M3C2 incorporates 

a spatially variable confidence interval and limits sources of uncertainty (noise, surface roughness, 

scan registration error and surface orientation) that are problematic in the analysis of irregular point 

cloud surfaces (Barnhart and Crosby, 2013). The algorithm makes use of core points by calculating 

the average positions and surface orientations of total points within a surface area specified by the 

user (Lague et al., 2013) (figure 4.4); this can allow for a reduction in computational intensity by 

limiting the number of points used in analysis, while still utilizing the entire density of the 

reference model (in this case the pre-abrasion point cloud) (Barnhart and Crosby, 2013). 
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Importantly, M3C2 has been found to have good application in the analysis of surfaces which 

display transitions between more uniform and irregular topographies, with composite surface 

orientations (Barnhart and Crosby, 2013). 

 

Figure 4-4 The point normal (normal direction/orientation) for a core point i, is calculated at a user-defined scale of D. A 

projection cylinder with user-defined diameter (d) and length (l) denotes the area over which points in the 

pre-and post-abrasion clouds are selected. Selected points are used to calculate the average position of the 

two point clouds (i1 and i2). The !"#$% is the distance between these average positions, along the point 

normal. The shaded blue cylindrical area (which we will refer to as the displacement cylinder) is the 

space between point cloud surfaces; in this case it represents volume loss due to abrasion. The distances 

between every point in the pre-abrasion cloud and the post-abrasion surface can be computed by 

specifying all points in the reference cloud as core points when running the M3C2 algorithm. A local 

roughness measure is used to calculate a spatially variable confidence interval for i. Image adapted from 

and Lague et al. (2013) and Barnhart and Crosby (2013). 

Outputs from M3C2 comparisons were analysed in two ways. Firstly, measured distances between 

pre-and post-abrasion point clouds allowed for a quantification of the depth of erosion across the 

bone surface. Distances between point clouds were plotted using a coloured scalar field; allowing 

abrasion to be visualised as heat maps, with erosion depths being assigned specific colours and 

hues. An automated function in CloudCompare© allows raw numerical data of the range of 

recorded displacements (erosion depths), and the number of points which display these 
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displacements, to be exported as a histogram plot and in ASCII or CSV file format (table 4.2). For 

this study, an equation was employed which allowed volume change to be calculated using the raw 

data. The principles behind these volumetric calculations were originally discussed in the 

CloudCompare© online forum (CloudCompare, 2016a). In addition, Stumpf et al. (2015) use a 

more complex approach involving M3C2 distances and a plane-fitting algorithm to calculate 

sediment volume differences after landslide events, while Olsen et al., (2010) adopted a 

comparable cross-sectional and point-averaging approach to calculate volume change in scans 

collected using TSL. 

A    B  

Class N. core 

points 

Distance range lower, 

mm 

Distance range upper, 

mm 

N. core points 

in output 

cloud 

M3C2 

distance, mm 

1 10523 0.211261 0.237224 33 0.402960 

2 8369 0.237224 0.263186 37 0.418763 

3 7419 0.263186 0.289149 39 0.513429 

Table 4-2 Raw M3C2 output data: A. Example of M3C2 output bins from plotted histogram. In Class 1 there are 10523 

core points showing displacements between pre-and post-abrasion clouds of 0.211261 mm - 0.237224 

mm; the median distance value of the lower/upper range in each class is used to define displacement 

cylinder lengths (!"#$%) for volume change calculations. B. Alternatively, exact distances for each core 

point can be exported in ASCII format, where the M3C2 distance is used to define the displacement 

cylinder length. 

The principles behind volume change computation are given below; all calculations can be carried 

out using CloudCompare© and the formula provided herein. Cloudcompare.org should be 

consulted for further details on input parameters and settings when using the M3C2 plugin 

(CloudCompare, 2016a; 2016b). Initially, raw point cloud data must undergo some straightforward 

post-processing: the clouds must be sub-sampled at a known density by applying universal point 

spacing, resulting in a model with a fixed number of points across any given surface area. This is 

important as when using hand held scanners the user may capture an area of the scanned object 

multiple times resulting in a point cloud that is not uniformly dense. After subsampling, to allow 

for volume calculations, all evenly spaced points within the cloud must be specified as core points 

when running the M3C2 plugin (CloudCompare, 2016a) (note, as shown in figure 4.4, M3C2 

utilises cylinders with a user-defined diameter and maximum height to denote the area over which 

signed distances calculations between core points are conducted; applying uniform point spacing 

therefore results in a set number of points being contained within the cylinder base areas). If the 

user were to specify parameters to allow one core point to be contained within its base, then the 

total approximate volume difference between clouds could be calculated as follows: 
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'() = (,[(.	!"#$%)0123])	55#, 

Equation 4-1 M3C2 volume difference equation. 

The cylinder base area . (a user defined constant) is multiplied by a recorded !"#$% value 

(displacement cylinder length (figure 4.5). Looking at table 4.2 A for example, the Class 1 bin has 

a displacement range of between 0.211261 mm and 0.237224 mm; the median displacement value 

(!"#$%value), in this case 0.22422 mm, is multiplied by	. to calculate a displacement cylinder 

volume. This displacement cylinder volume value (.	!"#$%) is then multiplied by the variable 

0123, which is the number of core points that display a specific !"#$% distance range. For the 

example given in table 4.2 A, Class 1, there are (Npts =) 10523 core points that have displacement 

values of between 0.211261 mm and 0.237224 mm. In the above formula, we consider parameters 

where only one core point is contained within the cylinder base area. Therefore, the variable  0123 
is equivalent to the total number of times a cylinder with a distinct volume occurs. It is the sum of 

the values from all Classes or specific M3C2 distances (table 4.2), and hence the sum of all distinct 

cylinder volumes that allows for an approximate quantitation of total volume change. Put simply, 

all distinct cylinder volume values are multiplied by the number of times they occur across the 

point cloud surface. Exporting exact M3C2 distances for each core point in ASCII file format, 

rather that utilising median displacement values, is also possible and is the more favourable 

approach, as this will provide more accurate displacement values. This will however also result in 

larger file sizes, so the user must decide which approach to adopt based on the size of the point 

clouds being analysed.  

It should be noted that specifying all points in the cloud as core points allows for more confident 

estimations of surface displacements, as the distance between every point is being computed (figure 

4.5). It is also advisable to specify a high number of points to be contained within a cylindrical base 

area, and a sufficiently large scale D to account for surface roughness (CloudCompare, 2016b). As 

distances between all points are being measured when taking this approach (figure 4.5), 0123 must 

be divided by the number of points occupying each cylinder base area (78123). For example, in the 

case of this study, approximately 30 points covered one cylinder base area, which was c. 0.5 mm in 

diameter; resultantly each core point displaying a specific !"#$% distance value only occupies c. 9#: 

of a cylinder’s base. Therefore, the number of times a displacement cylinder with a specific !"#$% 

value occurs across the point cloud surface is equal to the number of times 30 core points with the 

same !"#$% value occur; hence the division by 78123 is necessary to allow the variable, 0123 to 

again be equivalent to the total number of times a cylinder with a distinct volume occurs across the 

point cloud surface area. This leads to a slight revision of the above equation: 
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'() = (,[(.		!"#$%)	(
0123
78123

)])	55#, 

Equation 4-2 Revised M3C2 volume difference equation 

Calculated surface displacements were then subtracted from the initial volumes computed in 

Geomagic© using the closed surface approach. As samples were morphologically distinct, showing 

different starting volumes, abrasion is represented as percentage volume loss from the original pre-

abrasion scan rather than total material loss; this approach facilitates a better understanding of 

abrasion rate as volume loss is being presented relative to the size of the bone sample. 

 

 

Figure 4-5 2D representation of projection and displacement cylinders used to measure distances between pre- (green) 

and post-abrasion (red) surfaces. A. shows parameters where one core point is contained within the 

displacement cylinder base area; hence number of core points is equivalent to the number of cylinders. B. 

shows parameters where multiple core points occupy a cylinder base area, allowing for more confident 

displacement measures. Note it is not shown in B. that each core point still uses its own projection 

cylinder and set of neighbouring points to calculate displacements. Neighbouring points also function as 

core points in this scenario; therefore, over each area of the point cloud surface that is equivalent to the 

cylinder projection base area, multiple distance measures are computed. 

It should be noted that during the process of M3C2, distance computation pre-and post-abrasion 

point clouds are aligned in a common co-ordinate system. There is inevitably a minor degree of 

error during point cloud alignment; therefore, this distance error between scans was used as a 

change detection threshold. Consequently, if surface displacement was detected within the 

misalignment range, it was not used for the quantitation of volumetric differences. In addition, as 

the M3C2 measure allows the user to define a maximum cylinder height; an upper limit of 4 mm 

was selected to exclude measuring any unrealistic surface displacement attributable to noise rather 

than real topographic change. Typically, abrasion depths did not exceed 1.5 mm; however, the limit 

of 4 mm ensured that any larger chipping of the bone surface (pockmarks) would also be 

recordable.  
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To allow for a preliminary assessment of M3C2 volume calculation accuracy, a custom 225kV 

Nikon/Metris HMX ST Computed Tomography (CT) scanner operating at 15 µm resolution was 

used to record a single bone sample from the flume-based studies. CT scanning is known to 

provide the most accurate measures of bone volume and density (Lam et al., 2003) and therefore 

acts as a good benchmark for comparison. Pre-and post-abrasion volumes of the CT scanned bone 

were rendered using Avizo© software. While CT scanning has distinct analytical advantages, such 

as the ability to image bones’ internal structures at high resolutions, laser scanning is in general 

more cost effective. In addition, many laser scanners are portable, which facilitates the recording of 

in situ deposits in the field. 

4.3 Results 

It should be noted that the method adopted in this study does not currently have application in 

quantifying changes to bone recovered from natural settings; this is because the methodology relies 

on pre-abrasion scans of bone for comparison. In addition, the abrasion rates shown here represent 

idealized conditions of maximum wear, which are unlikely to occur in a natural setting over the 

same timescales. However, importantly, this method has direct application in experimental and 

actualistic studies, which generate data to better understand the aetiology, principal modifying 

agents and temporality of diagenetic change to bone. It should also be noted that like the 

experimental work carried out in chapter 3, all bones used in the flume-based experimental portion 

of the current study displayed similar gross morphological appearances after abrasion. When 

assessed using a qualitative method all samples are classed as Stage 1 (lightly abraded) on the 

Boessenecker et al. (2014) scale). In contrast, quantifiable differences in surface appearance and 

volume loss were recorded using laser scanning methodology (see below), which gives substance 

to the utility of this analysis for interpreting abrasives changes on submerged bone. 

4.3.1 Quantitative imaging  

Point spacing after sub-sampling varied between scans, but was approximately 0.1 mm; this cloud 

density allowed small-scale surface displacements to be effectively captured, with the smallest 

abrasive change recorded outside the error range being 0.08 mm in depth. While the resolution of 

change detection using M3C2 is also dependent on instrument capabilities and calibration, in this 

study it provided a measure of surface modification that affords far greater detail than visual, gross 

morphological assessment.  

Calculated volumetric differences provided a good approximation of surface changes. When using 

this method involving the summation of multiple cylinder volumes, some error may occur due to 

either cylindrical projection shapes not fully tessellating on the point cloud surface, hence resulting 

in missing mass; or overlap of cylinders due to the orientation of points across a curved surface 

(CloudCompare, 2016a). CT scanning allowed for a preliminary assessment of this potential error; 
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M3C2 recorded a 264.34 mm3 volume loss and CT a 273.78 mm3 loss on the same sample, a 3.44% 

error between methods. Currently the source of this error is unknown. The discrepancy may be 

attributable to the higher sampling resolution of CT scanning; the conservative nature of M3C2 

change detection (see Barnhart and Crosby (2013), pp 2852 for further detail); potential overlap or 

missing data between cylinders; or any point cloud alignment error. Despite this uncertain source 

of error, volumetric differences were minor; indicating that volume calculation using M3C2 has 

good potential application in measuring small-scale topographic changes to bone. It is reasonable to 

suggest, given the limited sample size used, that error between these methods should be considered 

as approximately 5%. However, it is currently unclear if this approximate error range would 

increase were multiple samples, or surfaces with more complex and widely distributed changes, 

analysed.  

Heat maps of the geometric distances between point clouds were generated allowing an assessment 

of spatial differentiation of wear across the bone surface (figure 4.6).  

Figure 4-6 Coloured scalar field map of abrasion on bone’s surface: wear (warm regions) is focused on the top and 

upstream side of the bone where impacts are most frequent. M3C2 distances are given in millimetres. 

Cold areas are points of surface deposition, where either sediment has adhered to the bone surface or 

loosely bound surface material has not been removed; this has been confirmed through SEM analysis. 

Abrasion was concentrated on the upstream side of the bone, where impacts were most frequent 

due to the bone being bombarded in a fixed position. In addition to providing a superior assessment 

of depth and location of wear than is possible through gross morphological assessment, an 

improved understanding of the spatial distribution of abrasion may provide additional taphonomic 

insights. For example, during deposition and transport in water, while there is some variation, 

different skeletal elements tend to orientate and move non-randomly due to their distinct 

morphologies (Coard and Dennell, 1995; Voorhies, 1969). Similarly, different degrees of skeletal 

completeness cause variation in orientation and transport potential of bone (Coard and Dennell, 

1995); theoretically, such variability leaves different areas of a bone’s surface exposed to impacting 

sediments. Therefore, differentiation of abrasion across a bone’s surface may aid in determining 



Chapter 4 

101 

whether erosion occurred in transit or in situ, and may help to elucidate differences in skeletal 

completeness and soft tissue cover upon deposition in water.  

4.3.2 Abrasion rates 

4.3.2.1 Flume-based studies 

Bombardment produced unique extents of wear, with abrasion rates being relatable to different 

hydrodynamic and morphological properties of the sediment grains. Between 0 and 48 hours a 

distinct wear trend, other than that of abrasion increasing with time, is hard to establish. This is 

most probably due to natural variability in the pre-abrasion surfaces of bone: It has been observed 

microscopically that abrasion on bone surfaces initially proceeds through the removal of loosely 

bound surface material (chapter 3; Griffith et al. (2016); Thompson et al. (2011)). While samples 

were prepared in a way so as to ensure they were as structurally homogeneous as possible, 

variation in the presence of this loosely-bound material between samples may confound abrasion 

rates. After 72 hours, presumably when a more uniformly compact surface was being abraded, a 

general trend emerges of abrasion progressing as a function of increasing time and sediment size 

(figure 4.7). 

 

Figure 4-7 Percentage volume loss from bone samples between 0 and 120 hours of bombardment by mobile sediments. 

Error bars show values for when any scan alignment error is included in total volume calculation. 

The dominant wear trend is broken by the 7.35 mm gravel size causing the highest degree of 

abrasion over earlier time intervals (figure 4.7). Previous studies, using macroscopic and 

microscopic observations of abrasion, have found that sediment particles with increased angularity 

may cause higher degrees of wear (see for example chapter 3; Griffith et al. (2016) and Shipman 

and Rose (1988)); this is likely due to the increased ability of an angular abrasive to penetrate the 

bone’s surface (chapter 3; Griffith et al. (2016)). The 7.35 mm grains used in this study were 

angular / sub-angular with medium-low sphericity, whereas the other grains used were either sub-
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angular or sub-rounded grains of medium sphericity (table 4.1). This morphological difference 

explains the increased abrasive capabilities displayed by this sediment size.  

While there is a general linear trend of abrasive force increasing in conjunction with changes in 

sediment size, the apparent discrepancies between these measures (figure 4.8) are also attributable 

to variations in grain morphology that were not accounted for sufficiently in the calculation of T 

Values. In addition to the 7.35 mm grain showing a lower T Value but inducing higher wear rates 

due to increased angularity, the calculated value for 12 mm gravel was lower than that of the 9 mm 

grains due to fewer number of impacts per second and a lower impact velocity being recorded 

(table 4.1). However, the 12 mm grains caused higher degrees of abrasion. These two grain sizes 

had similar angularity and sphericity, meaning that relative to particle size the concentration of 

their impact across the bone surface was approximately equal; therefore, it is likely that the larger  

Figure 4-8 The relationship between recorded abrasive force (T Value), measured in pascals, sediment grain size, and % 

volume loss after 120 hours of bombardment. Note there is not a clear increase in recorded abrasion when T value 

increase, indicating that more experimental work is needed to understand this relationship 

size of the 12 mm particles allowed them to impact a wider surface area, resulting in higher degrees 

of wear. These preliminary results identify variations in particle morphology, the potential effects 

of changing structure as surface layers of bone are worn, and the area over which impacts are 

concentrated as being important variables influencing wear rate; holding more weight of influence 

than number of impacts per second and impact velocity. While these relationships are as yet 

imperfectly understood, future empirical work can now investigate and incorporate these variables 

into taphonomic models. It is again important to note that abrasion rates recorded in this study 

represent idealized conditions of maximum wear, which are unlikely to occur in a natural setting 

over the same timescales. Furthermore, as mentioned in chapter 3, section 3.4.6, there are many 

variables, intrinsic and extrinsic to bone, which may causes abrasion to progress at different rates in 

natural settings. Therefore, while improved methodologies can help to assess the influence of these 

variables it is essential that they are systematically tested in controlled and actualistic experiments.  

Through this study it is apparent that a more sequential understanding of abrasion provides insight 

into taphonomic variables, influencing wear rate. If this methodology were adopted in actualistic 

experimental studies, in natural aquatic systems, it may allow for an improved understanding of the 

relationship between abrasion rates and hydrodynamic processes. By removing the ambiguity of 

more qualitative measures of material change, one can fully assess whether precise correlations can 
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be made between bone tissue modifications and useful taphonomic information such as submersion 

times and transport pathways. This quantitative approach allows influences which confound 

correlations between taphonomic effect and cause to be attributed to environmental variability or 

changes in bone tissue quality, rather than the resolution of the chosen analysis. While we use an 

example of abrasion on water-submerged bone here, the discussed methodology also has good 

potential applications in recording small-scale topographic changes to bone, and other artifacts of 

archaeological interest, which may undergo similar forms of surface alteration such a weathering, 

corrosion, insect modification, animal gnawing, butchering and trampling.  

4.3.2.2 River-based studies. 

Due to issues with gaining consent to access the river Tees during winter months, field-based 

experiments were carried out in the summer. Unfortunately, this meant that flow velocities were 

insufficient to move bones and gravel bottom sediments. Therefore, no assessment of the utility of 

laser scanning for recording abrasion and correlating abrasive modifications with transport distance 

in natural settings could be achieved.  

It was observed that suspended silts impacted the bone samples, which remained stationary on the 

riverbed over 1, 3 and 7 days of observation. As expected, the impact by these particles produced 

very limited abrasion on bone surfaces when recorded with laser scanning and the M3C2 distance 

measure (figure 4.9). In fact, surface deposition was the main feature observed on the samples, as 

gelatinized lipids leached from bone diaphyses shortly after submersion, allowing sediment 

particles and suspended organic material to adhere to the outside of the bones (figure 4.9).  

 

 

Figure 4-9 Example of bone recovered from river Tees after 7 days of submersion. Note there is very minimal abrasive 

surface change recorded. However, surface deposition (cold areas) is apparent due to suspending silt 

sediment and organic material adhering to the outside of bone. M3C2 distances are given in millimetres. 
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Therefore, this diagenetic process may have protected bone surfaces from abrasion during early 

submersion periods. Certainly, it is apparent that in calm conditions, bone may be immersed with 

very limited abrasive changes being recorded. While the primary aim of this study was not 

achieved, it was not wholly without merit. Firstly, this study confirms the usefulness of the laser 

scanning methodology presented herein for recording abrasion on submerged bone, as minimal 

surface change was recorded on these stationary samples. Secondly, the use of RFID tags for 

relocating bone samples should be noted: Radio tracking allowed the locations of submerged 

samples to be with identified to with a range of approximately 2 metres. Therefore, this 

methodology would seem beneficial to employ in future studies, as previous experiments which 

attempt to observe bone modification and transport in natural setting have often be confounded by 

an inability to located and recover samples (see discussion by Behrensmeyer; (NH, 2016)).  

4.4 Comparisons between laser scanning and microscopic imaging 

When comparing laser scanning to the microscopic imaging methodology employed in chapter 2, it 

is apparent that both analyses have unique advantages and disadvantages for recording abrasive 

changes. Laser scanning was more advantageous in one respect, as it allowed for the visualisation 

of abrasion across the entirety of samples’ surfaces, and hence facilitated a better assessment of the 

distribution and location of abrasive change. In future experiments, it may therefore be useful to 

employ laser scanning in conjunction with the SEM methodology detailed in chapter 3; so as to 

target areas of bone which display modifications before microscopic imaging. Laser scanning is 

also non-destructive, which is an important consideration when analysing potentially important and 

finite remains. However, despite the limited preparation needed for non-contact surface scanning, 

the process of data capture can be protracted in comparison to microscopic imaging. In addition, as 

Errickson et al. (2017) note, the accuracy of laser scanning can be impacted on by a number of 

factors including technological expertise, and any potential noise (extraneous points clouds) 

developed during scanning. Noise in scans is generally developed due to ambient light or 

obstruction of the light sensor, and often, these unwanted data must be removed manually 

(Errickson et al., 2017; Kuzminsky and Gardiner, 2012) (an issue encountered in the current study). 

While the result of the scanning and the amount of noise created depend on the nature of remains 

(as the varying optical properties of different material surfaces can cause systematic offsets in 

scanning accuracy) it is apparent the lengthy post-processing may be needed before analysis can be 

carried out. Resultantly, microscopic imaging, particularly when using optical and 

stereomicroscopes, may be a more favorable methodology in terms of ease of data collection.  

Both microscopic and 3D techniques proved successful in understanding abrasion propagation in 

relation to hydrodynamic and temporal variables. However, while laser scanning may be 

considered more accurate for assessing overall progression of abrasion due to its quantitative 

capabilities, SEM imaging allowed for more detailed assessment of the types of abrasive 
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modifications which occurred. For example, while laser scanning was able to distinguish between 

areas of material loss and deposition on bone surfaces, SEM imagine could identify abrasive 

changes that were associated with different sediment types. As mentioned in chapter 3, these 

diagnostic modifications have proven usefully for identifying the different sedimentary 

environments bone has been exposed to. Further experimental work is needed to assess whether 

laser scanning can make distinctions concerning the class of abrading sediment. Therefore, it would 

seem that given the current state of these techniques, SEM imagine may prove more useful for 

assessing the different sedimentary contexts bone has passed through (i.e. spatial aspects), whereas 

laser scanning may be better suited to establishing duration of bombardment. In summation, the 

combination of these methods would facilitate the best assessment of remains’ taphonomic 

histories. While the adoption of different 3D capture techniques was beyond the time constrains of 

the current study, and the analysis of point cloud data was successful using the laser scanning 

methodology, it would be beneficial to test the resolution of data collected using a number of 

supplementary non-contact surface scanning instruments, such as photogrammetry and structured 

slight scanning, as these are commonly used in 3D data acquisition. 

4.5 Wider implications: the application of laser scanning in 

taphonomy studies 

The study presented herein confirms that laser scanning has good potential applications in 

recording and quantifying bone taphonomy. Unlike traditional qualitative methods, scanning can 

allow an object’s surface to be captured at sub-millimetre accuracy (Barnett et al., 2005), and this 

precise recording of parameters facilitates quantitative analysis of material change. Various other 

non-contact 3D surface scanning methods including microscopic analysis, such as 3D-

microprofilometry, have also been used in the examination of surface modifications on bone 

(Kaiser & Katterwe, 2001; Thali et al., 2003; Sansoni et al., 2009), indicating that this is an 

advancing field. While laser scanning does not record any internal structural properties of bone, 

and CT scanning is a superior method in this respect, surface scanning does provide an alternative 

way of visually assessing material change and the potential to quantify these changes. In addition, 

surface scanning has also been shown to provide high-resolution, quantitative characterization of 

surface features on bone. For example, Kaiser and Katterwe (2001) were able to identify insect 

modification (caused by boring mandible action) on fossil bone using 3D-microprofilometry. The 

study of these types of diagnostic marks has important applications in reconstructing past 

environmental conditions (Kaiser and Katterwe, 2001). 

In addition, D’Errico and Backwell (2009) and Bello et al. (2011) show that 3D quantification can 

prove useful in establishing the function of bone tools based on surface wear patterns and 

roughness analysis, advancing our understanding of past ergonomics. While D’Errico and 

Backwell (2009) and Bello et al. (2011) utilised high-resolution optical interferometry and infinite 
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focus microscopy to digitise 3D surface topographies, as opposed to laser scanning, their studies 

demonstrate the utility of the precise recording of 3D metrical parameters for interpretation; most 

notably quantitative data allows surface modifications to be statistically compared and 

discriminated. Approaches such as these have good potential application in discerning different 

anthropogenic and natural environmental alterations to the surface of bone and teeth, hence 

improving the veracity of taphonomic interpretations (Bello et al., 2011; Boschin and Crezzini, 

2012). This has been exemplified in recent studies by Pante et al. (2017) and Orlikoff et al. (2017), 

who used non-contact confocal profilometery to discriminate between stone tool cut marks and 

mammalian carnivore tooth marks / trampling-induced bone surface modifications. Importantly, 

these high resolutions 3D techniques used in conjunction with multivariate statistical analysis 

allowed for confident discrimination of causal taphonomic agents. Ángel Maté-González et al. 

(2017) have also recently shown that small-scale taphonomic changes to bone can be recorded with 

a high degree of accuracy using more cost-effective and transportable instrumentation such as 

structured light scanners. 

A further advantage to scanning methodology is that the data produced can be digitally archived, 

disseminated and incorporated into multiple working datasets (Schurmans et al., 2002; Sumner and 

Riddle, 2009; Weber and Bookstein, 2011). While the application of scanning in bone taphonomy 

studies is still in the early stages of development, recording surface changes through quantitative 

means, and disseminating these data, may allow the aetiologies of different taphonomic 

modifications on bone surfaces to be discerned with more confidence than is possible through 

subjective, gross morphological assessments. Therefore, these measures may help to limit 

diagnostic ambiguity by standardizing the classification of features on bone that are indicative of 

specific taphonomic processes. 

4.6 Conclusion 

This preliminary study has shown that laser scanning can be used to accurately record abrasion on 

submerged bone at a resolution not possible through gross morphological assessment. Using a 

M3C2 plugin for CloudCompare© software, erosion depths and locations as well as incremental 

volume changes were measured. Through this approach it was possible to understand differences in 

bone abrasion rates as they relate to specific taphonomic variables, with duration of bombardment 

(time), sediment grain morphology and size being identified as having notable influences. While 

the application of this quantitative imaging methodology in bone taphonomy studies is still 

developing, it has some clear analytical advantages over more qualitative approaches. In 

experimental studies the acquisition of quantitative data facilitates a better fundamental 

understanding of modifying processes by allowing more accurate correlations between taphonomic 

effect, cause and duration. Such quantitation enables subtle variations in abrasion extents to be 

differentiated, which may help to overcome certain issues of equifinality, particularly when 
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attempting to establish the temporality of changes. In summation, a more detailed and sequential 

understanding of material change, which is afforded by laser scanning, may lead to an improved 

assessment of the accuracy, and hence the propriety, of using abrasion recorded on bone for 

decoding aquatic taphonomic pathways. 
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Chapter 5: Early post-depositional diagenetic changes 

in submerged bone. 

This chapter is comprised of an article that is currently in preparation for publication. The author of 

this thesis is lead author, and was responsible for the experimental design, completion of 

experimental work, data analysis and writing of the article. 

Abstract: 

This paper presents a series of experimental studies that provide preliminary data concerning early 

diagenetic changes in submerged bone from coastal, estuarine and riverine environments. Sections 

of fresh cow (Bos Taurus) femur (n = 940) were deposited in four different natural settings (long-

term field-based experiments of 18 months in duration) and eight, controlled-laboratory based 

experiments (3-6 months in duration), so as to better understand a number of variables which have 

potentially rate-limiting influences on diagenetic change in submerged remains. A suite of 

physicochemical changes in bone were recorded using gross morphological observations, 

histological assessments of bone microstructure, DNA analysis, FTIR-ATR analysis of bones’ 

mineral and organic constituents, quantitative measures of colour change using VSC analysis, and 

XRF analysis of bones’ elemental compositions. Environmental parameters of water temperature, 

pressure, depth, salinity, exposure to oxygen (wet-dry cycling), and burial designation were 

recorded for the duration of the experiments. This multi-proxy approach allowed a comprehensive 

range of preservation parameters and their respective correlations to be examined. The key findings 

in this study indicate that microbial modification in submerged osseous tissue can progress rapidly 

upon deposition in water (occurring after as little 30 days of submersion) and have the ability to 

propagate into cortical tissue, which may impact on the ability of remains to survive over longer 

depositional periods. Elemental exchange rates in submerged bone are identified as the most 

consistent markers of post-depositional change at both site-specific and broader scales. Remains 

that were constantly buried in bottom sediments and exhibit good gross morphological and 

histological integrity displayed notably consistent elemental uptake and depletion rates, which 

show utility for determining remains’ submersion times and locations. DNA degradation is shown 

to be rapid in submerged bone due to the effects of hydrolysis. It is also identified that remains 

which experienced burial and exhibit limited microstructural changes are likely to show better 

retention of residual biomolecules and are therefore favourable to target for DNA analysis. 

Through the use of systematic monitoring studies, it is concluded that early post-depositional 

changes in submerged bone not only have analytical merit in forensic research, but can also be used 

to make some general assessments concerning the long-term diagenetic trajectories of remains. It is 

suggested that rapid burial of remains in benthic sediments largely retards microstructural changes 

and free water interactions, hence increasing preservation potential. In contrast, turbulent 
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environments, but also stagnant, shallow environments, may reduce the ability of bones to survive 

into deep time, due to an increased propensity of this material to experience deleterious diagenetic 

modifications such as cracking, elevated porosity and microbial metabolysis. While a large range 

of variables still need to be accounted for to fully assess the applications of the diagenetic models 

present in this study, this research provides a good fundamental basis concerning the occurrence 

and time course of different diagenetic changes in water-submerge remains, on which future studies 

can build. 

Keywords: Bone Diagenesis; Aquatic Environments; FTIR-ATR; Histology; XRF; DNA; VSC.  

5.1 Introduction 

Experimental work carried out to understand diagenetic change in submerged osseous material has 

been markedly scarce compared to that conducted on material from terrestrial settings (Mays, 

2008). Consequently, the interpretation of diagenetically-altered skeletal tissue recovered from 

water is still notably challenging. At a basic level, it is apparent that bones’ physicochemical rates 

of change are dictated by the interactions of a diverse range of variables, both intrinsic and 

extrinsic to bone (Madgwick and Mulville, 2015; Robinson et al., 2003). Such changes ultimately 

lead to two potential diagenetic eventualities: destruction, or the long-term survival of bone through 

fossilisation (Trueman and Tuross, 2002). However, the diagenetic pathways that lead to these 

eventualities are highly complex, displaying significant temporal and spatial contextual variability. 

Rate-limiting intrinsic modifications in bone may be categorised as: chemical hydrolysis and 

dissolution of bone’s mineral and organic constituents (and accordingly molecular components), 

degradation of structural collagen through autolysis and microbial metabolysis, re-crystallisation of 

a bone’s mineral matrix, changes in macro and micro-porosity; and the depletion and uptake of ions 

in bioapatite (Berna et al., 2004; Nilesen-Marsh, 2002; Robinson et al., 2003; Stathopoulou et al., 

2008).  

Extrinsic environmental parameters which may rate-limit diagenesis in submerged bone include 

variations in submersion depth, dissolved oxygen content; redox conditions; local hydrological 

regime; salinity; pH; availability of dissolved ionic species; temperature; sediment dynamics and 

burial; and interactions with biota (Haglund and Sorg, 2002; Mays, 2008; Pokines and Higgs, 

2015). As multiple intrinsic and extrinsic variables may act upon bone concertedly, it is apparent 

that these processes cannot be viewed in isolation. For example, loss of collagen may be driven by 

microbial metabolysis, which in turn may be controlled by a number of interrelated ambient factors 

(e.g. temperature and submersion depth) in addition to the structural properties of bone upon 

exposure. Furthermore, the destruction of structural proteins may result in the exposure of bone’s 

mineral phase to interactions with external pore waters, a process that will continue to advance 

diagenetic change (Pfretzschner, 2000; 2004); hence many decay processes are inextricably linked.  
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The interdependent nature of these diagenetic parameters means that employing a multi-proxy 

approach (i.e. utilising a range of different preservation markers) is essential when measuring bone 

tissue modifications (Nielsen-Marsh and Hedges, 2000; Smith, 2002; Stathopoulou et al., 2008). In 

addition, when attempting to better understand the complexities of these interactions it is clear that 

the analysis of diagenetic changes over early post-depositional time frames (c. 1-10 years post-

mortem) is needed to better elucidate their ordering and influence. This is important for two 

reasons: firstly, many diagenetic changes during initial exposure to the environment have been 

shown to occur rapidly (Garff et al., 2017; White and Booth, 2014), and hence their study has 

utility in forensic analyses; secondly, it is clear that these initial post-depositional events also 

dictate the long-term diagenetic trajectories of remains and hence play an integral role in 

understanding the survival of bone into deep time (Cáceres et al., 2009; Fernández-Jalvo et al., 

2010; Koch et al., 2001; Trueman et al., 2004; 2008). While some literature exists concerning the 

monitoring of early diagenetic changes in submerged bone (see for example Rankin et al. (1996) 

and Graham (2014) in relation to DNA survivability, and Yoshino et al. (1991), Ascenzi and 

Silverstrini (1984) and Davis (1997) in relation to microbial modifications), our knowledge base is 

largely limited to anecdotal observations of submerged osseous tissue (Byard et al., 2008; Goodwin 

et al., 2003; Hochmeister et al., 1991) and studies that record diagenetic modifications in whale and 

fish bone (Able and Ramsey, 2013; Braby et al., 2007), which may not always be directly 

applicable to understanding diagenetic change in other kinds of animal remains. While case studies 

provide valuable knowledge concerning modification processes, it is clear that a more sequential 

and controlled understanding of diagenetic mechanism would strongly aid the interpretation of 

bones’ aquatic taphonomic pathways, helping to ensure the veracity of future analyses of bone 

recovered from submerged contexts. 

Therefore, to gain a better fundamental understanding of bone tissue modifications in aquatic 

settings, the current study intends to test the relationship between a number of different diagenetic 

markers in bones that have been recovered from distinct submersion environments over set time 

intervals. Here we aim to establish whether predominant modification processes can be identified, 

and to assess if rates of change are predictable at site-specific or broader scales. In this research, we 

also attempt to isolate a number of potentially rate-limiting variables in controlled laboratory-based 

settings, so as to better elucidate their degree of influence on diagenetic progressions. 

Combinations of different diagenetic parameters are used to create sample preservation profiles and 

examine their relationships. These include: observations of gross morphology, histological 

assessment of bone microstructure, DNA analysis, quantitative measures of colour change, and 

measures of bone chemistry (FTIR-ATR analysis of mineral and organic constituents, and XRF 

analysis of elemental compositions). These measures are viewed in conjunction with a number of 

quantitative and qualitative environmental variables, including measures of salinity and submersion 

depth, duration of exposure to oxygen, burial designation, and accumulated temperature exposure.  
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In addition to the goal of achieving a better understanding of bone decay processes in water, the 

study aims to make a preliminary assessment of those diagenetic markers which have potentially 

beneficial applications to the interpretation of remains recovered from aquatic settings. In 

particular, we aim to establish if any markers display analytical merit for establishing predictable 

measures of change to bone. It is hoped that the identification of such markers will contribute to 

more accurate assessment of remains’ submersion times and transport pathways in forensic 

contexts. In addition to the understanding of changes over contemporaneous time periods, an 

ancillary aim of the study is to assess how early depositional modifications may control the long-

term taphonomic trajectory of remains, and hence influence their abundance and interpretation in 

archaeological and palaeontological records. The research presented herein also intends to better 

establish the potential for DNA survivability in bone recovered from different aquatic settings, so 

as to aid screening protocols before any potentially expensive and destructive analyses.  

Finally, while this study in many senses is preliminary in nature, it is also fundamental, and it is 

hoped that it will provide an assessment of those approaches (analytical techniques and avenues of 

research) which show the best potential applications in future studies of submerged bone.  

This chapter is concerned with early diagenetic processes, which deal with modifications upon 

initial deposition of bone in a distinct geochemical / physical setting (Keenan, 2016). These 

changes may be defined as early, or short-term changes (i.e. occurring several months or years after 

deposition (Trueman et al., 2008)). Later diagenetic processes refer to slower structural and 

chemical changes that take place when bone is in a more stable condition and the mineral phase is 

wholly replaced by exogenous elements (Keenan, 2016) (these changes take place of millennia 

(Nielsen-Marsh and Hedges, 2000)). 

5.2 Material and Methods 

5.2.1 Bone samples 

Fresh bone samples deposited in different submersion environments (see section 5.2.2) were taken 

from the compact cortical bone of domestic cow (Bos taurus) femora. In archaeological and 

forensic studies, load-bearing bone is often targeted for biochemical analysis as it is robust and 

considered a favourable region for the retention of biomolecules (Fredricks et al., 2013; Pinhasi et 

al., 2015). In addition, compacted cortical bones were chosen for analysis as studies by those such 

as Pokiness and Higgs (2015) indicate that intact long bones are most commonly identified and 

recovered from aquatic setting, and are therefore more likely to be used in archaeological and 

forensic analysis. While cow bone does have some structural difference to human bone, such as the 

presence of plexiform bone, osteon banding, larger quantities of compact cortical tissue and smaller 

haversian canal diameters (Hiller and Bell, 2007), it is largely analogous and is often used as a 
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human bone proxy in diagenetic studies (see, for example, Campos et al. (2012) and Rankin et al. 

(1996)). Potential concerns regarding the use of animal analogues in relation to specific measures 

of diagenesis are discussed in section 5.3.  

Cow bone diaphyses were cut into cross sectional discs measuring c. 1.5 cm in width / thickness. 

The size of the femora used in the study did not vary notably. Therefore, the sectioned discs were 

consistent in size. Adherent soft tissue, marrow and periosteal connective tissue were carefully 

removed from bone surfaces and internal cavities using a scalpel. Sectioned samples were stored in 

a freezer at -30°C and thawed before placement in different laboratory and field-based submersion 

contexts. An initial concern was that sequential freezing and thawing of samples would impact on 

their structural integrity due to the potential propagation of micro-cracks (see discussion in Karr 

and Outram (2012a; 2012b), Lander et al. (2013) and Tersigni (2007)), which may have left 

samples more susceptible to infiltration by microbial organism or diagenetic fluids than would be 

anticipated in fresh bone. To address this issue a series of simple dye infiltration experiments were 

conducted. Here control samples (unfrozen samples) and samples that had undergone freeze-thaw 

cycles (1, 2 and 3 cycles) were placed in a red dye solution, which was heated to expedite 

diffusion. Rates of dye infiltration did not exhibit any notable differences, and hence it was 

assumed that there was no significant variance in sample porosity between fresh bones and the 

thawed remains used in this study. For each submersion context (section 5.2.2), three sectioned 

femora were deposited. This allowed multiple bones to be studied from the same context; hence 

facilitating an assessment of inter-bone diagenetic variability in samples recovered after the same 

submersion periods. The sectioning of femora allowed samples to be easily retrieved from different 

environments while also limiting the time any samples spent un-submerged during collection. In 

total 940 bone discs were placed in different submersion contexts. 

5.2.2 Submersion contexts 

To assess diagenetic changes in uncontrolled natural settings, bone samples were deposited in four 

distinct submersion environments (figure 5.1) and collected systematically over 18 month periods 

(see section 5.2.3). Field sites were located in the same regional context, ensuring that climatic 

drivers (air temperature, rainfall) remained comparable throughout the studies. 300 bone discs were 

deposited in a saline coastal context at Lepe beach, Hampshire, UK (LEPE). The sedimentary 

environment at Lepe beach is characterised by coarse sub-angular flint gravels and pebbles at the 

shoreline, with medium-grain muddy sand offshore where samples were deposited. Low-energy 

wave action at the seabed, and high current energy (Data.gov, 2016) are the dominant 

hydrodynamic processes. 75 of the 300 samples (3 femora, each divided into 25 discs) were placed 

in a nearshore context in stainless steel metal caging (L-CNS), c. 36 metres from the high tide line 

(for average measures of submersion depth (m), salinity (psu) and pressure (dbar) for all sites and 

tank-based experiments please refer to appendix C.1). Individual bone discs were attached to the 
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Figure 5-1 The four field sites where experimental bone samples were deposited, circles represent sample locations. 
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caging base with cable ties. While sediment could freely move through the caging, the attachment 

of samples to the base ensured bones became periodically buried in bottom sediment, hence 

enabling the effects of reworking / burial on diagenetic changes in a turbulent nearshore 

environment to be assessed. An additional 75 samples were placed in the same nearshore context in 

netting (L-NNS): as these samples had more free movement, they were not subject to burial, hence 

allowing for an assessment of diagenetic change in samples predominantly exposed to free water 

interactions, rather than sediment pore water interactions. Another two sets of 75 samples were 

placed in caging (L-COFS) and netting (L-NOFS), c. 85 metres offshore. As nearshore samples 

were more frequently exposed to oxygen due to tidal cycling, the offshore component of the study 

allowed for an assessment of the impact that different durations of oxygen exposure (wet-dry 

cycling) had on the progression of diagenetic change.  

75 samples were placed in caging in a brackish tidal river environment at Dark Water, Hampshire, 

UK (DW). Dark Water River is a small, slow-flowing tidal river, subject to periodic winter 

flooding, with bottom sediment comprised of unconsolidated organic-rich mud. The relatively calm 

flow conditions in the river promoted rapid and prolonged burial in benthic sediments.  

An additional 75 samples were placed in netting in a fresh water riverine context at Knapp Mill, 

Dorset, UK (KM) (a lower catchment of the river Avon). Bottom sediment consisted of 

unconsolidated muddy-clay. Mean flow rates at the site of 20.256 m3/s, with seasonal minima and 

maxima of 2.49 m3/s and 146.2 m3/s respectively, resulted in periodic burial in bottom sediment.  

Finally, 75 samples were deposited in a saline, subtidal coastal context at the dockside of the 

National Oceanography Centre, Southampton, UK (NOC). The enclosed harbour sediment consists 

of unconsolidated, laminated silts and clays, with the generally calm conditions promoting rapid 

and prolonged burial of samples.  

To isolate the effects of a number of potentially rate-limiting variables on diagenesis, a series of 

tank-based experiments were conducted. 192 samples were placed in artificial saline water, in 

open-air tanks at the National Oceanography Centre Aquarium, Southampton, UK, and removed 

systematically over a 6-month period. 48 samples (3x femora sectioned into 16 discs each) acted as 

control samples (MIC). While algae were not actively cultured in these experiments, the open-air 

tanks used were often seen to exhibit blue-green algal growth, which presented an opportunity to 

assess the impact of cyanobacteria burrowing on diagenesis. A further 48 samples were subject to 

wet-dry cycles (WAD), where water levels were reduced for two 2-hour intervals each day using a 

timed pump system to simulate periodic exposure to oxygen in a nearshore tidal context. An 

additional 48 samples were buried in coarse-grained gravel (c. 7.35-9.6mm in diameter) (CB) to 

assess the impact that constant burial had on rates of diagenetic change. Finally, 48 samples were 

buried in the same sediment (PB), but were removed and reburied periodically so as to assess the 

potential effects of reworking on diagenesis. Samples were uncovered / reburied on a daily basis 
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over the first 30 days of submersion, and on a weekly basis over the following 5 months to allow 

for an assessment of variations in burial over initial submersion period and over longer time 

frames. 

A series of controlled laboratory-based experiments using an additional 156 samples placed in 

fresh water tanks, and removed over a 3-month period, were conducted to assess the effects that 

seasonal variations in submersion temperatures had on bone diagenesis. In addition, the effects of 

microbial burrowing in a controlled setting were also explored. 39 samples (3x femora divided into 

13 discs) were placed in a tank with a consistent temperature of c. 22 °C to simulate warm 

temperatures in UK waters during summer months (HI). An additional 39 samples were placed in a 

tank with temperature maintained at c. 8°C (LOW), to simulated UK water temperature during 

winter months. 39 samples were submerged in a tank at room temperature (RM), which ranged 

between 16.95°C and 20.44°C. Finally, 39 samples were submerged in a tank where a strain of 

cyanobacteria (Spirulina, Arthrospira platensis) was cultured (ALG). Cyanobacteria, commonly 

known as blue-green algae, are considered to be the main microbial diagenetic agent which induces 

micro-focal destruction in submerged bone (see chapter 2, section 2.5.4). However, their influence 

on rates of diagenesis has never been assessed using controlled inoculation experiments. To allow 

for algal culture, water temperature in the tank was maintained at 22°C (i.e. within the favourable 

temperature range for algae bloom) (Cornet et al., 1992), and nutrients, alkali salts, and algal 

inoculum were added during the induction stage of cultivation. Air pumps were utilised for two 

hours per day to provide oxygen and facilitate growth, and a timed RC Hagen A1625 15W Power-

Glo Fluorescent UV Bulb was used to simulate daylight cycles. Bones were deposited in water 

during the exponential stage of algae growth (after c. 3 weeks of growth).  

To record environmental parameters in the different laboratory and field-based submersion 

environments, Conductivity, Temperature and Depth (CTD) and Pressure Transducer (PT) 

instrumentation was deployed. PT Instrumentation was set to record continuous measurements at 

4Hz. CTD instrumentation was set at a 4Hz sampling rate, recording a 60-second average every 30 

minutes This allowed changes in temperature, depth, pressure and salinity (figure 5.2) to be 

recorded and correlated with diagenetic parameters. Where data were missing, due to 

instrumentation failure or removal during data retrieval, environmental data were interpolated using 

recordings from nearby wave and tidal buoys (CEFAS, 2017; SC, 2017a; 2017b). Changes in 

pressure recorded at the Lepe beach site allowed the period of time remains were exposed to 

oxygen to be measured and factored into taphonomic models. Temperature data were calibrated as 

Accumulated Degree-Days (ADD) (Megyesi et al., 2005). The ADD method simply involves the 

consecutive addition of average daily temperatures, against which diagenetic changes are 

measured.
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Figure 5-2 Example of pressure transducer data (temperature and depth). PT instrumentation was also used to measure pressure and salinity in different submersion contexts. 
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5.2.3 Sampling strategy 

During the first 30 days of submersion, samples were recovered over the following intervals (1, 2, 

4, 6, 8, 10, 15, 20, 25, and 30 days), after which they were collected at monthly intervals. For those 

experiments that lasted 18 months, samples were collected at bimonthly intervals between 12 and 

18 months. More intensive sample collection was conducted during early submersion periods, as a 

review of the literature suggested DNA degradation and trace element uptake in submerged bone 

were likely to be rapid processes, occurring soon after deposition (see chapter 2, sections 2.5.2 and 

2.5.5). Upon collection, samples were immediately frozen prior to analysis, so as to limit any 

further diagenetic change. This study adopts a multi-proxy approach to analysing diagenesis; as 

such, it was beyond the budgetary and time constraints of the study to conduct all types of analysis 

on all recovered samples. However, the sampling strategy was designed to allow the progression of 

different diagenetic changes to be effectively recorded and compared. For example, FTIR analysis 

was applied more intensively on samples recovered during later stages of submersion as the 

literature suggests that diagenetic changes recorded using this measure were unlikely to occur 

during early submersion periods. Nevertheless, samples were also analysed form earlier collection 

periods so as to test such assertions. In samples that showed partial sediment staining, indicative of 

early periods of burial or reworking / periodic burial (see section 5.3.1 and 5.3.5), stained areas 

were targeted for analysis. This approach was adopted for two reasons. Firstly, staining in remains 

that experienced consistent burial, was considered indicative of the overriding taphonomic process 

acting on the material from these contexts, and hence allowed the progression of these changes to 

be recorded in a more linear fashion. Secondly, in remains that experienced reworking, the 

targeting of stained areas allowed for a more compressive assessment of the mixed conditions the 

material was exposed to (i.e. the potential recoding both free water and sediment pore water 

interactions). A full list of samples and the different analyses carried out on these can be found in 

appendix C.2. 

5.2.4 Analysis of diagenetic parameters 

5.2.4.1 FTIR-ATR analysis 

To assess changes to the mineral and organic constituents of bone FTIR analysis, operating in 

Attenuated Total Reflectance (ATR) mode, was employed. FTIR analysis records the infrared (IR) 

spectrum of a material by measuring the absorbance of IR light in a given material over specific 

wavelengths, and is often employed when making assessments of diagenetic changes to osseous 

tissues as it facilitates concurrent analysis of structural tissues (Ellingham et al., 2016). Following 

Thompson et al. (2013) and Ellingham et al. (2016), bone tissue was scraped from the exterior 

surface of the samples with a sterilized surgical scalpel and ground into a fine powder using a 
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pestle and mortar. Absorption spectra of powered samples were analysed using a Nicolette 5700 

FTIR-ATR. IR absorption spectra were measured between 400 cm-1 and 2000 cm-1 wavelengths. 

Background measurements were taken before the recording of every spectrum and automatic 

baseline correction was performed on all spectra. Baseline correction is a spectral manipulation 

method which is applied to correct spectra with sloped or varying baselines (Newport, 2017). 

Baseline correction effectively identifies and removes ambient background noise from spectra, 

hence allowing more accurate interpretation of the material in question. Six absorption peak ratios 

(Thompson et al., 2013; Trueman et al., 2004), using measurements at different wavelengths 

(figure 5.3), were used to assess structural changes:  

CO/P ratio = (1650 cm-1/1035 cm-1) 

CO/CO3 ratio = (1650 cm-1 /1415 cm-1) 

C/C ratio = (1455 cm -1/1415 cm -1). 

C/P ratio = (1415 cm -1/1035 cm -1) 

CI (crystallinity index) = ((565 cm-1 + 605 cm-1) /595 cm-1) 

Weight% organic = (11.06 (Ln (1640 cm−1/ 1035 cm−1)) + 32.43) 

These ratios allowed for an assessment of changes to carbonates, phosphates and structural 

collagen (amide band I cross-linking), in addition to crystal lattice order, strain and organisation 

(splitting of the v4PO4 domain / CI value) (Ellingham et al., 2016). It should be noted that while 

CO/P and Weight% organic ratios are largely markers of type I collagen content, they also record 

less abundant non-collagenous proteins. In total, 306 samples recovered from different submersion 

contexts were analysed using FTIR-ATR. 

 

Figure 5-3 FTIR peak spectra used to assess the mineral and organic constituents of bone. 
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5.2.4.2 Histological analysis 

To allow for histological examination of bone microstructure, sample thin sections were prepared 

following Paine (2007). Recovered bone discs were sub-sectioned in to pieces measuring c. 1 cm x 

2.5 cm x 1.5 cm, and embedded in epoxy resin. Samples were ground to approximately 75 microns 

thick and mounted on glass slides. Thin sections were analysed using a compound optical 

microscope under standard light at x 5, 10, 20, 40, 50 and 100 magnifications. Microstructural 

changes were scored using the Oxford Histological Index (OHI) (Hedges et al., 1995) and the 

General Histological Index (GHI) (Hollund, 2013) (see appendix C.3). OHI allowed for an 

assessment of alterations to microstructure caused by microbial agents alone, whereas the GHI 

allowed for an assessment of microbial modifications in conjunction with changes induced by 

cracking, staining and foreign inclusions. In total, 109 thin sections were analysed from bone 

deposited in different submersion contexts. However, samples from HI, RM and LOW contexts 

were excluded from analysis, as these samples were not exposed to any potential microbial 

modifications or sediment interactions.  

5.2.4.3 XRF analysis of elemental ratios 

To record elemental compositions in submerged bone, samples were analysed using an ITRAX™ 

Micro-XRF Core Scanner, at the British Ocean Sediment Core Research Facility. XRF analysis 

measures fluorescent X-rays emitted from a material when excited by an X-ray source (TFS, 2017), 

and as different elements produce characteristic fluorescence signatures, this allows elemental 

profiles in material to be recorded and distinguished. The detection of elements down to a few ppm 

can be achieved using this instrumentation (Croudace and Rothwell, 2010), and it therefore has 

good application in the interpretation of major, minor and trace elemental compositions. As ITRAX 

instrumentation is designed for the high-resolution analysis of sediment cores, this study presented 

a rare opportunity to test its application in the analysis of osseous material. Bone samples were 

sectioned into segments measuring c. 1 x 2.5 cm, and embedded in putty (see figure 5.4). 

Embedding the samples allowed a continuous, flat surface to be created which mimicked a 

sediment core. This was necessary as the ITRAX requires a constant detector distance to operate 

effectively (Croudace et al., 2006). Samples were spaced by c. 1cm to allow the element 

compositions of individual bone samples to be distinguished from adjacent samples and the 

embedding material during data processing. This methodology is unique when applied to the 

elemental analysis of bone as it facilitates the automated recording of multiple samples 

consecutively (typically c. 110 bone sections were analysed in each artificial core). Elemental 

quantities were recorded in counts per second (cps), and the ITRAX was calibrated with a 

recording step size of 200 microns and an exposure time of 30 seconds (X-ray source calibration = 

30 kV; 30 mA). Elemental concentrations were recorded from the outer surface of bone (periosteal 
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surface) and across the entirety of the cortical tissue; these values were then averaged for each bone 

sample.  

ITRAX geochemical data is considered semi-quantitative, as it is output in counts per second 

(Croudace et al., 2006). Therefore, to normalize data, different elements ratios were used. This is a 

necessary step in XRF analysis to ensure that instrumental fluctuations and chemical background  

Figure 5-4 ITRAX XRF analysis of bone sections embedded in putty, with example of output radiograph (red box).  

noise do not affect the interpretation of element quantities and profiles (Gonzalez-Rodriguez and 

Fowler, 2013). Elements’ cps values were standardized using division by calcium cps values. 

Calcium was chosen, as exogenous elements tend to have a strong affinity to replace surface 

calcium sites in bone when absorbed on to crystalline apatite. In addition, calcium showed the 

highest biogenic levels of any element in samples, and it was therefore considered appropriate to 

measure elemental changes relative to this standard. A number of supplementary ratios were also 

measured: Cl/P ratio was adopted, as Cl is known to replace phosphate sites in apatite 

(Pfretzschner, 2004). In additional, Fe/Cl and S/Fe ratios were used, as these ratios were considered 
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to be potentially useful environmental discriminators when attempting to differentiate between 

burial and free water interactions. In total, 460 samples were analysed using XRF. 

5.2.4.4 VSC analysis of colour change 

To quantitatively analyse colour change in submerged bone, a Foster and Freeman VSC®8000 

Video Spectral Comparator was used to record the spectral distribution of different pigments across 

the visual light absorption spectrum (400 -1000 nm). To illuminate samples, standard flood lighting 

was employed. The absorption spectra collected were converted to CIELab values as these were 

more easily applied in statistical analysis. CIELab are three-dimensional colour space values (L, a, 

and b), where the a axis is measured between green (-a) to red (+a) and the b axis extends from 

blue (-b) to yellow (+b). Brightness (L), increases from the bottom to the top of the three-

dimensional model (Linocolor, 2017). In samples that showed notable sediment staining, indicative 

of burial (see section 5.3.1 and 5.3.5), stained areas were targeted for analysis in conjunction with 

the methodology denoted in section 5.2.3, and to allow for a progressive assessment of colour 

change due to burial in bottom sediments over time. In total, 369 samples were analysed using 

VSC. 

5.2.4.5 DNA analysis 

For DNA analysis samples were analysed at the Molecular Biology laboratory at Teesside 

University, Middlesbrough, UK. The isolation and purification of total (genomic and 

mitochondrial) DNA from bone samples was conducted using silica based QIAamp® DNA 

Investigator kits. Sections of osseous tissue (c. 1 cm x 1 cm) were extracted from bone discs using 

a sterilized rotary tool, with a diamond blade attachment. Bone sections were subsequently frozen 

using liquid nitrogen, which allow them to be ground into a fine powder using a grinding jar. DNA 

extraction procedures were performed according to the manufacturer's instructions; full protocols 

(i.e. incubation periods and temperatures, addition of buffers, and vortex / microcentrifuge 

durations) can be found by referring to the Qiagen DNA investigator handbook (Qiagen, 2012). In 

brief, powdered samples (≤100 mg per bone) were lysed under denaturing conditions with 

proteinase K. After lysis, DNA bound to the membrane of extraction columns was subjected to a 

series of washes to remove contaminants. Concentrated DNA was then isolated from column 

membranes and stored in distilled water at -20 °C, before quantification. DNA yield (ng/µl) and 

purity (A260/280 and A260/230 UV spectrum absorbance ratios) were calculated using readings 

from both a SynergyHT® Microplate Reader and a NanoDrop® 1000 Spectrophotometer, so as to 

assess the effects of different instrumentation on resultant data. In total, 377 samples were 

analysed.  

As this methodology did not isolate bovine DNA during extraction, the possible effects of 

contamination by human and / or microbial DNA must be accounted for (Gilbert at al., 2005; von 
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Wurmb-Schwark et al., 2008). To address this issue, PCR analysis targeting mitochondrial DNA, 

using bovine primers, was performed on a subset of 51 samples and compared to non-isolated 

samples’ yields (a sufficient measure for identifying any problematic levels of contamination 

across samples within budgetary constraints). Hence, PCR analysis allowed for an assessment of 

whether yields from total DNA extracts could be used to understand bovine DNA decay rates.  

A MWG Primus thermal cycler was used for DNA denaturation, annealing and extension (for 

details concerning thermal cycler conditions and durations, and a list of primers (Matsunaga et al., 

1999) please refer to appendix C.4). Bovine primers purchased from Sigma Aldrich® were used 

during the annealing step. After primer extension (amplification), gel electrophoresis was used to 

quantify bovine DNA: an Edvotek 512 agarose gel tank and power pack were used for DNA 

separation. The molecular weight marker added was a Molecular Hyperladder 100 bp with a 5x 

loading dye in crystal blue, produced by Bioline®. A BioRad® XR+ Gel Imager with ImageLab® 

software was used for gel imaging and quantification.  

Bovine mtDNA quantities measured using gel electrophoresis were compared to measures of total 

DNA. For extracts measured using the NanoDrop reader, 35% of samples showed higher DNA 

quantities than isolated DNA extracts. However, only 10% of samples showed a notable difference 

in yield of over 15 ng/µl: hence indicating that in the majority of samples analysed, overestimation 

of bovine DNA yield due to possible contamination by foreign DNA was not a significant concern. 

In 65% of samples DNA yield was underestimated, with 20% of samples showing a difference of 

greater than 15 ng/µl. In summary, in 70% of samples DNA quantities measured using 

spectrophotometry and gel electrophoresis methods were comparable, with small fluctuations in 

DNA yield being expected due to the difference in measuring total and mtDNA, and the 

quantification methods used (Boesenberg-Smith et al., 2012). Considering that different DNA 

calculation methods (UV spectrophotometers, fluorometers and gels) may show significant 

variability in quantification of DNA yields (± 20 - 50 ng/µl) (LCG, 2014; Simbolo et al., 2013), the 

generally low differences recorded in this study indicate that the total DNA concentration values 

used herein are sufficient for making general assessments concerning DNA decay rates. While the 

SynergyHT Microplate Reader showed similar errors to the NanoDrop, it more frequently 

overestimated DNA yield. Accordingly, NanoDrop readings of DNA yield in conjunction with 

those measured by gel electrophoresis were used for comparison against diagenetic and 

environmental parameters. NanoDrop DNA quality measures were also employed, as the 

instrumentation is considered to produce accurate measures of nucleic acid purity (Boesenberg-

Smith et al., 2012; Simbolo et al., 2013).  

5.2.4.6 Statistical analysis 

To explore the relationship between diagenetic and environmental parameters, a number of 

different statistical analyses were conducted. Spearman’s correlations using pairwise exclusions 
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were employed to make general assessments concerning any monotonic relationships between 

different diagenetic markers. Correlation analysis was conducted using IBM SPSS 24 software. 

Multi-linear regression models were run to further test the relationship between different diagenetic 

markers, and to assess whether any models could be used to predict bone submersion times over 

different temporal and spatial scales. As certain variables did not display linear relationships, 

power transformed regressions and generalised additive models (GAMs) were also used to assess 

nonlinear relationships, and to generate the most robust diagenetic models possible. Regression and 

GAM analysis were conducted using JMP statistical software and the mvcg package in R statistical 

software. Principal Component Analysis (PCA), based on covariance matrixes, and hierarchical 

constellation cluster analysis, using JMP software, were also used to assess the relationship 

between different elemental profiles in bone, and establish the utility of any variance in these 

markers for identifying different submersion times / locations and taphonomic events.  

5.3 Results and discussion 

5.3.1 General taphonomic processes and gross morphological changes  

Before complex diagenetic changes are described, it is important to provide some context 

concerning the general taphonomic processes and gross morphological changes occurring in 

different submersion environments; these are highlighted below. At Lepe beach two main 

processes are apparent: samples deposited in caging (C-NS, C-OFS) became rapidly buried in 

bottom sediment after approximately 10 days of submersion. Buried bones could be identified after 

collection, as they exhibited notable staining due to contact with sediment (colour change is 

discussed in detail in section 5.3.6). Although burial was rapid, samples did show evidence of 

constant reworking and partial burial for the duration of the experiment, due to the dynamic 

nearshore conditions. While the nearshore caging samples were deposited to assess the influence of 

burial and frequent wet-dry cycling on diagenetic change, soon after deposition (c. 6 days) scour 

formed around the caging which caused pooling of water, resulting in samples remaining fully 

submerged even during low tide. Offshore caging samples were exposed to oxygen during 

extremely low tides; however, this was minimal (c. 255 hours of exposure over the 18-month 

submersion period). At a gross morphological level, samples in caging ranged from appearing well 

preserved in the more frequently buried samples, to slightly porous, bleached and friable (stage 1-2 

on the Behrensmeyer (1978) weathering scale) in those that were exposed to free water interactions 

as the experiment progressed. Samples deposited in netting at Lepe beach (N-NS; N-OFS), which 

did not become buried, displayed considerable gross morphological changes. Bones appeared 

porous and were depleted in size, showing notable thinning of cortical tissue (stages 2-3 on the 

Behrensmeyer (1978) weathering scale). This change was a result of constant destructive tidal and 

wave action, interactions with bottom sediment and exposure to oxygen (c. 1162 hours for 
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 Figure 5-5 Examples of gross morphological appearance of samples; A. Bone from NOC showing evidence of staining 

and bio-fouling. B. Heavy dark sediment staining and C. orange staining indicative of burial in iron rich 

sediment on samples recovered from DW. D. Bleaching and heightened porosity / cracking in samples 

recovered from L-NNS. E. Biota attached to samples recovered from KM and from F. L-CNS. G. 

Sediment staining on samples recovered from NOC. H. Bryozoan attached to bone recovered from L-

COFS. 
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nearshore samples, and c. 255 hours for offshore samples). It is reasonable to suggest that after 

another year of submersion, bones deposited in this turbulent setting would have been completely 

destroyed through physical processes. All bones at Lepe showed evidence of bio-fouling, such as 

the attachment of seaweed, algal staining and growth of bryozoans and barnacles on bone (figure 

5.5); however, these were more frequently observed in the exposed samples deposited in netting. It 

is unclear whether caging and netting solely encouraged this colonisation. 

Samples deposited at the fresh-water Knapp Mill site were quickly buried in bottom sediment (after 

c. 25 days), and this was reflected in significant staining on the bones. However, some reworking 

and periodic exposure of remains was apparent, particularly during winter months when flow rates 

were elevated. Samples were generally well preserved at a gross morphological scale and also 

exhibited bio-fouling during warmer months (figure 5.5). Samples deposited at the marine (NOC) 

and estuarine (Dark Water) sites exhibited the most apparent sediment staining, due to rapid and 

prolonged burial in bottom sediment (occurring after c. 8 days at NOC and c. 15 days at DW). 

Staining was dark brown / black but also exhibited dark orange discoloration, indicative of burial in 

iron-rich sediments (Hollund, 2013). Due to the stable depositional character of both sites, bones 

appear very well preserved at a gross morphological level. While no bio-fouling was recorded in 

the DW samples, mussels were occasional found attached to those recovered at NOC. While an 

assessment of different biota growth rates on bones was beyond the current study, the presence of 

attached biota does give support to the potential utility of this processes for understanding 

taphonomic pathways in specific contexts, as noted by those such as Boessenecker (2013) and 

Haglund and Sorg (2002).  

In the outdoor tank based experiment, algal staining was observed in samples subject to constant 

and periodic burial in bottom sediment (CB; PB). As was observed in exposed samples at Lepe, 

bones in tank experiments that were subject to wet dry cycles (WAD) appeared friable and 

bleached at a gross morphological level (stage 1-2 on the Behrensmeyer (1978) weathering scale). 

All other samples from controlled contexts (HI; LOW; RM; ALG; MIC) exhibited good gross 

morphological preservation, as they were submerged for relatively short periods of time in 

comparison to field-based studies. 

5.3.2 FTIR-ATR 

Across all bone samples collected in this study, crystallinity index (CI) values display moderately 

strong negative correlations with carbonate content (C/P ratios) (Spearman’s Rho = -0.583, p = 

<0.01; n = 302), moderately strong positive correlations with PO4 content (Spearman’s Rho = 

0.621, p = <0.01; n = 302), and low negative correlations with weight% organic content (CO/P 

ratios) (Spearman’s Rho = - 0.405, p = <0.01; n = 302) (figure 5.6). As collagen degradation 

largely rate limits crystallinity changes during early diagenesis (Sillen, 1989; Trueman, 1999) (see 
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chapter 2, section 2.5.3), it is possible that these correlations represent a loss of collagen, and the 

exposure and depletion of carbonate occurring in conjunction with increased crystal size, indicating 

the initial stages of apatite recrystallization (Garvie-Lok et al., 2004). This is supported by strong 

positive correlations between C/P and CO/P ratios (Spearman’s Rho = 0.720, p = <0.01; n = 302). 

However, an assessment of whether any crystal lattice reorganisation occurred is not 

straightforward for a number of reasons. Firstly, carbonate composition in fresh bone may vary due 

to non-diagenetic factors, including bone architecture and structure, maturity, age, diet, and 

pathology (Awonusi et al., 2007; Miller et al., 2001; Morris and Mandair, 2011; Patonai et al., 

2013). Any variations in the quantity of CO3
2- in bone mineral may impact on measures of CI, as its 

substitution for PO4 results in smaller apatite crystals, hence lowering CI values (Thompson et al., 

2011). Therefore, while these aforementioned correlations may indicate diagenetic loss of 

carbonate, they could also represent intra-and inter-sample variability in initial carbonate content, 

and hence non-diagenetic variability in CI values. Alternatively, these correlations may be  

 

Figure 5-6 Crystallinity index (CI) vs. C/P (carbonate content) and CO/P (Weight% organic content) in all bone samples 

(n = 306). 
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indicative of diagenetic carbonate loss resulting in CI changes that are within the expected limit of 

CI values in fresh bone.  

CI values recorded in this study ranged from 2.33 – 3.26, with C/P ratios ranging from 0.30 - 0.79. 

While there are some discrepancies between different studies, the literature indicates that in modern 

bone, CI values range from between c. 2.36 - 3.25, and C/P ratios fall between c. 0.23 - 0.88 

(Garvie-Lok et al., 2004; Munro et al., 2007; Nielsen-marsh and Hedges, 2000; Patonai et al., 2013; 

Stiner et al., 1995; 2001; Thompson et al., 2011; Weiner and Bar-Yosef, 1990; Wright and 

Schwarcz, 1996). Studies by Stiner et al. (1995) and Trueman et al. (2004) indicate that in fresh 

bone specifically, CI values generally fall between 2.5 - 2.9. However, these values are not 

definitive for fresh material, as Patonai et al. (2013) record CI values of over 3.0 in clinical (i.e. 

non-diagenetically altered) bone. In samples collected from field-based studies, control bones 

displayed average CI values of 2.68, with those recovered after 18 months having average values of 

2.87. Only 31 samples (10.2 %) display CI values of over 3.0, but do not show any particular 

affinity to longer periods of submersion or different depositional environments. In fact, CI values 

exhibit negligible correlations with submersion time and ADD (Spearman’s Rho = -0.160 and -

0.123 respectively, p = <0.01; n = 302), suggesting that there is not a discernible progression of 

increased crystal size over time. In addition, such trends were no more pronounced at site-specific 

scales. 

In field-based samples, C/P ratios show higher average values (0.55) in controls than those 

recovered after 18 months (0.44). Additionally, values of over 0.6 exclusively occur in control 

bones and those recovered during early submersion periods (c. under 1 month of immersion). 

While this indicates some diagenetic loss of carbonate, which may impact on CI value, C/P values 

do not fall outside the range of natural variability recorded in fresh bone by Patonai et al. (2013), 

making it difficult to assess whether such changes are definitively caused by diagenetic leaching. 

This is shown in figure 5.7, where the effective range of C/P values generally decreases over time, 

but control samples display similar mean values to those recovered during later months. Similarly, 

this variability, or lack of it, makes it is difficult to assess whether any carbonate uptake in different 

environments has taken place. It is possible that the processes of carbonate uptake and depletion 

occurred in unison, with fresh bone C/P ratios being maintained as a result (Nielsen-Marsh, 2000). 

However, this cannot be confirmed, and as with CI values, C/P ratios exhibit no significant 

correlations with submersion time or ADD. It is possible that trends may be more discernible if 

values were observed as percentage loss from starting (control) values, however this approach 

would limit the applicability of resultant data to any remains recovered from natural settings.  

In relation to rates of organic / collagen depletion, while a weak negative correlation was shown 

between CI value and CO/P ratio, this relationship does not appear strong enough to suggest that 

protein degradation is rate-limiting changes in apatite crystal size. This is due to the fact that 

previously-discussed variations in carbonate content, which may be due to intra-sample pre-
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Figure 5-7 Weight% Organic content and C/P variation over submersion time in all bone samples (min, max and mean 

shown) (n = 306). 

depositional variability, show stronger correlations with CI values than residual organic content 

does. CO/P ratios in recovered samples range from 0.8 to 0.2, equivalent to 30.44 and 16.42 wt% 

organic material respectively (a c. 53% difference in organic content). These measures suggest that 

significant organic depletion occurred in some samples. However, no systematic trends in CO/P 

depletion are apparent, and levels of organic content appear to fluctuate over time, showing troughs 

and peaks in each sample as the study progressed. In addition, notably low CO/P values have no 

particular affinity to different submersion contexts, as might be expected. In field-based samples 

controls averaged 26.6 wt% organic, and samples recovered after 18 months of submersion 

averaged 24.6%, indicating an overall trend in organic depletion. However, as figure 5.7 

demonstrates, the range of different organic quantities shows little variation between control 

samples and those recovered at later submersion periods. These trends may in part be explained by 

inter-bone variations in fresh bone collagen content, which generally measures between c. 27-30 

wt% organic content (Trueman et al., 2004). However, it is also important to note that collagen 

degradation may be difficult to model over early deposition periods for three additional, more 

pertinent reasons: Firstly, during degradation collagen molecules may be split into shorter 

segments; however, this may not ultimately change overall collagen quantity as measured using 
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FTIR (Garvie-Lok et al., 2004). Therefore, there is the possibility that bone may be exposed to 

early diagenetic mineral dissolution due to modification of structural collagen, while not 

specifically showing any change in yield indicative of leaching. Secondly, the incorporation of H20 

into bone may cause collagen and other proteins to swell. Problematically, the presence of bound 

water may result in significant broadening of the amide band I region on the IR adsorption 

spectrum, and hence cause increases in maximum absorbance ratio recorded using FTIR (Abbott et 

al., 1996; Susi et al., 1971). Therefore, depending on the stage of hydrolysis or water saturation, 

collagen may show falsely elevated values which could be indistinguishable from fresh yields. 

Bound water in adsorption spectra (the presence of a vibration band at c.  3500 cm−1) (figure 5.8) 

was observed in the majority of samples, and therefore may have impacted the reliability of CO/P 

ratios. Truman (2008) does indicate that bound structural water generally only causes 

overestimations of bone collagen content, measured using FTIR, when organic content is low (c. 10 

wt.%), and may therefore not have had a significant effect on the samples in this study. However, 

this would need to be determined by using an additional measure of organic content, such as %wt. 

Nitrogen. It may also be possible to model the effects of bound water on protein swelling and loss; 

however, this was beyond the scope of the current study. Finally, it has been shown by McElderry 

Figure 5-8 FTIR spectrum showing evidence of bound water around the 3500 cm−1 vibration band, which may result in 

significant broadening of the amide band I region and hence impact CO/P ratios. 

et al. (2011), using Raman Spectroscopy, that successive freeze-thaw cycles may reduce amide 

band I intensity through degradation of proteins. Hence, it is possible that recorded reductions in 

organic content may in part be due to sample storage conditions as opposed to diagenetic changes 

in submersion environment. Consequently, a combination of the above factors may have impacted 

on the utility of FTIR for elucidating predictable rate of collagen decay across different 

environments during early diagenesis. While the issues delineated above did make it difficult to 

assess rates of protein loss, it was still possible to make a general assessment of whether any 

collagen loss occurred across samples: it was  
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Figure 5-9 Wt% organic content in samples recovered from A. NOC, B. nearshore netting at Lepe beach (L-NNS), and 

C. controlled indoor tank experiments. Note, controlled environments exhibit more distinct patterns of 

changes to organic content. 

 

expected that if fluctuations in collagen content were dictated by either periods of swelling or 

leaching, at a site-specific scale, these processes should show some level of consistency. This is  

due to the fact that, despite potential inter-bone viability in initial organic content, individual bones 

were subjected to environmental parameters which were roughly equivalent at specific submersion 

contexts / temporalities. It was also expected that any such trends should be more discernible in 

controlled laboratory settings. Figure 5.9a demonstrates that in two out of three femora (n = 3) 

recovered from the field site NOC, measures of organic change were comparable, following similar 

fluctuating trends, most likely indicative of swelling and leaching. In samples recovered from L-

NNS (Lepe Beach) (figure 5.9b), such similarities were not as apparent. These differences are 
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possibly best explained by the fact that bones recovered from NOC were deposited in a more 

stable, less variable environment. Whereas bones deposited at Lepe beach were subject to more 

changeable conditions, and hence were more prone to display inter-and intra-sample variability in 

rates of diagenetic change. This is further supported by figure 5.9c, which indicates that laboratory-

based samples submerged at different temperatures (RM; HI; LOW) exhibit more distinct patterns 

of changes to organic content. While this suggests that there is some consistency in rate of organic 

change in conjunction with the stability of a given submersion environment, and that diagenetic 

change in collagen is occurring rather than simply natural variability in initial content being 

recorded, this does not change the reality that undulatory values make changes in organic content 

difficult to model during early diagenesis, particularly in uncontrolled natural settings. Further 

correlations between FTIR ratio and histological indices also support the idea that some initial 

diagenetic mineral and organic modifications are occurring: across all bone samples and 

submersion times, C/P and C/C and CO/P ratios showed low positive correlations with GHI values 

(Spearman’s Rho = 0.380, 0.308 and 0.323; p = <0.01; n = 89), but no correlation with the OHI. 

Although these correlations are weak, it suggests that changes in bone carbonate and organic-

inorganic ratios may be partly induced by microstructural modifications; however, this relationship 

is only apparent when multiple histological markers (abiotic and microbial) are accounted for.  

When viewing these data in their entirety, it is apparent that no structural makers recorded using 

FTIR display correlations with recorded temporal parameters and environmental variables. This 

lack of correlation is best explained as reflecting the complexity of the processes involved, where 

changes in the recorded mineral and organic components are a function of both intra-and inter-bone 

variability, diagenetic change, and the potentially confounding effects of the recording medium. 

The combined effects of these factors disguise any robust diagenetic trends over early depositional 

time frames. It is therefore apparent that longer submersion periods are probably needed to 

properly discern how crystallinity and organic changes in submerged material are related to 

different temporal and spatial controls. Consequently, it is not possible to comment on how 

different submersion environments may impact on the long-term diagenetic pathways of bone, and 

it can only be concluded that the early depositional changes recorded in this study using FTIR 

currently have limited utility in forensic applications, apart from perhaps distinguishing between 

modern and archaeological bone (Patonai et al., 2013). This is not a wholly unexpected conclusion, 

as Trueman et al. (2004), for example, did not record notable CI changes in bone deposited in 

harsh, arid, terrestrial environments after two years of surface exposure. However, the current study 

indicates that notable CI changes likewise do not occur over comparable time periods in various 

aquatic settings. Despite a lack of elucidation concerning structural changes as they are related to 

different environmental control, this study was not without merit: Importantly, while FTIR is 

routinely applied in the analysis of diagenesis, in samples from both forensic and archaeological 

setting, this study highlights that in material recovered over early post-depositional periods in 

aquatic contexts, its application may be confounded. In particular relation to the recording of 



Chapter 5 

133 

organic content over early periods of diagenesis, it can be suggested that different measures such as 

the percentage weight contents of carbon and nitrogen may prove to be more appropriate indicators 

in the future.  

5.3.3 Histological changes 

A range of microscopic diagenetic changes were observed in samples from different submersion 

contexts. Recorded micro-focal destruction was mainly identified as Weld type 1 bioerosion, as this 

burrowing (measuring c. 10 µm in diameter) propagated sporadically from the periosteal and 

endosteal margins of bone (see chapter 2, section 2.5.4). As discussed by Davis (1997), Jans et al. 

(2004) and Mays (2008), Weld type 1 bioerosion is largely associated with cyanobacteria in aquatic 

contexts, which colonise bone to metabolize proteins such as collagen. In addition to microbial 

modifications, micro-cracking at two general scales was observed; firstly, within haversian systems 

and osteons, and at a larger scale spreading across the entirety of bone surfaces. Sediment staining 

was seen penetrating to differential depths, and inclusions such as pyrite framboids were also 

observed. Overall, modifications were limited to the periosteal / endosteal regions and outer 

cortical areas of bone. However, some destructive changes did impact the inner cortex and hence 

exhibited the potential to induce significant diagenetic changes. It is important to note that control 

samples showed good histological integrity (scoring 5 on both the OHI and GHI scales), with no 

evidence of micro-cracking that may have potentially been induced by freeze-thaw cycles. 

When assessing the progression of microstructural changes across all bone samples statistically, 

both OHI and GHI showed significant correlation with submersion time and ADD. OHI exhibited 

moderately strong negative correlations (Spearman’s Rho = -0.630 and -0.612 respectively, p = 

<0.01; n = 109), whereas GHI displayed high negative correlations (Spearman’s Rho = -0.727 and -

0.732 respectively, p = <0.01; n = 109). This confirms the observation made by Hollund (2013) 

that GHI is a better predictor / indicator of microstructural changes than OHI, which only accounts 

for microbial modifications. At a site-specific scale, histological changes progressed at varying 

rates due to the influence of a number of environmental controls. 

Samples recovered from caging at Lepe beach (L-CNS; L-COFS) displayed no histological 

changes over the first 2 days of submersion. However, in the next recorded thin section, which was 

analysed after 30 days, Weld type 1 burrowing was observed in the periosteal region of samples 

recovered from both nearshore and offshore contexts. These modifications represent the 

preliminary stages of microbial burrowing; destructive tunnels are short in length (c. 5 µm) and are 

exclusively limited to the extreme outer endosteal margins of bone (c 100 µm from the bone 

surface). While a number of variables are not accounted for in this study, such as the presence of 

soft tissue which may affect microbial succession rates (see discussion below), these results do 

confirm observations made by Davis (1997), who recognised that the bioerosion of bone may be 

very rapid upon deposition in aquatic contexts.  
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After 1 month of submersion, nearshore samples displayed some minor cracking and dark sediment 

staining propagating form the periphery of the bones, in addition to micro-cracks radiating from 

osteocyte lacunae and canaliculi. Extensive, larger scale cracking was observed in some offshore 

samples (GHI = 4; OHI = 4); a modification and variance which is best explained by the fact that 

offshore bones were exposed to oxygen more frequently that nearshore deposits (due to the 

previously mentioned effects of scour around nearshore caging), in addition to samples displaying 

mixed states of burial due to reworking (see section 5.3.1), hence resulting in greater exposure to 

periods of mechanical wear. This is supported by statistical analysis, as across all samples 

recovered from Lepe, accumulated exposure to oxygen displays statistically significant correlation 

with GHI and OHI (Spearman’s Rho = -0.704 and -0.520 respectively; p = <0.01; n = 42). These 

data clarify observations made by Nielsen-Marsh and Hedges (2000), that bioerosion is generally 

elevated in remains that undergo wet-dry cycles.  

Figure 5-10 Thin sections of bone A. Sample recovered from L-CNS after 18 months; Weld type 1 burrowing (red 

arrow) and orange staining (black arrow) indicative of burial in iron rich sediment are limited to the periosteal region of 

bone, with the cortex showing good histological integrity. B. L-CNS, 18 months; evidence of pyrite framboids (red 

arrows) in outer porous region of bone. C. L-CNS, 18 months; wide spread micro-cracking (red arrows) observed in 

cortical bone indicative of oxygen exposure and dynamic conditions. D. L-CNS, 12 months; Bioerosion (red arrow) 

limited to the endosteal margins of bone. 

After 8 months of submersion, some advances in microbial burrowing depth were observed; 

tunnelling penetrated c. 350 µm into the bone surface, but was still limited to periosteal regions in 

subsequent months (figure 5.10). This marginally advanced burrowing is similar to modifications 

that are observed in fossil and archaeological material recovered from aquatic settings (see for 
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example Danise et al. (2014) and Mays (2008)). Between 12 and 18 months of submersion, orange 

staining, indicative of burial in iron rich sediments (Hollund, 2013) was evident in periosteal 

regions, and frambodial pyrite was observed in the more porous outer regions of bone after 18 

months (figure 5.10). Iron is often present in oxic, or formerly oxic, regions of bottom sediment 

(Croudace et al., 2006), and the inclusion of frambodial pyrite within bone’s microstructure is 

associated with these iron rich sediments and localised reducing conditions. Pyrite inclusions occur 

as aerobic bacteria consume oxygen which promotes localised anoxic conditions within submerged 

bone; these conditions in turn favour the succession of anaerobic sulphate reducing bacteria which 

break down bone lipids and saturated sulphate that is then released as hydrogen/ iron sulphide into 

porous spaces (Allison et al., 1991; Belaústegui, 2012; Danise et al., 2011; Pfretzschner, 2001). 

Such changes are therefore useful for determining the types of sedimentary environments that 

bones have been exposed to during burial. After 18 months of submersion, caged samples 

displayed no significant progression of microbial burrowing, with destructive foci still being 

limited to periosteal margins. These data are in good agreement with previous observations of 

cyanobacteria burrowing in submerged bone, where modifications appear to be limited to outer 

surfaces, leaving tissue in the cortex histologically well preserved (Mays, 2008; Yoshino et al., 

1991). 

In samples recovered from netting at Lepe beach (L-NNS; L-NOFS), the progression of microbial 

modifications is similar to that observed in caging samples over the first 8 months of submersion. 

However, after 8 months samples from on and offshore contexts displayed micro-focal destruction 

which progressed beyond periosteal regions (GHI = 4; OHI = 4), impacting inner cortical tissue 

(figure 5.11). While large areas of cortical bone were not impacted in these samples, and the 

majority of bones from Lepe do not exhibit deeper burrowing, samples from other submersion 

contexts recorded in this study (discussed below) show more extensive internal bioerosion which 

propagate from the periphery of bone, reaching depths of up to c. 4 - 5 mm past the periosteum. As 

cyanobacteria are photosynthetic microborers, which can only infiltrate material as far as an 

available light source can penetrate (Danise et al., 2011), it has been previously assumed that their 

occurrence is limited to outer regions of bone. For example, Mays (2008) suggests that such 

burrowing does not progress more than a millimetre in depth. However, given the observations 

presented herein, it is reasonable to suggest that substantial burrowing in periphery of bone may 

allow light ingress, and hence cyanobacteria to penetrate cortical tissue to greater depths as 

burrowing progresses. Samples recovered at Lepe were exposed to light (i.e. the contexts is a 

shallow coastal eutrophic zone) and hence it is likely that photosynthetic bacteria, such as 

cyanobacteria, caused the observed modifications. Nevertheless, it should also be noted that 

heterotrophs, which are not dependant on light and are found across all aquatic contexts, also have 

the potential to metabolize organics in submerged bone (Danise et al., 2011; Golubic et al., 2005), 

and therefore may be responsible for destructive changes in some buried samples. However, 

determining the exact organism responsible for boring in aquatic contexts is difficult using  
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Figure 5-11 Thin sections of bone A. L- NOFS, 30 days; initial stages of bioerosion (black arrows) seen limited to the 

endosteal margins of bone. B. L- NNS, 30 days; initial stages of cyanobacteria burrowing (red arrow), in addition to 

micro-cracking propagating from the periosteal region (red dashed area) C. L- NOFS, 8 months; cyanobacteria burrowing 

(black arrows) seen propagating into cortical bone. 
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tunnelling morphology alone, as endolithic borers display similar metabolic traits (Jans, 2008; 

Danise et al., 2011). Golubic et al. (2005) do note that there are some differences between the 

boring behaviours of phototrophs and heterotrophs in bivalve shells. Most notably, heterotopic 

fungi have the ability to proliferate within organic lamellae, whereas endolithic algae are unable to 

digest organic components, and therefore may be limited in the areas of bone they can infiltrate.  

Irrespective of the causal bioeroding agent, the observations present herein are important for a 

number of reasons. Firstly, our understanding of microbial burrowing in bone recovered from 

aquatic contexts has largely been limited to the documentation of changes in archaeological and 

fossil material. These studies suggest that such modifications are exclusively limited to periosteal 

regions and therefore do not have notable effects on other aspects of bone diagenesis (Fernández-

Jalvo et al., 2010; Trueman and Martill, 2002), such as the retention of DNA or the significant 

depletion of organic content, as might be caused by endogenous gut bacteria (White and Booth, 

2014). Danise et al. (2014) for example, show that the surface of fossil Ophthalmosaurus bone 

from the late Jurassic was heavily bioeroded in a shallow marine context. Similarly, Roux (1887) 

recorded Non-Weld MFD in Mesozoic and Quaternary reptiles from submerged contexts, while 

numerous other example of peripherally bioeroded fossil bone are also reported in literature (see 

for example: Belaústegui (2012), Esperante et al. (2009), Keenan and Engle (2017), Shapiro and 

Spangler (2009)). It has therefore been assumed that aquatic cyanobacteria or heterotrophic 

burrowing does not have a deleterious effect in relation to the survival of bone into deep time. 

However, these previous observations may simply relate to remains that were exposed to processes 

/ environments that limited microbial succession soon after deposition. The observations presented 

herein therefore have important implications for the understanding of conditions that either 

promote or hinder the long-term survival of bones in aquatic settings. It is reasonable to suggest 

that, due to the rapid nature of these modifications, histological integrity in cortical bone could be 

notably reduced after just a few years post-mortem in settings where environmental controls do not 

limit microbial succession. This process would subsequently expose bone’s mineral and organic 

components to further destructive agents, hence limiting preservation potential (Nielsen-Marsh, 

2002). Therefore, while it is known that burial will generally protect against diagenetic changes and 

restrict microbial burrowing in submerged remains (Mays, 2008), it is apparent that the potential 

for aquatic microbial modifications to have rate-limiting diagenetic effects on unburied remains has 

been overlooked previously. The current data indicate that while currently unknown in certain 

depositional contexts, there may be a relatively short time limit for which bone can be exposed to 

free water interactions before widespread destruction of cortical tissues occurs due to the actions of 

exogenous bacteria. Micro-cracking was more extensive in netting-based samples (some samples 

recovered from later periods were scored 3 on the GHI scale). A portion of remains displayed 

cracking across the entirety of their microstructure (figure 5.12), first noted after 12 months of 

submersion, which again can be attributed to increased exposure to oxygen during wet-dry cycling 

and an absence of burial, allowing for destructive physical impacts caused by wave action.  
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Figure 5-12 Thin sections of bone: A. L-NNS, 18 months; sample exhibiting wide spread micro-cracking due to wet and 

dry cycling and mechanical wear. B. Sample recovered from L-NOFS after 18 months exhibiting 

bioerosion (yellow dashed area) propagating past the periosteal regions of bone 

Bioerosion showed variable rates of intrusion, but was also observed to penetrate past periosteal 

margins in later months (figure 5.12). Netting samples also exhibited dark staining, but did not 

show the orange staining or inclusion of pyrite Framboids as were evident in caging based sample, 

again confirming that netting based remains spent less time buried in bottom sediments. In general, 

samples recovered from netting at Lepe beach exhibited poor histological integrity due to the harsh, 

dynamic depositional context and absence of burial. In this sense, these histological changes 

showed similar levels of modification as those observed on a gross morphological scale (see 

section 5.3.1). As mentioned in section 5.3.2, C/P, C/C and CO/P ratios show low positive 

correlations with GHI values (Spearman’s Rho = 0.380, 0.308 and 0.323 respectively; p = <0.01; n 

= 89). While statistically it is difficult to assess the influence of cracking alone on these other 

diagenetic parameters (as GHI is accounting for a range of structural changes), when looking at 

individual bone samples these relationships become clearer. For example, samples recovered from 

netting at Lepe between 14 and 18 months had an average wt% organic content of 23.5%, whereas  
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Figure 5-13 Thin sections of bone. A. Sample recovered from DW after 6 months showing good histological integrity in 

cortical bone and orange sediment staining (red arrows) in periosteal margins, with no evidence of bioerosion. B. DW, 12 

months; evidence of staining (red arrows) penetrating cortex through porous networks in cortical bone 

those recovered from caging over the same time periods averaged 25.3 wt% organic content, which 

may be explained by a reduced level of cracking observed in the majority of caging based samples. 

While the aforementioned issue of measuring organic content, discussed in section 5.3.2, may 

confound a clear understanding of this relationship, it would appear that cracking caused by wet-

dry cycling and wave action may have a notable effect on the mineral and organic constituents of 

bone.  

Samples recovered from Dark Water River (DW) largely exhibited no evidence of bioerosion, and 

micro-cracking was only occasionally observed propagating from osteocyte lacunae after a 6-

month submersion period. Orange and dark staining was observed in periosteal regions after c. 25 

days, and appeared extensively in cortical regions (concentrated around osteons and porous areas; 

figure 5.13) from 12 months of submersion. Pyrite framboids were also observed in the outer 

porous regions of samples from 12 months onwards. These data suggest that rapid burial in 

sediment initially limits microbial succession and cracking. However, in samples recovered after 12 

months, extensive bioerosion was recorded in the internal and external regions of bone (figure 

5.14) (GHI = 3; OHI = 3). This micro-focal destruction manifested as tunnelling measuring c. 5 - 

10 µm in diameter. These modifications looked most similar to either linear longitudinal tunneling 

as described by Hackett (1981), which is usually attributed to the actions of intestinal bacteria 

(White and Booth, 2014), or Type 2 Wedl tunnelling described by Truman and Martill (2002), 

which is caused by the lytic action of fungi in terrestrial settings, and is generally concentrated in 

osteonal bone. As control samples exhibited no internal bioerosion indicative of putrefactive MFD, 

and multiple samples from DW recovered at 12 and 18 months exhibit these modifications, it is 
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likely that these changes had post-depositional environmental causes, and can be classes as Type 2 

Wedl tunnelling.  

Figure 5-14 Thin sections of bone. A and B. are samples recovered from DW after 18 months; showing extensive 

unclassified bioerosion (red arrows and yellow dashed area), and orange staining indicative of burial in 

iron rich sediment. Note tunnelling is not seen propagating from the bone surface as is evident in 

cyanobacteria burrowing. 

As burrowing in DW samples did not manifest in a way that is suggestive of phototrophic 

cyanobacteria action (tunnels do not branch out from the periosteum), another causal agent is likely 

responsible. As mentioned above, after 12 months, orange staining and frambodial pyrite was 

observed in these samples. Hence, the responsible bio-eroders may have been anaerobic sulphate 

reducing bacteria, which were encouraged to colonise bone due to the development of localized 

reducing conditions. However, the tunnelling morphology suggests that a previously unrecorded 

type of bacteria or aquatic fungi found in bottom sediment / brackish water, or associated with a 

particular environmental event, may have caused these alterations. If this were the case, it is 

possible that a form of chemoheterotroph, which are not dependant on light and are found across a 

variety aquatic contexts (Danise et al., 2011; Golubic et al., 2005), metabolize organics in theses 

samples, as bones from DW were consistently buried in bottom sediment. While the responsible 
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diagenetic agent is currently indeterminate, the observed burrowing again indicates that microbial 

modifications during early diagenesis can be rapid and extensive in aquatic settings. Most 

importantly these data suggest that even prolonged burial in bottom sediment may not limit certain 

types of microbial succession. Only further study, involving controlled inoculation experiments and 

different types of potential bioeroding agents, will help to overcome the nebulous nature of these 

alterations, which highlights our currently limited understanding of some diagenetic 

microstructural changes in bones recovered from aquatic settings. 

In samples recovered from the fresh water riverine environment at Knapp Mill, the progression of 

cyanobacteria burrowing is similar to that observed in Lepe over early periods, with initial stages of 

tunnelling being observed after c. 25 days. Tunnelling further progressed over the next 6 months, 

but ultimately remained limited to endosteal areas of bone for the duration submersion thereafter 

(figure 5.15). Microbial burrowing therefore appeared to be impeded after bones became buried in 

bottom sediments. The occurrence of Weld type 1 tunnelling in both saline and fresh water settings 

supports the idea that cyanobacteria are the causal bacterial agent, as they have an extensive 

worldwide distribution in both media (Davis, 1997). Dark staining was observed in periosteal 

region of bones, in addition to cracking after 25 days. From 6 – 18 months, light orange and brown 

staining in periosteal region was apparent, in addition to the inclusion of frambodial pyrite and 

cracking in peripheral regions and the cortex (figure 5.15). After 12 months, extensive internal 

micro-cracking was observed in the cortex of samples (figure 5.15) (GHI = 3; OHI = 4), suggesting 

progressive cracking is not simply limited to those bones which are exposed to oxygen, but may 

also be induced by free water interactions or mechanical wear during reworking of samples in 

bottom sediment. 

Samples recovered from the deeper water, subtidal coastal context (NOC) did exhibit initial stages 

of cyanobacteria burrowing after c. 30 days of submersion; however, this tunnelling did not 

progress as it did in other samples, remaining very minimal for the duration of the experiment 

 (figure 5.16). This again suggests that rapid burial can inhibit cyanobacteria modification. 

Similarly, to DW, KM and Lepe, orange and black staining was observed to appear rapidly, due to 

exposures to bottom sediment, and in addition micro-cracking was very limited. No inclusions of 

pyrite framboids were observed, as in other samples deposited in iron-rich sediment, a variation 

which may be explained by the higher consolidation of laminated clay bottom sediment at the site 

limiting bacterial succession or oxic conditions. Samples recovered from NOC displayed the best 

overall histological preservation of all field-deposited samples (GHI = 5; OHI = 5), suggesting that 

rapid burial and the associated variables of increased depth (reduced light, temperature and oxygen) 

are both favourable preservation conditions which may promote the long-term survival of bone. 

These results are in good agreement with observations by those such as Weiner and Bar-Yosef 

(1990), Marsden (2003), Pfretzschner (2004), and Mays (2008).
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 Figure 5-15  (LEFT) A. Sample recovered from KM after 6 months exhibiting cyanobacteria burrowing (red arrows) 

limited to periosteal regions, with some minor micro-cracking in the cortex. B. KM, 12 months; evidence 

of pyrite framboids in outer porous region of bone (red dashed area), and C. extensive micro-cracking in 

internal cortical bone. 

Figure 5-16  (RIGHT) Thin sections of bone A. NOC, 12 months; dark staining and very minimal bioerosion limited to 

periosteal margins. B. and C. Samples from periodic burial (PB) context in tank experiment after 6 

months, showing bioerosion in cortical bone 
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Samples recovered from tank experiments (see section 5.2.2) give further insight into microbial 

succession rates and histological changes, and contribute to conclusions regarding the controlling 

effects of different environmental variables.  

As mentioned above, cyanobacteria burrowing which impacted the bone cortex was soon observed 

in a number of samples. For example, in one sample recovered from tank experiments where bones 

were constantly submerged in gravel bottom sediment (CB), extensive cyanobacteria bioerosion 

(penetrating c 4 mm in depth) was evident after just c. 30 days of immersion. After 6 months, 

burrowing had propagated towards the centre of cortical bone, completely destroying histological 

features in some regions of the cortex (figure 5.16). However, it should be noted this extensive 

burrowing was not evident in a duplicate sample, suggesting a degree of intra-sample variability in 

the rate at which microbial burrowing progresses. Samples from two other outdoor tank contexts 

(MIC and PB) also displayed these extensive microbial modifications after 6 months of submersion 

(figure 5.17). As cyanobacteria favour less energetic, shallow environments (Davis, 1997), it is 

likely that outdoor tanks produced ideal conditions for rapid microbial growth and succession. 

Algae were observed adhering to gravel sediment in the experiments and growing on the side of 

tanks. Importantly, this suggests that burial in unconsolidated bottom sediments of a certain 

compaction does not inhibit cyanobacteria burrowing, as these organisms are capable of colonising 

the upper layers of the experimentally placed gravel bed. Again, these data suggest that if microbial 

succession is not inhibited, the histological integrity of bone may be greatly compromised over 

short post-depositional period, which may curtail the ability of bone to survive into deep time. 

Cracking was very limited in these samples suggesting that static water favours good histological 

integrity, and no evidence of inclusions were observed.  

Unlike other samples in out-door tank experiments, bones that underwent wet and dry cycles 

(WAD) exhibited limited microbial burrowing. Therefore, contrary to field-based observations at 

Lepe beach, it appeared that periodic exposure to oxygen did not increase microbial succession 

rate, but rather inhibited it. While it may be suggested that the use of pumps in this experiment to 

change water levels limited the ability of microbes to colonise bone, MIC samples, which 

experience bioerosion, were submerged in the same tank, but at a greater depth so as not to be 

exposed to oxygen. Therefore, the discrepancy between field and tank-based observations may be 

better explained by the fact that WAD samples displayed very minimal cracking, meaning that 

microbes did not have better access to bone once re-submerged due to increased porosity. Tank 

experiments were also not exposed to direct sunlight, and it is therefore possible that micro-

cracking was not as readily induced compared to field-based samples, as rapid dehydration 

(causing expansion and contraction of tissue) was impeded. In addition, the dynamic conditions at 

Lepe beach would also have encouraged the propagation of micro-cracking. These observations, 

coupled with the data from the KM site, where micro-cracking was observed in samples that were 

not exposed to oxygen, suggest that mechanical wear may have greater influence on cracking 
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Figure 5-17 Sample recovered from MIC context in outdoor tank experiments after 6 months, showing cyanobacteria burrowing of different extents. E. is consistent with bioerosion commonly observed in 

archaeological and fossil bone  
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propagation than wet-dry cycles. What these data do indicate is that if skeletal material was 

periodically exposed to oxygen in a non-dynamic setting then cyanobacterial succession may be 

limited initially.  

Controlled inoculation experiments (ALG) designed to explore the isolated effects of cyanobacteria 

burrowing on bone diagenesis were not successful: no histological changes were observed except 

for some mild cracking around osteocyte lacunae, possibly due to the warm temperature in the 

tank. While it is currently unclear as to why burrowing was not evident, as algal bloom was 

observed in the tank, it is most probably that this lack of burrowing was due to the culturing 

conditions employed. For example, the addition of nutrients, alkali salts, and algal inoculum during 

cultivation may have limited the need for cyanobacteria to colonise bone. These results therefore 

cannot be used to suggest that cyanobacteria did not induce the burrowing that was observed in 

other experimental samples, but does stress the need for further inoculation experiments to be 

conducted, which explore different culturing media and conditions so as to definitively identify 

cyanobacteria as the main modifying agent. 

In summary, the data presented here provide useful insights into the controlling environmental 

factors influencing microbial succession rates and histological changes in submerged bone. 

However, these data should be applied with some caution in future studies, as a number of 

unrecorded variables may influence the ordering and timing of events. For example, as the samples 

employed were disarticulated bone sections, the influence of any putrefactive bacteria on 

diagenesis is ignored in the models. In addition, a lack of soft tissue and clothing cover on remains, 

as may be expected in a forensic setting, likely means that microbial succession rates would be 

expedited as soft tissue cover is not acting as a barrier which limits microbial access to bone upon 

initial environmental exposure (Bell et al., 1996). Furthermore, the use of animal bone as a human 

analogue may also impact on observed succession rates, as the generally more compact cortical 

tissue in cow bone may have retarded structural changes, meaning that rates of diagenetic change 

may be under-predicted. Conversely, smaller haversian canal diameters in cow compared to human 

bone (Hiller and Bell, 2007) may reduce the rate of microbial infiltration to an extent. Overall, 

however, we can say with confidence that aquatic microbial modification, and other structural 

changes, may occur rapidly after deposition and can significantly impact the histological integrity 

of remains. While it was difficult to assess the impact these changes had on organic and mineral 

depletion rates over early diagenesis, we can indirectly infer that certain conditions, in particular 

highly turbulent environments but also stagnant, shallow environments, may reduce the ability of 

bones survive into deep time. In contrast, rapid burial in bottom sediments, with some exception, 

retards microstructural changes and may promote preservation. It should also be noted recent 

experimental work conducted by Keenan and Engle (2017a) suggests that microbial burrowing 

during early diagenesis has the ability to promote the long-term preservation of remains, as trace 

element uptake on peripheral surfaces may be initiated by microbial colonization within days or 
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weeks post-deposition. This process results in rapid, but poor, recrystallization of bone surfaces, 

after which microbial biofilms develop, protecting the internal portion of bone from fluid 

infiltration and degradation (Keenan and Engle, 2017a). Therefore, bone that exhibits peripheral 

bioerosion should not be considered as having poor overall structural integrity, survival potential, 

and retention of biomolecules. Samples which display internal cortical bioerosion should, however, 

be considered less favourable to target for analysis.  

5.3.4 Elemental changes 

The enrichment and depletion of elements in bone occurred rapidly upon deposition in different 

aquatic contexts, with changes in elemental ratios being measurable after as little as one day of 

submersion. XRF analysis identified 23 different exogenous and endogenous major, minor and 

trace elements in bone (see appendix C.5), which were used to create different element profiles and 

record exchange rates. As mentioned in chapter 2, section 2.5.2, elemental uptake and loss may be 

associated with diffusion or adsorption processes. In water-submerged bone, absorption of 

elements on to both organic and mineral phases is considered to be the prevailing uptake process 

during early diagenesis (Trueman and Tuross, 2002). However, deciphering the exact capture 

mechanisms (organic vs. mineral sorption) was difficult, as XRF analysis does not differentiate 

these binding sites, and any conclusions were further confounded by the aforementioned issues 

associated with measuring rates of organic / mineral loss discussed in section 5.3.2. Despite these 

issues, the analysis of different trace element uptake curves in recovered samples allowed us to 

make some indirect assessments of different exchange processes. Three general uptake and 

depletion curves were observed, as shown in (figure 5.18): smoother or more consistent rates of 

change were presumed indicative of either sorption on to the more stable mineral phase of bone, or 

alternatively, elemental binding to protein, with no subsequent loss of organics as a result of stable 

depositional conditions. Observed steady rates of uptake followed either linear or power regression 

curves, which represents an uptake process dictated mainly by temperature and internal and 

ambient kinetic factors. Fluctuating rates of uptake represented by polynomial regression trends are 

most likely associated with binding of exogenous ions to proteins, as organic bound elements are 

subjected to higher degrees of change due to leaching at variable rates over the course of 

diagenesis. However, while less likely, such trends may also be indicative of apatite binding 

preceded by mineral leaching, as cations incorporated into both the mineral and organic 

constituents of fresh bone have the potential to exhibit fluctuations while bone is still effectively an 

open system during early diagenesis (Trueman et al., 2004).  

The fact that all three trends described above were observed in each field-based context gives 

weight to the idea that elements were bound to both mineral and organic phases of bone, because if 

these trends were solely reflective of different rates of protein bound element loss, one may expect 

to see similar rates of change across all element profiles at a site-specific level. As many elements 
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have a high affinity to exposed bone crystal (Elliot, 1993; Posner, 1969; 1985; Trueman et al., 

2004; 2008), it may be expected that any initial protein loss and exposure of crystalline surfaces 

would result in sorption to apatite taking precedence. However, the observed trends suggest that 

during early diagenesis, binding to protein is a competing initial capture mechanism. 

 

Figure 5-18 Observed element uptake curves (power, linear and polynomial (LOESS smoothing function). Note these 

curves occur for all depositional contexts. 

While uptake mechanisms were hard to decipher, and exchange potentials could not be modelled in 

relation to rates of protein loss or mineral depletion, this did not impact on assessments of the 

consistency and hence utility of different element exchange rates for determining spatial and 

temporal parameters of submersion. Figure 5.19 exemplifies the variability in specific element 

uptake ratios observed across different environments; Sr/Ca ratios from bones recovered from DW 

(a stable depositional context, with rapid burial in bottom sediment being the overriding 

taphonomic processes) show generally smooth uptake rates; whereas bone recovered from L-NNS 

(a turbulent environment with constant free water exposure and periodic exposure to oxygen) 
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exhibit more variable changes in Sr/Ca ratios. 

 

Figure 5-19 Example of variability in Sr/Ca uptake rates from bones recovered from DW and L-NNS. Note uptake is 

smoother in the more stable depositional context DW where remains were rapidly buried in bottom 

sediment. 

When assessing differences in elemental profiles, two general trends were identified that had utility 

for understanding diagenetic pathways. Firstly, changes that were exclusive to particular sites and 

environmental events were analyzed, as these were potentially useful for the differentiation of 

submersion contexts. Secondly, any changes that showed consistency over broader inter-site scales 

were considered important, as these held potential for allowing the temporal parameters of 

submersion be established in a way that is more universally applicable. Figure 5.20 shows evidence 

of these different trends. For example, Iron (Fe) enrichment, which was associated with sediment 

pore water interactions, exhibited elevated levels in samples that were buried for prolonged 

periods. Similarly, the uptake of Dysprosium (Dy) in samples which experienced prolonged or 

periodic burial in bottom sediment was roughly equivalent across all field-based contexts, with 

lower levels being evident in samples exposed to free water interaction. Zinc (Zn) which is freely 

available in saline and fresh water in comparable quantities (c. 0.6-5 ppb and 5-10 ppb, 
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Figure 5-20 Different elemental uptake and depletion values in samples from field-based submersion contexts over an 

18-month period. Examples given are of Fe/Ca; Dy/Ca; Zn/Ca; Mn/Ca and K/Ca ratios. Please refer to appendix C.5 for 

details of all elemental profiles, contexts and time periods. 
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respectively) (Lenntech, 2017) showed a generally consistent rate of uptake across field-based 

samples, and therefore displayed good potential use in diagenetic regression models (see below) as 

an inter-site predictor of submersion time during early diagenesis.  

Significantly elevated elemental ratios, for example of Manganese (Mn) at Knapp Mill and 

Potassium (K) at NOC, represent trace element compositions that are reflective of specific 

depositional environments and therefore have good potential use in deciphering spatial parameters 

of submersion and elucidating specific environmental events. Rises in Mn at Knapp Mill are 

thought to be associated with the introduction of waste products into water, as samples were 

deposited in close proximity to a water treatment plant where removal and discharge of magnesium 

ions likely occurred during water softener discharge or sewage contamination (an effect noted by 

Jarive et al. (2005), which occurs along multiple stretches of the river Avon, upstream of and at 

Knapp Mill). The occurrence of elevated levels of Argon (Ar) in bone recovered from KM (see 

appendix C.5) was also indicative of this event, as chlorine which is a known waste product of 

water treatment plants mediates Ar concentration in water. Increased uptake of potassium at the 

NOC site is explained by the fact that seawater generally contains higher concentrations of 

potassium than fresh water (c. 400 ppm and 2-3 ppm respectively) (Lenntech, 2017). In addition, 

potassium largely accumulates in bottom sediment (Lenntech, 2017), and consequently the more 

consolidated laminated clays found at the NOC site likely inhibited any free water interactions and 

encouraged rapid potassium uptake in these buried remains. Another useful site-specific marker 

was identified as lower levels of strontium in KM samples, as on average saline water contains 8 

ppm of strontium, whereas fresh water only contains c. 50 ppb (Lenntech, 2017). Sr/Ca ratios after 

18 months of submersion at KM measured as c. 0.025, whereas saline sites showed values of 

approximately 0.05, a two-fold enrichment (see appendix C.5). In general, elements associated with 

increased enrichment during burial, and hence sediment pore water interactions, common to all 

depositional contexts, were identified as Mn, Fe, Gd and Dy, with Mn and Fe in particular 

displaying strong positive correlations with recorded burial designations (Spearman’s Rho = 0.710 

and 0.727 respectively; p = <0.01; n = 434). Elements associated with both free water and sediment 

pore water interactions, common to all samples, were identified as Zn, Sr, Cl, Hg, Ta, K, Cu, Gd 

and Dy. Elements which exhibited notable diagenetic loss were identified as Sn, Zr, Ag, P, Pd, Yb, 

and Au.  

To assess the use of elemental profiles for distinguishing between different submersion 

environments, PCA and cluster analysis were employed. PCA analysis applied to all samples 

indicated that Fe/Cl ratios could be used to explain the vast majority of variability in elemental 

profiles (PC 1 Eigenvalue = 97.9%) (figure 5.21). Fe/Cl ratio acts as a strong discriminator, as it 

records the differences between samples exposed to free water interactions, characterised by 

chlorine uptake, and those exposed to burial which are characterised by iron enrichment. Remains 

that were more consistently buried (DW, NOC and to a lesser extent KM) displayed high Fe/Cl
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Figure 5-21 PCA analysis of elemental profiles from all depositional contexts and time periods. PC1 is identified as Fe/Cl ratio, which acts as a strong discriminator as it records the differences between 

samples exposed to free water interactions, characterised by chlorine uptake, and those exposed to burial which are characterised by iron enrichment. PC 2 identifies as Ar/Cl ratio; this measure 

is related to a specific environmental event where waste products entered water at the KM site. 
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values on the PC 1 axis, compared to those that were unburied (tank experiments; L-NNS and L-

NOFS) or those buried for shorter periods (i.e. all samples recovered before approximately 120 

days of submersion). Those samples that exhibited periodic burial due to reworking (as was evident 

at Lepe beach) occupy the centre of the PC 1 axis (figure 5.21) (for PCA plot of remains showing 

divisions by burial condition (i.e. buried vs. unburied) see appendix C.6). Over the time periods 

used in this study, remains that had no contact with bottom sediment displayed consistently low 

Fe/Cl values of c. 0.015 - 0.1. Samples that experienced limited sediment pore water interactions 

had ratios of c. 0.1 - 2. Those remains exposed to periodic burial displayed values of c 2 -10, with 

those constantly buried showing significant enrichment (having values of between c. 10 and 150). 

Fe/Cl ratio is therefore a useful measure for determining whether any burial of remains has 

occurred, and hence may be used to reconstruct general taphonomic histories of remains recovered 

from water during early diagenesis, assuming bottom sediments contain measurable concentrations 

of iron, as may be present in fine, muddy sediments for example. PC 1 was also most closely 

related to changes in Fe/Ca, Gd/Ca, Dy/Ca and K/Ca ratios, which are also associated with 

sediment burial. PC 2 was defined by differences in Ar/Ca ratios, but overall had a limited 

discriminatory power (Eigenvalue = 1.69%). As mentioned above, increases in Ar/Ca ratios at 

Knapp Mill were most probably related to a specific environment event in which waste products 

entered water. As samples from other sites did not display any changes in Ar/Ca ratio, this measure 

does not have universal applicability when attempting to distinguish between submersion contexts, 

but does highlight the fact that elemental ratios over early depositional periods may be accurate 

recorders of localised environmental events.  

Additional PCA analysis, which ignored the effects of Fe/Cl ratios and Ar/Ca ratios, identified Cl/P 

ratios as the strongest discriminator between samples (Eigenvalue = 81.6%): As figure 5.22 shows, 

Cl/P ratios rise in samples which were exposed to free water interactions in saline contexts (the 

highest Cl/P ratios were generally found in samples recovered from netting at Lepe beach, 

displaying values of c. 11- 17). Samples from saline tank experiments also show elevated relative 

chlorine enrichment despite the shorter experimental period compared to field-based studies; again, 

this suggests that free water interactions promote chlorine uptake. Samples that are buried in saline 

contexts or submerged in fresh water exhibited less Cl enrichment (Cl/P values of between c. 0.1 

and 7), and hence Cl/P ratio shows good potential for distinguishing between saline and fresh water 

contexts when remains are not buried. PC 2 was identified as S/Fe; this ratio was adopted in the 

study as a potential distinguisher between fresh and saline water, as sulphur is generally present in 

higher concentrations in seawater, and iron is depleted when water enters brackish environments 

(Gunnars et al., 2002). However, as most iron uptake in samples was associated with sediment 

interactions, this measure instead acted as another discriminator of burial vs. free water 

interactions. This is supported by Spearman’s correlations, where S/Fe ratios show strong negative
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Figure 5-22 PCA analysis of elemental profiles from all depositional contexts and time periods, excluding the effects of Fe/Cl ratio and Ar/Ca ratio. Cl/P ratios (PC 1) and S/Fe ratios (PC 2) generally rise over 

time in sample that were exposed to free water interactions, due to chlorine and sulphur uptake and also limited exposure to bottom sediments interactions. 
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Figure 5-23 Hierarchical-constellation cluster analysis of elemental profiles from all depositional contexts and time 

periods. Clustering shown by site designation, submersion time (days) and burial designation. Four main cluster groups 

are observed with additional subdivisions that separate according to site designation, time and burial designation. 
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correlations with elemental ratios associated with burial, such as Mn/Ca and Fe/Ca ratios 

(Spearman’s Rho = -0. 872 and -0.954, respectively; p = <0.01; n = 434).  

Hierarchal Cluster analysis, based on complete elemental profiles (figure 5.23), highlights a 

number of post-depositional trends. Analysis reveals four main cluster groups, with additional sub-

divisions. Samples which group in the lower region of constellation plots (cluster 1) (figure 5.23) 

have three main sub-divisions: the first subdivision consists of all samples recovered from between 

c. 1 and 30 days of submersion (with the exception of bones recovered from KM which included 

samples from up to c. 180 days of submersion). This clustering is explained by the fact that during 

early periods of immersion, elemental profiles have not yet changed sufficiently from biogenic 

levels to allow for distinctions to be made between depositional contexts, and suggests that at least 

a month of immersion must occur before bones take on elemental profiles distinct from fresh bone. 

The second subdivision is comprised of the majority of samples recovered from Lepe beach until 

the 420-day submersion period, and samples collected from NOC between c. 30 and 90 days. The 

third subdivision is closely related to this group, and is comprised of samples from KM and DW, 

which were collected between c. 60 and 240 days of immersion, and samples collected from 

outdoor tank experiments collected between c. 90-120 days. Cluster 2 mainly consisted of samples 

from the indoor tank experiments, with cluster 3 mainly comprising samples from the outdoor tank 

experiment recovered after c. 6-30 days of submersion. Cluster 4 consists of all field-based samples 

recovered during later submersion periods. These samples largely show evidence of burial in 

bottom sediment, in contrast to cluster 1 that exhibits a combination of buried and unburied 

remains. While samples from later submersion periods, in cluster 4, group together (i.e. showing 

elemental ratios distinct from biogenic measures), they also show site-specific divisions.  

The overall pattern of clustering can be explained by a number of factors. Firstly, as samples at 

Lepe were either constantly exposed to free water actions (netting samples) or were frequently 

reworked (caged samples), they displayed less consistent uptake of elements than was observed in 

buried remains due to successive leaching and reincorporation of elements as a result of dynamic 

free water interactions as opposed to more stable sediment pore water interactions (as shown above 

in figure 5.19). As discussed by Tuross et al. (1989) and Hedges and Millard (1995), active water 

flow within bone, which increases with heightened porosity, causes elevated rates and depths of 

elemental uptake and leaching, as pore morphology determines the surface area and hence the 

extent of solid-solution interactions. While, Kohn and Moses (2012) suggest that wetting and 

drying cycles in nearshore environments may increase trace element diffusion in bone, it is also 

apparent that during early diagenesis this diffusion may be subject to reversal through leaching of 

elements. Samples at Lepe, which exhibited significant micro-cracking (see section 5.3.3), 

therefore displayed an increased propensity to diagenetic overprinting. It is therefore likely that this 

flux did not allow samples to take on profiles that were as easily distinguishable from fresh bone as 

those which were rapidly buried. This is evidenced by the fact that samples from Lepe, which 
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occupy the 4th cluster group, were recovered after long periods of submersion (generally 420 - 540 

days). It took shorter periods of time (c. 360 days) for samples from KM and DW to cluster away 

from fresh bone quantities, as these samples were buried in more consolidated sediments. Samples 

from NOC that were buried in the most stable conditions (in clay sediment which presumably 

limited free water interactions) exhibited discernible changes to elemental profiles after shorter 

periods of c. 120 days.  These results indicate a strong relationship between element uptake rates 

and sediment permeability. This study does not provide direct measures of bone porosity to 

establish the capillarity or matrix potential of samples. However, the observed trends suggest that 

elemental uptake rate in submerged bone during early diagenesis is more consistent in samples that 

are exposed to stable sediment pore water interactions, and confirms that adsorption potentials are 

restrained by internal and ambient kinetic factors that control the diffusion and hence rate of supply 

of dissolved ions from the environment into bone tissue. Differential clustering over approximate 

submersion periods also suggests that elemental profiles may have utility in establishing remains’ 

submersion times, while clustering into site-specific groups after early periods of submersion also 

suggests that idiosyncrasies exist, which may be applied to establishing different spatial parameters 

of submersion. Importantly, PCA and cluster analysis indicates that when attempting to model 

elemental exchange processes to predict submersion time, it would seem more favourable to 

understand these changes in relation to free water and sediment pore water interactions separately.  

To establish if rates of elemental change were predictable at site-specific levels, and across a 

number of different depositional contexts (as these inter-site measures are the most potentially 

useful for establishing temporality of submersion), multi-linear regression analysis and non-liner 

regression analysis using natural log-log transformation on dependant and independent variables 

were performed. Log-log transformations account for those trends that exhibited power regression 

curves, as explained above. Regressions were performed using both submersion time and ADD as 

dependant variables, so as to account for differences in temperature on uptake rates. Models of best 

fit were identified as those with the highest R2 values, those which relied on the fewest predictor 

variables; and those that displayed the lowest mean squared errors. A summary of best-fit models 

can be found in table 5.2. 

Regression analyses performed using data from individual submersion contexts generally exhibited 

highly predictable rates of elemental exchange. Overall, exchange rates were modelled more 

effectively using ADD as a dependant variable, indicating a relationship between temperature and 

elemental uptake rates. Modelled exchange rates from samples recovered from KM, DW and NOC 

exhibit R2 values of 0.98, 0.93 and 0.94, respectively (table 5.1). Considering the effects of intra 

and inter-bone variability, MSE values in these models are low. For example, elemental ratio 

values in samples recovered from KM could be used to predict submersion time at a resolution of ± 

40 days, and the MSE value in the site-specific NOC regression model was ± 611 ADD (equivalent 

to c. ± 35 days of submersion). These data clarify the observations made previously in this section
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Table 5-1 Regression models for changes in elemental profiles at site-specific and inter-site scales, and tank-based experiments (continued on next page).  
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that elemental exchange rates are notably consistent in samples that were buried in stable 

conditions. This is further evidenced by the fact that regression models for samples recovered from 

Lepe beach show less predictable rates of uptake (R2 = 0.67; MSE = ± 1313 ADD), as opposed to 

those recovered from caging that experienced periods of burial, and hence more stable exchange 

rates (R2 = 0.83; MSE = ± 764 ADD) (table 5.1). Given the high predictive power of these models, 

it is reasonable to suggest that elemental ratios at a site-specific scale show good potential as 

indicators of submersion period over the course of early diagenesis. However, the applicability of 

these site-specific models in their current state to future studies is somewhat problematic.  

To use these ratios as accurate predictors of submersion time, it would have to be determined that 

remains were exposed to a single depositional environment (as movement of remains has the 

potential to cause diagenetic overprinting). Furthermore, confounding variability is possible at a 

site-specific scale, as seen at Lepe beach, where different taphonomic events notably influenced 

elemental profiles and exchange rates. For example, in the regression model for caging-based 

samples, Fe/Ca enrichment presented as the strongest predictor variable (p = <0.01), whereas 

Ag/Ca depletion rate was the strongest predictor in netting-based samples (p = <0.01) (table 5.1). 

These data also support observations of variations in elemental profiles in fossil bone, where 

remains that are buried, even at shallow depths, may not accurately record marine bottom water 

composition (Trueman, 1999), due to the fact that increasing rates of sedimentation inhibit element 

advection from bottom waters in to sediment pore waters and accordingly any buried osseous tissue 

(Bernat (1975); Elderfield and Pagett (1986); Reynard and Balter, (2014)). Variability caused by 

these different taphonomic processes meant that a reliable regression model could not be 

developed, which accounts for both netting- and caging-based samples at Lepe, reflected in notable 

herteroscedasticity in residual plots and low Durbin-Watson values (Field, 2009). 

In order to assess whether exchange rates were predictable over broader spatial scales, regression 

analysis was performed on elemental ratio data from a combination of different sites. This analysis 

attempted to model exchange rates in all samples exposed to free water interaction; those which 

experience a degree of burial (reworking) and those which experienced consistent burial. Only two 

of these models, which were associated with remains that experienced the most consistent periods 

of burial, exhibited good predictive power and acceptable residual plots (table 5.2). A power 

regression model using data from DW, KM and NOC (R2 = 0.92, MSE = ± 624 ADD), which 

relied on 10 different elemental ratios (table 5.1), indicates that different exchange rates can show 

good consistency outside a site-specific scale. While this model relied on a higher number of 

variables than the site-specific models, the element ratios used were common to all sites and 

therefore show good potential applications overall. Importantly, these data also suggest that when 

elemental uptake rates are indicative of sediment pore water interaction in combination with free 

water interactions, differences in fresh vs. seawater profiles do not necessarily confound 

predictable rates of change. A second power regression model using data from DW and NOC (i.e. 
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remains that were consistently buried in a saline environments) also showed good predictive power 

(R2 = 0.94, MSE = ± 447 ADD), and relied on only four predictor variables (Fe/Ca, Mn/Ca and 

Mn/Ca uptake ratios indicative of sediment pore water interactions and Zr/Ca depletion rates). The 

following equation was developed from this model to predict Accumulated Degree Days: 

!"" = $(&.()*[,.-. /012/45]*[,..7	 /0 9:/4;]*[<,.=.	 /0 >?/45]*(,.@(	 /0 4A/45]), ± 447 

Equation 5-1 Power regression equation for elemental exchange rate at NOC and DW sites. 

It should be noted that these data do not suggest that the above model is directly applicable to all 

bone recovered from sediments in shallow marine contexts / brackish environments, as there are 

high abundances and complexities of elements in bottom sediment pore waters, which may show 

considerable temporal and spatial variations (Trueman et al., 2003). However, this model does 

indicate that should remains be consistently buried in sediment, where the aforementioned elements 

(i.e. divalent metals) are freely available, then predictable rates of uptake show good potential 

applications for estimating submersion time during early diagenesis. In relation to elemental ratios 

in archaeological material, assessing rates of change over longer temporal scales (i.e. centuries, 

millennia or longer) using these models is problematic for a number of reasons. As discussed in 

chapter 2, section 2.2.5, concentrations of trace elements in submerged fossil bone may be six 

orders of magnitude higher than surrounding seawater concentrations (Keto and Jacobsen, 1987). 

However, as elemental concentrations in free water and bottom sediments were not recorded in this 

study we cannot predict how long it would take for bone to exhibit these levels of enrichment. In 

relation to alterations to biogenic elemental ratios, the data present herein do confirm that elemental 

profiles may be significantly modified shortly after deposition in different environmental contexts, 

hence potentially affecting their applications in interpretation of various pre-mortem aspects of 

bone.  

In controlled tank-based experiments (HI; LOW; RM; ALG), rates of elemental exchange were 

generally consistent, with regression models also displaying good predictive power (table 5.1). 

Samples did not display notable differences in uptake rate due to water temperature, and it is 

therefore possible that any differences in effect were limited by the relatively short experimental 

duration compared to field-based studies. ALG samples did, however, show notable depletion in 

P/Ca ratio compared to other remains, a trend which may be explained by the fact that 

cyanobacteria actively uptake and retain nutrient anions, including phosphate, hence limiting their 

availability in free water (Ernst et al., 2005). Predictable exchange rates in outdoor tank 

experiments were best explained by Zn/Ca ratios (appendix C.5), which again confirms this ratio as 

a good potential universal predictor of submersion time in samples exposed to free water 

interactions. Few notable differences were observed in exchange rate between buried and unburied 

samples, which can be attributed to the fact that the unconsolidated gravel sediments did not limit 

free water interactions. Sr/Ca ratios were elevated in samples that were consistently buried (CB) 
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(see appendix C.5). However, this trend may have been caused by elevated levels of calcium 

depletion in remains that experience notable histological modifications due to cyanobacteria 

burrowing, rather than strontium enrichment. Cu/Ca ratio also showed marginally higher levels of 

enrichment in PB and CB samples; however, it is again uncertain if this is an effect of burial or 

microbial depletion of mineral content, and therefore these trends require further confirmation. 

In summary, the elemental composition of bone recovered during early diagenesis from aquatic 

settings appears to be an accurate indicator of depositional environment. These ratios show good 

potential utility as a means of geochemical provenancing, and as predictors of submersion time, 

particularly when remains are recovered from stable depositional environments. This approach has 

developed useful data that may be applied in future forensic cases work. For example, Pokiness and 

Higgs (2015), who conducted a recent analysis of a number of forensic bones recovered from the 

sea, state that there was no way to determine whether recovered remains spent any of their 

submersion time buried in sediments or otherwise partially protected from some sources of marine 

taphonomic alteration: the methodology present herein provides a means of answering such 

questions, which can help to better reconstruct taphonomic histories and establish minimum times 

of exposure in water. However, this study is preliminary in nature, and there are still a number of 

variables which need to be accounted for before the models present here can be confidently applied 

in real world situations. Most notably, the effects of transportation and the potential for diagenetic 

overprint need to be further assessed over early depositional periods. In addition, in a forensic 

setting it is not known how soft tissue cover may influence rates of elemental exchange, and 

therefore additional experiments are needed to account for such factors. 

5.3.5 Colour change 

VSC analysis effectively recorded colour variations in recovered samples. For example, figure 5.24 

shows the difference between a typical sediment-stained bone, and one exposed to free water 

interactions. In general, buried material exhibits a notable increase in absorption intensity across 

the visual spectrum, with the most pronounced differences being recorded between 600 - 1000 nm 

(red – black colour range). To interpret CIELab values hierarchal cluster analysis, Spearman 

correlations and regression analysis were employed. The cluster dendrogram, shown in figure 5.25, 

highlights some basic post-depositional trends in colour modifications. Firstly, samples that were 

buried or submerged for longer periods of time exhibit dark colour and higher levels of saturation. 

This trend presents as a decrease in L, a and b value (i.e. a decrease in lightness, and shift in values 

closer to green (-a) and blue (-b) as opposed to yellow (+a) and red (+b), which are more 

indicative of fresh bone). Unburied remains (from all tank experiments, netting at Lepe, and those 

recovered during early submersion periods) generally cluster together. Buried samples from DW, 

NOC, KM and caging at Lepe likewise show an affinity and grouping. While clustering indicates 

that increased darkening of bone occurs irrespective of burial condition, those samples which 
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display values of L <40, a <75 and b <250, are almost exclusively associated with sediment pore 

water interactions. 

 

Figure 5-24 Example of colour difference in A. buried and B. unburied bone recoded across the visual light absorption 

spectrum using VSC analysis. 

Spearman correlations (table 5.2) confirm these general trends. CIELab values show significant, 

strong negative correlation with submersion time, ADD, and burial designation (classified as 

binary; unburied = 0, buried = 1). While correlations are stronger for buried material, they are also 

evident in unburied remains, confirming there is a general darkening of bone during immersion. 

Moderately strong correlations between colour values and GHI, but not OHI, are also evident, and 

are reflective of the effects of sediment-staining at a microscopic level. Samples that experienced 

wet-dry cycles appeared more bleached at a gross morphological level than other remains (see 

section 5.3.1). However, this was not reflected in CIELab values specifically, and no significant 

correlations were observed between colour values and accumulated exposure to oxygen. While 

Maksoud and Abdel-Hady (2010) suggest that light or white CIELab values represents the 

calcination of fossil bone, it is apparent that over early depositional periods these values are more 

indicative of fresh material. CIELab values also display strong negative correlations with trace 

element uptake rates, such as Mn, Fe and Dy, which are indicative of sediment interactions. Iron 

uptake exhibits notably strong correlations (table 5.2), and as dark staining in submerged bone has 

previously been noted as representative of iron sulphide formation (Higgs et al., 2011; Pokines and 

Higgs, 2015), it would seem likely that iron enrichment was the main process causing colour 

change in buried remains from this study.  

Correlations are weaker in unburied samples and could simply be indicative of both these measures 

changing over time. However, in buried remains it would appear that colour change is a direct 

result of exogenous elemental uptake from surrounding sediments. Staining due to mineral 

deposition during interactions with sediments is of course a well-known taphonomic effect (Higgs 

and Pokines, 2014; Pokines and Higgs, 2015), but has some merit in being confirmed 

quantitatively, as remains may show a degree of darkening even when such interactions are limited.
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Figure 5-25 Hierarchical cluster dendrogram of all samples, showing grouping in relation to submersion time, CIELab 

values, burial designation and submersion context.  

In addition, the ability to determine the burial conditions of remains is useful for screening and 

further analysis, as buried bone may prove to be a better target for elemental analysis when 

attempting to establish temporality of submersion (as elemental uptake is more consistent in 

remains recovered from stable depositional contexts (see section 5.3.4)). However, in general the 

distinction between buried and unburied material can be made quite simply at a gross 

morphological level, without the adoption of more expensive and time consuming quantitative 

analysis. Furthermore, while correlations between element enrichment and quantitative measure of 
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colour do suggest that pigmentation may, to an extent, be used to indicate spatial parameters of 

submersion, direct measures of elemental compositions appear to be more definitive and reliable. 
All samples                      Spearman Correlations 
 CIE (L) CIE (a) CIE (b) n 
Sub time -0.624* -0.666* -0.662* 322 
ADD -0.650* -0.687* -0.669* 322 
Burial Des -0.726* -0.687* -0.714* 322 
Mn/Ca -0.778* -0.791* -0.775* 257 
Fe/Ca -0.792* -0.822* -0.792* 257 
Dy/Ca -0.616* -0.641* -0.601* 257 
GHI  0.056*  0.531*  0.517* 101 
     
Buried samples 
Sub time -0.765* -0.765* -0.754* 142 
ADD -0.753* -0.762* -0.744* 142 
Mn/Ca -0.718* -0.666* -0.673* 120 
Fe/Ca -0.834* -0.798* -0.804* 120 
Dy/Ca -0.627* -0.615* -0.612* 120 
     
Unburied samples 
Sub time -0.530* -0.588* -0.558* 202 
ADD -0.558* -0.363* -0.583* 202 
Mn/Ca -0.574* -0.668* -0.598* 175 
Fe/Ca -0.572* -0.700* -0.600* 175 
Dy/Ca -0.344* -0.439* -0.334* 175 
                                                                    *p<0.01 

Table 5-2 Spearman correlations between CIELab values and recorded submersion time, accumulated degrees days, and 

elemental ratios associated with burial in bottom sediments 

To assess the potential utility of colour change for determining the temporal parameters of 

submersion, a series of linear and non-liner regressions were conducted. However, in general, 

regression models which were successful predictors of submersion time or ADD at both site-

specific and broader inter-site scales could not be developed.  

At a site-specific scale, models were not reliable for two reasons: firstly, while samples exposed to 

free water interaction did exhibit some minor darkening over time, CIELab values generally 

remained high, while also exhibiting indiscriminate fluctuations due to inter-sample variability. 

This trend is shown in the top panel of figure 5.26, in samples recovered from L-NNS. Secondly, 

while samples recovered from buried contexts did show more discernible rates of colour change, 

the transition between fresh bone colour values and buried values was rapid, with colour values 

remaining relatively consistent after this transition, despite subsequent exposure to sediment pore 

water interactions. Of all buried samples, those from DW showed the most consistent rates of 

colour change. This trend is shown in the bottom panel of figure 5.26, where CIE L values drop at a 

consistent rate, but remain relatively constant after 60 days of submersion. This progression was 

best modelled using GAM regression (constrained to three inflexion points; i.e. cubic regression), 

when CIE L values were log transformed. This GAM regression identified the L parameter as 

having a significant influence on submersion time (R2 =0.76; p = <0.01; n=23; SE = 199.39 days). 

However, due to the issue of limited change in saturation / brightness being observed after c. 60 

days, the predictive power of this model decreases with time and therefore its application would 

appear to be confined to understanding changes over very early periods of submersion. While low 
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CIELab values did take slightly longer periods of time to materialise in buried remains from KM 

and NOC sites, after c.180 days of submersion, remains from the sites also displayed consistently 

low and stable values.  

At an inter-site scale, it was apparent that the idiosyncrasies in colour values / change between 

different depositional contexts limited the application of quantitative measures of colour for 

predicting temporal parameters of submersion over more universal spatial scales. For example, 

despite the fact that Fe/Ca and Mn/Ca ratios were useful predictors of submersion time in and 

between the NOC and DW sites (see section 5.3.4), and CIELab values displayed significant 

correlations with these measures (table 5.2), a reliable colour regression model for these two 

contexts could not be developed. 

 

Figure 5-26 CIE L values for samples recovered from nearshore netting at Lepe (top panel) and Dark Water river 

(bottom) panel over 18 months.  

In summary, while quantitative measures of colour can be used to determine whether bone has been 

exposed to free water interactions or sediment pore water interactions, a simple visual assessment 

of sediment staining could largely achieve this designation and would therefore be a more 

favourable approach. In addition, while colour change does show some consistency in rate of 

change in buried remains, its application in both forensic and archaeological studies as a predictor 
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of submersion time is hindered by limited changes being observable after very early post-

deposition submersion periods (i.e. after approximately 6 months). 

5.3.6 DNA degradation 

A predominant trend of depletion in DNA quantity was observed in all samples recovered from 

field and laboratory-based settings. This trend is characterised by a rapid decline in DNA yield 

between c. 1 and 5 days of submersion, succeeded by an additional, less pronounced, depletion 

between 5 and 30 days. After 30 days DNA yield remained relatively consistent across all samples 

for the duration of the study, but did exhibit some further depletion and minor intra / inter-sample 

and site variability. This overriding trend is shown using box whisker plots in figure 5.27. DNA 

quantities for all samples recovered between 0 - 30 days of immersion avenged 71.04 ng/µl, with 

those recovered between 1 and 18 months averaging 26.95 ng/µl. The initial rapid decline in DNA 

quantity is best explained by the process of hydrolysis acting as the principal degradation 

mechanism: hydrolysis causes DNA to randomly fragment, resulting in the reduction of 

biopolymer stand lengths and crosslinking (Doberstienn et al., 2009). As longer DNA strands (i.e. 

those found in non-diagenetically altered bone) are more susceptible to degradation (Alaeddini et 

al., 2011), changes in DNA yield initially progresses rapidly (Rankin et al., 1996; Campos et al., 

2012), after which the decay rate decreases. These data are therefore in good agreement with other 

studies, which indicate that water submersion will have a deleterious effect on DNA survivability 

due to the occurrence of hydrolytic chain scission events (Boyle et al., 1997; Delebarde et al., 2013 

Heaton et al., 2010; Mameli et al., 2014; Waite et al., 1997). Data are in particularly good 

agreement with that of a similar study conducted by Campos et al., (2012), which extracted DNA 

from cow bones that had been submerged on a harbour floor for between one and four years 

(samples were collected at yearly intervals). It was observed that a rapid decrease in the amount of 

total mtDNA was recorded after 1 year, with <10% of the total mtDNA remaining relative to 

control samples (Campos et al., 2012). After the rapid decrease, DNA quantities stabilised. Similar 

trends were observed when compared to buried and surface exposed material over the same time 

periods. This study suggests that irrespective of depositional environment large decrease in the 

DNA content occur within the first year after death, after which more steady decay occurs (Campos 

et al., 2012).  data presented herein, and other studies looking at changes over shorter time intervals 

(see, for example, Graham (2014)), suggests that this large decrease occurs just a few days post-

mortem.   

DNA quantity measures using NanoDrop and PCR / gel electrophoresis methods show moderate 

and low correlations with both submersion time and ADD respectively (NanoDrop; -0.569 and -

0.566, p = <0.01, n = 377; PCR; -0.403 and -0.406, p = <0.01, n = 51), reflective of the observed 

rapid degradation, followed by less discernible rates of decay. It was not possible to relate rates of 

degradation over early periods of submersion (c. 1- 30 days) to specific environmental controls due 
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Figure 5-27 DNA quantity values from all samples / sites plotted as IQR between 0 and 540 days of submersion. A. Shows rapid period of decay between 0 and 30 days of submersion. B. Shows slower rates 

better 30 and 540 days.  
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to the fact that bone samples showed significant intra- and inter-variations in yield. For example, 

while control samples had average values of 130.28 ng/µl, a small number (8%) displayed yields as 

low as c. 15 - 7 ng/µl, whereas others (7%) showed appreciably higher quantities of c. 300 - 600 

ng/µl. These differences may be explained by the fact that while the majority of residual DNA in 

skeletal tissue is thought to be extracted from cells responsible for bone formation and resorption 

(osteocytes, osteoblasts and osteoclasts) (Collins et al., 2002; Götherström et al., 2002; Smith, 

2002), it may also be contained within any residual blood, bone-lining, epithelial, and cartilage 

cells (Campos et al., 2012; Hollund, 2013) prior to degradation. Therefore, while adherent 

connective and soft tissue was removed prior to deposition, trace amounts of biogenic fluids, such 

as blood, may have contributed to overall DNA yield in samples recovered during very-early 

periods of deposition (1 – 3 days approximately). However, this variability may also simply reflect 

differences in quantities of bone affiliated DNA in and between samples, or variations in the 

extraction success. Either way, it is likely that a rapid decrease in DNA quantity represent a loss of 

DNA from of these cells and DNA bound to exposed collagen that lies directly under the bone-

lining cells of all living bone, rather than degradation of the more refractory DNA trapped within 

osteocyte lacunae or mineralised osteoids (Campos et al., 2012). This is supported by the fact that 

Campos et al. (2012) have shown that in fresh bone the majority of amplifiable DNA is continued 

within bone collagen, whereas after a year of submersion the majority is contained with the mineral 

component. 

When making an assessment of DNA purity, which may also impact on measures of DNA yield, 

two main sources of contamination were identified in purified DNA. Firstly, strong absorbance 

atthe 230 nm wavelength on the UV spectrum resulted in the majority of samples displaying 

A260/230 values that fall outside the desired range of 1.5 - 1.8 (Wilfinger et al., 1997). Low 

A260/230 ratios (<1.5) are indicative of organic compound or chaotropic salt carryover in purified 

DNA. As control samples also displayed these low values, it is likely that guanidine HCL, which 

was contained in Buffer AW1 used for extraction (Qiagen, 2012) and absorbs at 230nm, was the 

source of contamination (TS, 2012; Wilfinger et al., 1997). It should be noted that while salt 

contaminated DNA may be re-purified by ethanol precipitation, and therefore if removed may not 

inhibit downstream applications, this contamination may have impacted on DNA quantity values 

measured using the NanoDrop, and may therefore further explain observed differences in DNA 

quantity measured using gel electrophoresis and UV spectrophotometry methodologies. In addition, 

although PCR analysis was successful on a subset of remains that were collected from different 

time periods / depositional contexts (see section 5.2.4.5), it should be noted that such contamination 

may act as a PCR inhibitor, hence lowering sensitivity and efficiency, which may result in 

underestimation of the quantity of biological agents (Olson and Morrow, 2012; Schrader et al., 

2012). Therefore, while false-negative results were not apparent after amplification, guanidine may 

have impacted on the accuracy of DNA yields measured using gel electrophoresis. Resultantly, 
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further analysis would be needed to confidently assess the impact of this contaminant on PCR 

efficiency and intact bovine DNA yields. In addition, the observed contamination made it difficult 

to assess any changes in A260/230, which may have been caused by environmental contaminants.  

The second contaminant in DNA extracts was identified as RNA. Pure DNA generally displays 

A260/280 absorbance ratio values of 1.8, whereas pure RNA displays values of 2.0 (Wilfinger et 

al., 1997); therefore, if a DNA sample has an A260/A280 ratio of over 1.8, this could suggest RNA 

contamination. While only 1% of samples exhibited low A260/280 values (<1.5) indicative of 

notable protein contamination, and 10% of samples (generally control samples or those recovered 

during early depositional periods) displayed pure A260/280 ratios (1.8), the vast majority of 

extracts exhibited elevated ratios suggestive of RNA contamination, reflecting a drop in sample 

quality in conjunction with depletion in quantity (Spearman correlation = -0.453; p<0.01; n =377). 

This was further evidenced by PCR analysis, as gels exhibited residual staining on columns 

indicative of RNA migrating ahead of the DNA (figure 5.28). While high A260/280 ratios (>1.8) 

are generally not considered to impede down-stream applications (TS, 2012), and the presence of 

RNA does not impact on DNA quantity measured using PCR analysis, it may impact on quantity 

measured using UV spectrophotometry. This is due to the fact that DNA and RNA absorb at the 

260 nm wavelength, and hence will both contribute to the total absorbance of the sample (TS, 

2012). For more accurate measures of DNA quality using NanoDrop instrumentation, any RNA 

contamination may therefore have to be removed using RNase A (OGT, 2017). However, as noted 

in section 5.2.4.5, the differences between DNA quantities measured using the NanoDrop and gel 

electrophoresis methodologies were not notable in c. 70% of samples. Therefore, quantities 

measured using UV spectrophotometry were considered appropriate for making a general 

assessment concerning relative rates of change in DNA quantity. The observed RNA contamination 

also made it hard to assess any changes in A260/280 ratio, which may have been caused by 

environmental contaminants. In addition, without further analysis it is difficult to fully assess how 

the observed contamination may impact on downstream applications such as STR profiling. 

However, while the fragmentation state of DNA strands, in addition to the overall yield, may result 

in insufficient amounts of source material being available for amplification (Ip et al., 2015; Kus et 

al., 2016; Lathamand and Madonna, 2013; Yoder, 2013), the quantities of DNA retained in all 

samples from this study, and base pair lengths quantified using PCR amplification, appear 

sufficient for use in common mtDNA and STR profiling systems (Oorschot et al., 2010).  

As hydrolysis was identified as the overriding process inducing rapid DNA degradation upon 

deposition in water, it was decided to assess correlations between diagenetic measures, 

environmental parameters and DNA quantity after the 15-day submersion period, in order to allow 

any potential relationships to be more easily interpreted. DNA yield in general showed very limited 
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correlations with other diagenetic markers when assessed using Spearman’s correlation and linear / 

non-linear (GAM) regression models. CIELab colour values showed moderately strong correlations  

Figure 5-28 Example of gel electrophoresis analysis of bovine DNA yields, amplified using PCR. Red box in bottom 

panel highlights a 3D representation of yields. 

with DNA yield measured using gel electrophoresis (0.505, 0.504 and 0.533 respectively; p<0.01, 

n=36); however, this is mostly likely reflective of the fact that both depletion of DNA yield and 

darkening of bone occurred as time progressed, rather than sediment-stained bone (i.e. buried bone) 

retaining lower quantities of DNA. An inverse relationship was in fact observed when plotting the 

interquartile ranges of DNA yield in samples recovered from different field sites. Samples 

recovered from netting at Lepe show the lowest median values, with those from NOC displaying 

the highest (figure 5.29), suggesting that there is a relationship between the stability of depositional 

environment (burial) and DNA yield. In addition, as noted in section 5.3.3, samples recovered from 

NOC generally showed the best overall histological and gross morphological integrity, with those 

recovered from netting at Lepe beach exhibiting poor overall preservation (see section 5.3.1 and 

5.3.3). These data are therefore in good agreement with previous studies, which have shown that 

bones with a high overall mass (i.e. limited porosity / cracking) are better reservoirs for 
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biomolecules, as hydroxyapatite acts as protective buffer against leaching (Guarino et al., 2000; 

Okazaki et al., 2001; Smith, 2002; Tuross, 1993). As discussed in section 5.3.4 water ingress and 

cycling through bone appeared elevated in unburied remains as exogenous trace elements were 

cyclically incorporated and leached over the course of diagenesis. It is therefore likely that 

increased infiltration by fluids and liquid-borne contaminants, which may be accelerated by 

cracking and microbial activity, would have heightened the deleterious effects of hydrolysis in 

unburied remains. Better preservation of DNA was however not observed in tank-based 

experimental samples that experienced burial (CB; PB). However, this is most likely due to the fact 

that the unconsolidated grave sediments used did not inhibit water infiltration.   

Figure 5-29 IQR of DNA yields from different field-based sites between 15 and 540 days of submersion. 

The assertion for burial being a more favourable taphonomic process for the retention of DNA is 

also further confounded when assessing DNA quantities in remains recovered from DW, which 

experienced rapid burial. While samples from DW did show, on average, lower yields than those 

from NOC, KM and caging at Lepe beach (figure 5.29), 29% of samples recovered from DW did 

exhibit notably high DNA yields between 1 and 12 months (showing similar quantities to those 

recorded in control samples). While PCR analysis was not carried out on these samples, and 

therefore elevated levels could represent contamination by exogenous alleles causing high false 

positives yields, they may also suggest that rapid burial in bottom sediment initially inhibited DNA 

degradation in a portion of the remains recovered from this brackish context. After 12 months of 

submersion, when DW samples exhibited evidence of significant bioerosion (see section 5.3.3), 

average DNA yields notably dropped from 91.63 ng/µl to 16.24 ng/µl. While average values 
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between 1 -12 months were significantly increased by the 29% of samples that exhibited high 

yields, this change may represent a negative relationship between the presence of bioerosion and 

the retention of DNA, which impacts on the potentially positive relationship between burial and 

DNA survivability seen during early depositional periods at the site. Spearman correlations confirm 

a weak relationship between these two diagenetic parameters (Spearman’s Rho for OHI / GHI = 

0.313 and 0.392 respectively; p = <0.01, n = 81). However, it should be noted that in general yields 

during later periods of submersion across all field sites showed comparable levels, again suggesting 

that the overriding process of hydrolysis confounds the identification of a clear relationship 

between depositional setting and DNA survivability. In addition, it should be noted that any 

potential pre-depositional inter- or intra-sample variability makes these relationships difficult to 

assess confidently.  

To further investigate the relationship between histological integrity and DNA yield, samples 

which exhibited notable bioerosion (OHI/GHI = 3 -4)) in outdoor tank experiments (CB; PB; MIC) 

were compared with those which exhibited minimal bioerosion (WAD) (OHI/GHI = 5) (section 

5.3.3) due to periodic oxygen exposure. Figure 5.30 indicates that those samples that experienced 

Figure 5-30 DNA yields in samples from tank based experiments which experienced notable and minimal micro-focal 

destruction. 

limited histological change have the potential to retain higher quantities of DNA, and also suggests 

that oxygen exposure may not have as great an influence on DNA survivability as the action of 

burrowing bacteria. While it may be argued that periodic exposure to oxygen limited the effects of 
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hydrolysis in WAD samples, this trend was not observed in field-based remains that underwent 

wet-dry cycles. In addition, Marsh and Hedges (2000) indicate that in terrestrial settings the general 

preservation potential of bones may be better defined by the stability of the depositional 

environment, with better tissue quality being evident in material where the water content of the 

depositional setting is consistent, rather than fluctuating. A number of authors identify histological 

integrity (namely the presence or absence of microbial attack) as the best screening tool for 

assessing DNA preservation (see Burger et al. (1999), Colson et al. (1997), Gilbert et al. (2005); 

Hagelberg et al. (1991); Hedges et al. (1995); and Rankin et al. (1996)). This relationship appears 

to exist in the samples analysed in the current study, which show notable bioerosion (i.e. MFD 

which impacts areas of cortical tissue), despite the fact that overall trends are weak. The generally 

weak overall correlations between histological integrity and residual DNA may therefore be due to 

a number of potential factors: firstly, the fact that most samples only experienced peripheral 

bioerosion suggests that any DNA associated within cortical tissue would not have been negatively 

impacted by biotic agents. This observation agrees with other studies, which suggests that DNA is 

likely to be preferentially preserved within bone mineral, as it is retained within osteocyte lacunae 

or absorbed into the mineral surface from surrounding biogenic fluids (Götherström et al., 2002; 

Smith, 2002). Secondly, even though correlation analysis was performed on data after the initial, 

most pronounced effects of hydrolysis had induced changes in DNA quantity, it is probable that 

this mechanism of DNA degradation continued to be an influential destructive agent, despite 

operating at a reduced rate. It is also important to reiterate that any potential differences in initial 

DNA quantity (i.e. inter / intra-sample variability) may have disguised a stronger relationship. 

While previous research has identified relationships between the organic and mineral integrity of 

bone and DNA amplification (Collins et al., 1999; Poinar et al., 1996), due to the issues discussed 

in section 5.3.2 such correlations were difficult to assess in the current study. However, we can 

confirm indirectly that DNA yield is related to protein and mineral degradation, as represented by 

histological change. These data also indicate that when screening bone samples prior to DNA 

extraction, a combination of gross morphological and histological assessment is needed to identify 

remains which have the best potential for retention of DNA.  

In laboratory-based experiments designed to assess the influence of different water temperatures on 

DNA degradation rate, no notable viability was observed in DNA yield between samples deposited 

in ALG, HI, RM and LOW tank contexts. Figure 5.31, in fact, shows that slightly higher DNA 

quantities were retained in samples recovered from the heated tank experiment (HI; 22 °C) than in 

the cooled tank (LOW; 8 °C). However, samples from the ALG tank experiment were submerged 

at the same elevated temperature as in the HI tanks, and overall exhibited slightly lower values than 

those from the LOW tank context. These relationships were also apparent when viewing residual 

DNA quantities as % values of control yields, suggesting that inter-sample viability did not affect a 

relationship between DNA retention and temperature being discerned. These data may be viewed 

as contradictory to observation from anecdotal casework which suggests that cold-water conditions 
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will promote DNA preservation (Byard et al., 2008). However, our data do not indicate that over 

longer time periods DNA will not be better preserved in cold depositional environments, as other 

studies have identified a clear relationship between temperature and DNA degradation rate (see 

Waite et al. (1997)). What these data do suggest is that over early periods of submersion, the  

Figure 5-31 DNA yields in sample recovered from temperature controlled tank-based experiments, between 15 and 90 

days of submersion. 

different temperatures used in this study did not significantly impact on the rates on hydrolysis. 

Therefore, the overriding mechanism of water infiltration causing hydrolytic chain scission events 

in DNA molecules most likely disguised the influence of ambient environmental controls, which 

may have greater influence on rates of degradation as the effects of hydrolysis become less 

pronounced. This trend may also explain why correlation between other environmental variables 

such as depth, salinity, burial designation, and periodic exposure to oxygen were not evident over 

the relatively short experimental periods used in this study. In addition, no notable correlations 

were observed between trace element exchange, and carbonate, phosphate and organic content. 

While these latter parameters, measured using FTIR, may show a lack of correlation due to issues 

concerning their accurate quantification, as discussed in section 5.3.2, the lack of correlation 

between DNA quantity and other diagenetic parameters is not wholly surprising, as to date no 

single diagenetic measure has been identified as a wholly consistent marker of DNA survivability 

in bone. Hollund (2013) had identified UV florescence as a good marker of residual DNA in 

archaeological bone, and therefore it would be beneficial to test this marker in additional studies. 

Consequently, in relation to the screening of bone samples prior to molecular analysis, while we 
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can suggest that bones which are buried and also show good histological integrity would seem 

favourable to target for analysis, this relationship is not definitive. 

In summary, the DNA data interpretation in this chapter should be considered preliminary in 

nature, and it is clear that further analysis that assesses changes over longer time periods and also 

accounts for some of the more problematic aspects of sampling and extraction encountered in this 

study, is needed to fully assess differences in DNA survivability in submerged bone from different 

depositional environments. Most notably the presence of contaminants impacted on a thorough 

assessment of changes in DNA purity, while also potentially confounding recorded DNA yield. In 

addition, as is noted in chapter 2, section 2.5.2, an investigation into the success of different 

extraction protocols for submerged bone was beyond the scope of this thesis due to time, budgetary 

and laboratory constraints. While the commercial extraction protocol adopted in this study did 

successfully extract DNA from degraded samples of up to 18 months of age, and has shown good 

application in previous published studies (see discussions in Ip et al. (2015) and Ludwikowska-

Pawłowska et al. (2009)), it would be beneficial to test a number of different methodologies on 

extraction and amplification success rates over additional time periods. This is due to the fact that 

phenol-chloroform extraction, crystal aggregate extraction and total demineralization methods 

perform differently depending on the diagenetic state of the bone, the intended downstream use of 

the DNA, and the presence of amplification inhibitors (Yoder, 2013). For example, Kus et al. 

(2016) have shown that the QIAamp®DNA Investigator Kit is not suitable for the analysis of 

decades-old osseous tissue, and that PrepFiler® and organic methods of extraction are likely to be 

more successful when applied to highly degraded material (Kus et al., 2016). What we can 

conclude with confidence from this study is that the process of hydrolysis during early diagenesis 

has the potential to disguise the influence of other diagenetic agents and caused rapid reduction in 

DNA quantity. In addition, as DNA quantities were observed to progressively deplete over the 

relatively short durations of experiments, we can suggest that water submersion may significantly 

hamper the ability of bone to retain DNA over longer depositional periods.  

5.3.7 Multi-proxy models 

A number of linear and non-linear regression models were run to assess which combination of 

multi-proxy diagenetic markers were the best predictors for submersion time and ADD. A portion 

of these models identify CIELab values as having significant influence (as colour change showed 

good applications in differentiating between early and later periods of submersion (see section 

5.3.5)). For example, the incorporation of the CIELab b measure as an independent variable when 

modelling changes to samples recovered from netting at Lepe beach did improve predictive power 

(previous linear model (table 5.1); R2 0.645; MSE = 1313 ADD) (new linear model; R2 0.823, MSE 

=1016 ADD), suggesting that when elemental ratios show fluctuating values due to increased free 

water interaction and porosity / cracking, the addition of other diagenetic parameters may improve 
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models. However, trace element ratios were consistently identified as the strongest predictor 

variables across all models. Consequently, in the vast majority of cases no single multiple proxy 

model at site-specific or broader scale could be developed which was superior in predictive power 

than those which relied solely on elemental exchange rates. This is reflective of the data discussed 

throughout chapter 5, which indicates that elemental up take and depletion are the most consistent 

measures of diagenetic change across all depositional contexts.  

5.4 Conclusion 

The series of experimental studies discussed in this chapter provides preliminary data concerning 

early diagenetic changes in submerged bone from coastal, estuarine and fresh water aquatic 

environments. A comprehensive range of diagenetic parameters have been assessed, and those that 

show utility for understanding remains’ taphonomic and diagenetic histories have been identified. 

This research has produced a number of key findings: firstly, while it has been largely reported in 

previous research that microbial burrowing is limited to periosteal regions of submerged bone, 

histological analysis in the current study has revealed that micro-focal destruction may also 

propagate into cortical tissue. In particular, shallow, stagnant conditions were seen to promote rapid 

microbial modifications in unburied remains. This finding is important as it indicates that 

depositional conditions which do not inhibit rapid microbial succession may severely hamper the 

ability of bone to survive over archaeological or palaeontological time periods. 

It has been shown using XRF analysis that the elemental compositions of bones recovered during 

early diagenesis appear to be accurate indicators of depositional environments. In addition, 

elemental exchange rates in submerged bone have been identified as the most consistent markers of 

post-depositional change at both site-specific and broader scales. Remains that were constantly 

buried in bottom sediments and exhibit good gross morphological and histological integrity, which 

limits free water interactions, displayed notably consistent uptake and depletion rates that may be 

used to determine remains’ submersion times and locations at a relatively high degree of resolution. 

However, it was concluded that while elemental ratios show good potential applications as a means 

of geochemical provenancing, the preliminary nature of these data means that further work is 

needed to better constrain the models presented herein to fully realise their utility in forensic 

studies. In particular, as bone is still an open system during early diagenesis, the potential for 

fluctuations in elemental compositions and diagenetic overprinting needs to be further assessed.  

Quantitative measures of colour change in submerged bone also displayed some utility in 

determining remains’ taphonomic histories. However, while CIELab colour values could be used to 

establish whether remains experienced sediment pore water or free water interactions, it was 

concluded that a simple gross morphological assessment of staining could achieve this 

differentiation to largely the same effect. In addition, while darkening of bone did progress in 
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relation to submersion time, colour change was rapid upon contact with sediment. Consequently, 

the use of colour change in both forensic and archaeological studies as a predictor of submersion 

time is hindered by limited changes being observable after early post-deposition submersion 

periods (i.e. after approximately 6 months). 

The process of DNA hydrolysis has been shown to be rapid upon deposition in different aquatic 

settings, and it can be concluded that this mechanism may significantly hamper the retention of 

DNA in bone over longer periods of immersion. DNA survivability was weakly correlated with the 

histological integrity and burial condition of remains, suggesting that sediment-stained remains and 

those which exhibit limited microstructural changes are the best to target for DNA analysis. 

However, it is clear that further work is needed to fully decode these relationships. As depletion in 

DNA yield showed little correlation with other diagenetic and environmental parameters, we also 

conclude that the occurrence of rapid hydrolytic chain scission events has the potential to disguise 

or limit the influence of other diagenetic agents on DNA decay rate during early diagenesis. 

This preliminary study did encounter some methodological issues that need addressing in future 

work. Firstly, FTIR analysis of bones’ mineral and organic constituents was confounded by a 

number of factors. Changes in organic quantities were difficult to assess, due to the fact that 

collagen molecule fragmentation may not ultimately change overall collagen yield as measured 

using FTIR. Secondly, the presence of bound water, which induces swelling in bone proteins, may 

increase maximum absorbance ratios recorded using FTIR, and hence lead to inaccurate measures 

of residual proteins. Finally, it was recognised that freeze-thaw cycles during sample storage may 

have reduced amide band I intensity through degradation of proteins, impacting on the assessment 

of diagenetic changes induced during submersion. Certain aspects of DNA analysis were also 

problematic, as guanidine salt and RNA contamination impacted on a thorough assessment of 

changes in DNA purity, while also potentially confounding recorded DNA yield. In addition, intra- 

/ inter-bone variability may have confounded predictable rates of diagenetic change, as measured 

by a number of methods employed in this study.  

It should also be noted that a lack of correlation between different diagenetic markers may be a 

function of certain analyses targeting the entirety of bone (i.e. ‘bulk’ analyses), whereas other types 

of analysis, e.g. XRF analysis, are targeting changes in the exterior portion of bone only. As 

Fernández-Jalvo et al. (2014) note, this can be problematic, particularly when interpreting 

relationships between diagenetic modifications over early post-depositional time frames (i.e. yearly 

or decadal scales). This is due to the fact that weathering changes are likely to be more pronounced 

in external areas of bone tissue initially. Therefore, changes measured using bulk methods are 

diluted, and harder to detect. For example, while DNA was still recorded at an amplifiable level in 

all submerged remains, it is possible that if only the exterior portion of bone been targeted for 

analysis, then the correlations between the presence / absence of microbial burrowing and DNA 

depletion would have been more pronounced. Therefore, it should be recognised that this 
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difference in the resolution / focus of analyses may impact on our understanding of how different 

digenetic changes are progressing. 

Despite these issues, the current study has better defined the fundamental rates of diagenetic 

change in submerged bone as they relate to a number of different environmental and spatial 

parameters. Through the use of systematic monitoring studies, we can conclude that early post-

depositional changes in submerged bone have analytical merit in forensic research and can also be 

used to make some general assessments concerning the long-term diagenetic trajectories of 

remains. We suggest that rapid burial of remains in benthic sediments largely retards 

microstructural changes and free water interactions, hence increasing preservation potential. In 

contrast turbulent environments, but also stagnant and shallow ones, may reduce the ability of 

bones to survive into deep time, due to an increased propensity of this material to experience 

deleterious diagenetic modifications such as cracking, elevated porosity and microbial metabolysis. 

Hence, the early taphonomic trajectories of submerged material would appear to have the potential 

to greatly influence the abundance and interpretation of osseous material in archaeological and 

palaeontological records�  

To advance this current research and gain a more comprehensive understanding of the occurrence 

and time course of different diagenetic changes in water-submerged remains, it is suggested that 

future research should employ a similar actualistic approach. Research should focus on assessing a 

number of different intrinsic and extrinsic variables that were not explored in this current study. In 

particular, diagenetic changes over longer time periods and in different depositional environments, 

such as lacustrine and deep-sea contexts should be explored. In addition, studies should be carried 

out in a variety of regional contexts, so as to better assess the universal applicability of any 

diagenetic parameters recorded. In particular relation to forensic research, the presence of soft 

tissue cover, different degrees of skeletal fidelity and clothing cover need to be integrated into 

diagenetic models. Furthermore, it would be useful to correlate additional diagenetic markers, such 

as UV florescence and measures of pore size / distribution using mercury intrusion porosimetry 

with other diagenetic parameters, as these have shown utility in past studies (Hollund, 2013). Only 

when a comprehensive range of parameters are accounted for can a true assessment of the temporal 

and spatial resolution, and hence utility, of diagenetic changes for decoding taphonomic pathways 

be fully realized. With this goal in mind, the current study provides a good framework on which 

further studies can build.  
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Chapter 6: Conclusions and future work 

6.1 Conclusions 

The research presented in this thesis has achieved its primary goal of an improved understanding of 

water-based bone diagenesis over early post-depositional periods of submersion. The ancillary aims 

and objectives of this thesis were: 

• To better understand and identify modifying agents and their resultant effects on bone 

which may have particular analytical merit when interpreting remains’ aquatic taphonomic 

histories.  

• To determine both the predictability and rates of diagenetic change as they relate to 

different environmental and spatial parameters. 

• To identify and evaluate methods and analyses which have good potential applications for 

interpreting bones’ aquatic diagenetic pathways. 

To achieve these aims, a series of experimental and actualistic taphonomic process studies were 

conducted in both laboratory and field-based settings. These studies recorded abrasive 

modifications on bone surfaces, changes in mineral and organic content, histological and gross 

morphological integrity, DNA degradation, and elemental exchange rates. The studies in this thesis 

have demonstrated that quantitative methods and early post-depositional monitoring studies show 

good applications for assessing diagenetic changes in bone, and indicate that these approaches 

should be adopted and built upon in future research which attempts to interpret aquatic taphonomic 

changes to bone. Key findings of this research are summarised below: 

6.1.1 Flume-based micro-abrasion experiments 

Laboratory flume-based studies presented in chapter 3 provide preliminary data concerning 

quantitative analysis of sediment-induced micro-abrasion propagation on bone surfaces. SEM 

imaging has shown that different sediment classes (silt, sands and gravels) produce distinct levels 

of abrasion on bone at a microstructural level. Clear differences between the mechanisms that 

result in different abrasion types and extents have been identified, it being shown that a reduction 

in sphericity and increase in size of gravel grains causes abrasion to advance through cyclical 

cracking, whereas abrasion through smoothing of bone surfaces occurs more frequently for sand 

and silt classes. In relation to the goal of determining predictability and rate of diagenetic change, 

variations in sediment size, duration of exposure to abrasion, grain sphericity and abrasive force 

have been identified as the strongest rate-limiting factors controlling micro-abrasion propagation. 

In relation to the aim of evaluating methods that have good potential applications for interpreting 
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diagenetic modifications, microscopic analysis has been shown to have a number of distinct 

advantages over gross morphological assessments of abrasion. Most notably, the higher degree of 

resolution provided by microscopic analysis, facilitates a more sequential and detailed 

understanding of abrasion propagation, hence allowing periods of bombardment to be determined 

with a higher degree of temporal resolution than is possible through macroscopic observations. A 

series of case studies, which applied flume-based findings to elucidate the transport history of 

remains recovered from natural settings, has shown initial success in relating recorded micro-

abrasion to the different sedimentary contexts bone was exposed to.  

This research highlights the utility of quantitative flume-based studies for understanding abrasive 

changes on submerged bone at a fundamental level, while also indicating that abrasive 

modifications show good potential applications for elucidating remains’ aquatic taphonomic 

histories. Resultantly, it can be suggested that the analysis of micro-abrasion propagation on bone 

may be used in conjunction with isotopic data, and hydrodynamic sorting data (the relative 

abundance of different skeletal elements and taxa) to allow remains’ submersion times and 

transport pathways to be established with a higher degree of resolution than is currently possible 

through gross morphological assessment. However, it is clear that further research (outlined below, 

in section 6.2.1) is needed to determine whether laboratory-based models of abrasion are 

appropriate analogues for diagenetically-altered bone recovered from water in natural settings.  

6.1.2 Quantitative measures of abrasion using laser scanning 

Chapter 4 of this thesis explored the potential of laser scanning for quantitatively recording 

sediment abrasion on submerged bone in experimental and actualistic taphonomic studies. Point 

cloud data were collected by scanning bone surfaces before and after abrasion induced by mobile 

sediments in a series of flume-based experiments. Using an M3C2 plugin for CloudCompare© 

software, erosion depths and locations as well as incremental volume changes were accurately 

measured. Through this approach, it was possible to understand differences in bone abrasion rates 

as they relate to specific taphonomic variables. Similar results were observed to those presented in 

chapter 3, with duration of bombardment (time), and sediment grain morphology and size being 

identified as having notable influences on abrasion propagation. In relation to the aim of 

identifying analyses which have good potential applications for interpreting bones’ aquatic 

diagenetic pathways, this preliminary study has shown that laser scanning can be used to accurately 

record abrasion on submerged bone at a resolution not possible through gross morphological 

assessment. It is therefore suggested that this quantitative approach should be applied in 

experimental studies, in natural settings, to allow for an improved assessment of the utility of 

abrasive changes recorded on bone for decoding aquatic taphonomic pathways. Future research, 

which may lead to an improved assessment of this methodology’s applications, is discussed below 

in section 6.2.2. 
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6.1.3 Early post-depositional diagenetic changes in submerged bone 

Chapter 5 of this thesis presents a series of experimental studies that provide preliminary data 

concerning early diagenetic changes in submerged bone from coastal, estuarine and riverine 

environments. Sections of cow femur were placed in natural aquatic settings and in outdoor and 

laboratory-based tank experiments to better understand a number of variables, which have 

potentially rate-limiting influences on diagenetic change in submerged osseous tissue. In relation to 

the goal of evaluating methods which have good potential applications for interpreting bones’ 

aquatic diagenetic pathways, this study confirms the utility of systematic monitoring studies for 

understanding early post-depositional changes in submerged bone, and for making general 

assessments concerning the long-term diagenetic trajectories of remains. Data indicate that 

microbial modification in submerged bone can progress rapidly upon deposition in water 

(occurring after as little as 30 days of submersion), and can propagate into cortical tissue, which 

may impact on the ability of remains to survive over archaeological and palaeontological time 

periods. In relation to the goal of identifying diagenetic changes that may have particular analytical 

merit when interpreting remains’ aquatic taphonomic histories, elemental exchange rates in 

submerged bone, measured using XRF analysis, were identified as the most consistent markers of 

post-depositional change at both site-specific and broader scales. Remains that were constantly 

buried in bottom sediments, which limited free water interactions, and exhibit good gross 

morphological and histological integrity displayed notably consistent uptake and depletion rates. In 

light of these results, it is suggested that, with further research, elemental ratios may be used to 

determine remains’ submersion times and locations at a relatively high degree of resolution, and 

therefore have good potential application in medico-legal contexts.  

In addition, DNA degradation was shown to be rapid in submerged bone due to the effects of 

hydrolysis. DNA survivability was weakly correlated with the histological integrity and burial 

condition of remains, suggesting that sediment-stained remains and those which exhibit limited 

microstructural changes are best to target for DNA analysis. As depletion in DNA yield showed 

little correlation with other diagenetic and environmental parameters, it is also concluded that the 

occurrence of rapid hydrolytic chain scission events has the potential to disguise or limit the 

influence of other diagenetic agents on DNA decay rate during early diagenesis. 

In relation to the long-term diagenetic trajectories of remains, the cumulative multi-proxy data 

presented suggest that rapid burial of remains in benthic sediments largely retards microstructural 

changes and free water interactions, hence increasing preservation potential. In contrast, both 

turbulent environments and stagnant, shallow environments, may reduce the ability of bones to 

survive into deep time, due to an increased propensity of this material to experience deleterious 

diagenetic modifications such as cracking, elevated porosity and microbial metabolysis. To better 

constrain and fully assess the applications of the diagenetic models presented in this study, a large 

range of variables need to be explored in future work (see section 6.2.3 below). However, it was 
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concluded that this research provides a good fundamental basis concerning the occurrence and time 

course of different diagenetic changes in water-submerged remains, on which future studies can 

build. 

6.1.4 Broader implications of research and current state of knowledge 

To emphasize the broader implications of this doctoral research, and place it in the context of the 

wider research field, a series of tables are included below. These tables include data from studies in 

this thesis as well as data and observations / conclusions from wider literature on aquatic bone 

diagenesis. The information included is therefore designed to act as a comprehensive guide to 

inform readers on the current knowledge state of research / methodology in aquatic bone diagenesis 

studies. A large portion of the data from the additional literature included has been adapted from 

work conducted by Pokiness and Higgs (2015) and Pokiness (2017), who provide excellent in 

depth guides to gross morphological changes in submerged bone and how these may be 

differentiated from taphonomic alterations in other environments. It is therefore recommended that 

these resource also be consulted, particularly when assessing gross morphological changes to 

submerged osseous tissue. The first table relates different digenetic modifications to the 

physicochemical outcome for remains, and recommends the different analyses that should be 

adopted to interpret specific digenetic changes. This table also advises on the ordering of different 

analyses. The second table looks at different diagenetic modifications in relation to their current 

utility as taphonomic markers, assesses their future / potential utility as taphonomic markers, 

details potential confusion / issues of equifinality when interpreting specific diagenetic markers, 

and highlights any associated methodological limitations. The third table links different aquatic 

environments with commonly associated taphonomic processes in these contexts, the commonly 

associated diagenetic modifications, and the long- / short-term survival potential of remains 

deposited in these settings. It should be noted that while all the diagenetic markers included in 

these table have analytical merit on an individual basis, the most appropriate way of assessing 

changes to bone in water is to adopt an multi-proxy approach. It should also be noted that these 

tables contain general information about different digenetic changes and progressions that are 

expected in different environments, and therefore only generate a predictive heuristic framework 

on modifications and survival potentials. This framework should therefore be viewed in light of the 

fact that many variables and their interactions may cause diagenesis to progress differently in 

aquatic settings even at localised or local scales. 
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 Diagenetic modification: Abrasion (heavy) 

Diagenetic 

process 

Mobile sediment impacts remove osseous material from bone surfaces through physical attrition. 

Heavy abrasion may be present in energetic / turbulent settings (fast-flowing riverine and near-

shore marine contexts) or over long periods of reworking and transport. Heavy abrasion is usually 

associated with sand and gravel sediment clast, and interactions with consolidated rock beds. This 

abrasion may also propagate on bone that is brittle and depleted in structural collagen at the time of 

deposition and exposure (i.e. archaeological or fossil remains): in such cases impacts by silts and 

clays can also cause extensive abrasive changes (see, for example, Fernandez-Jalvo and Andrews 

(2003)). 

 

Physicochemical 

outcome 

Gross morphology: rounding and smoothing; polishing; faceting; perforation of thin plates of bone; 

pockmarking; windowing; removal of laminar bone and exposure of the cortex and trabecular 

tissue; striations of varying size across the bone surface; pitting; cracking. Micro morphology: 

cracking, pitting and ablation occur due to gravel abrasion on fresh remains, and sand / gravel 

impacts on archaeological material; smoothing of bone’s surface (mineralised collagen fibrils) and 

displacement progresses due to sand and silt abrasion (Griffith et al., 2016). Note: heavy abrasion 

caused by silt only occurs when bone is brittle in nature. 

 

Associated 

diagenetic / 

taphonomic 

modifications 

Disarticulation; fragmentation / post-mortem breakage; bleaching (organic depletion); internal 

micro-cracking when viewing bone histology; hydrodynamic sorting (disassociation of lag, 

intermediate and transportable bone groups); spatial taphonomic patterns indicative high energy 

transport (see Domínguez-Rodrigo et al. (2017)); increased micro-porosity; compaction of 

sediment in foramina. 

 

Recommended 

analyses 

Initially, the age of bone (archaeological or forensic) should be determined before analysis of 

abrasive modifications, as the structural properties of bone upon exposure dictates the degree / type 

of abrasion it experiences. This assessment may be made using contextual data, or the presence of 

soft tissue or clothing cover for example. Carbon 14 dating or FTIR analysis of bone CI values and 

C/P ratios (Patonai et al., 2013) may also be used to distinguish between modern and 

archaeological tissue. A combination of both gross morphological and microscopic evaluation of 

abrasion should be adopted. Gross abrasive changes may be recorded using scales such as those 

developed by Cook (1995) to determine a general period of exposure or transport (long vs. short 

term exposure). When interpreting assemblages in an archaeological context comparative abrasive 

scales, such as those developed by Fernandez-Jalvo and Andrews (2003) and Boessenecker et al. 

(2014), may be adopted in conjunction with sedimentological, hydrodynamic sorting and spatial 

taphonomy data to establish the transport history and taphonomic biasing of a deposit. Semi-

quantitative microscopic assessment following Griffith et al. (2016) and Thompson et al. (2011) is 

recommended to determine the different sedimentary contexts bone has passed though. This 

analysis should include the assessment of any available marine or fluvial sediment data, and any 

current / flow data which may help to better define potential transport pathways. Abrasion should 

be assessed before additional destructive analyses which may harm bone surfaces. If any adhering 
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soft tissue remains on bone it should be removed by non-destructive mean (e.g. maggot 

maceration) to avoid modification of surface features. 

 

Diagenetic modification: Abrasion (light) 

Diagenetic 

process 

Mobile sediment impacts remove osseous material from bone surfaces through physical attrition at 

a slow rate. Light abrasion is typically indicative of in situ abrasion by silts and clays in laminar 

flows, possibly in conjunction with short periods of transport in low energy environments (e.g. lake 

basins and deep sea contexts). Light abrasion may also be the result of rapid burial and protection 

in bottom sediments in higher energy settings, or transport of remains via floatation where 

interaction with bedload sediment is limited. 

 

Physicochemical 

outcome 

Gross morphology: abrasive changes may not be visible at this scale. However, rounding, polishing 

and smoothing of surfaces are the most commonly observed features, with an absence of high 

energy abrasive markers such as pockmarking, pitting and windowing. Micro morphology: 

smoothing ablation is largely visible at x1000 magnification and absent at x100 mag. The higher 

occurrence of displacement wear across a given surface area relative to ablation wear is indicative 

of abrasion by silt and clay clasts (Griffith et al., 2016). 

 

Associated 

diagenetic / 

taphonomic 

modifications 

Well-articulated remains; in situ preservation; spatial taphonomic patterns indicative of low 

energy, short distance transport (see Domínguez-Rodrigo et al. (2017)); silt and clay particles 

adhering to bone surfaces and compacted in foramina. 

Recommended 

analyses 

See Abrasion (heavy) above. In cases of recording light abrasion, in particular, it may be 

beneficial to make an assessment of the spatial distribution of wear across the bone’s surface using 

microscopic and gross morphological observations so as to determine whether in situ abrasion or 

transport has occurred. If modified in situ, abrasion should be focused on the upstream side of the 

bone, manifesting as uniform ablation type wear parallel to the longitudinal axis of the bone. This 

type of modification is associated with low energy water movement (laminar flow conditions) 

(Nasti, 2017). If modified in transit, abrasion should be more evenly distributed across the bone’s 

surface and display striations and ablation that have more irregular direction and patterning (Nasti, 

2017). 

 

Diagenetic modification: Encrustation, rasping and boring 

Diagenetic 

process 

A range of biota may adhere to the surface of submerged bone. Common sessile taxa (i.e. those 

which are attached and non-moving at a given developmental stage) are molluscs (Phylum 

Mollusca), mussels, clams, and oysters (Class Bivalvia) (Pokiness, 2017). Annelid worms, such as 

serpulidae and polychaete, may also adhere to and colonise porous bone (Baco-Taylor, 2002), as 

do certain aquatic snails and crustaceans. Single-shelled non sessile species, such as limpets, 

winkles, and periwinkles (Class Gastropoda), may also attach to bone surfaces through the 

secretion of an adhesive mucus (Pokiness, 2017; Smith, 2002). Some gastropods and echinoids 

adhere to bone to feed upon other biota, such as annelids, sponges, algae and microbial mats 

(Allison et al., 1991; Danise et al., 2014), as is the case with certain classes of limpet (Pokiness and 
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Higgs, 2015). These organisms are classed as epibionts (i.e. they colonise, but do not metabolize 

the surface they occupy). Others species and taxa are known to feed on bone directly (Haszprunar, 

1988), and are therefore classed as rasping or boring organisms in the context of bone 

modification: Osedax, a novel genus of bone-eating worms (also known as zombie worms) burrow 

into bone and are often found colonizing large vertebrate carcasses in deep sea contexts such as 

whale falls (Pokiness and Higgs, 2015). In addition, white, ‘furry’ microbial mats may be observed 

covering bone surfaces, which often develop in localised reducing conditions where giant 

filamentous sulphur-oxidizing Beggiotoa bacteria are present (Allison et al., 1991). Other filter 

feeding aquatic invertebrate, most notable Bryozoa, may also grow on submerged osseous tissue, 

where these attached zooids leave behind an organic or mineralized casing even after the Bryozoa 

has died (Pokiness and Higgs, 2015). Algae (diffuse green single-celled) is commonly seen 

adhering to bone in both terrestrial and aquatic settings, and larger multicellular algal taxa (e.g. 

seaweed and filamentous brown algae) are associated solely with aquatic submersion (Pokiness, 

2017).  

 

Physicochemical 

outcome 

At both macro and micro scales extant biota may be seen adhering to bone surfaces. If removed by 

physical or chemical processes, biota may leave diagnostic marks on the surface of bone. For 

example, the circular patches left on the surface of bone by previously attached barnacles are 

known as a homing scars (Pokiness and Higgs, 2015). Rasping and boring organisms will remove 

mineral and organic content from the surface of bone, which results in increased fluid infiltration 

and cycling, hence increasing the effects of chemical hydrolysis. Teredinidae (ship worms) 

produce diagnostic striations, small furrows and orifices, and echinoids (sea urchins) produce 

repeating, overlapping sets of grooves (teeth impressions) radiating from a single point on bone 

surfaces (Danise et al., 2014). Mollusc feeding leaves diagnostic scour marks due to the action of 

their scraping radula (Pokiness and Higgs, 2015). 

 

Associated 

diagenetic / 

taphonomic 

modifications 

Modifications associated with low current energy, such as light abrasion and articulation may be 

more commonly observed in conjunction with encrustation, as turbulent conditions may inhibit 

colonisation. This relationship however is by no means exclusive as encrustation may occur in 

dynamic intertidal and near-shore marine settings. Algal staining, bleaching and limited mineral 

staining (i.e. markers of constant free water exposure in calm conditions, as opposed to burial 

which may inhibit biota colonisation) may also be observed. Encrustation may be associate with 

better gross morphological preservations due to adhering taxa shielding the bone from physical 

attrition and chemical hydrolysis. Whereas boring organism will remove surface tissue and induce 

destructive processes.  

 

Recommended 

analyses 

Literature on different biota growth rates, spatial limitations and ecology should be consulted so an 

assessment of submersion period and location can be developed (a wide range of published 

ecological data / literature may be employed for this purpose (see, for example, (Bourget and Crisp 

(1975) and Clare et al. (1994)). In addition, the EOL (2017) database may be consulted to establish 

the spatial / environmental limitations of different taxa. If possible, local climatic and water 

temperature data should be utilised, as these variables may influence the growth rate, depth 

limitations and feeding habits of different taxa, which need to be accounted for during analysis. In 

addition to a macroscopic evaluation of adhering taxa, microscopy should be employed in order to 
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identify any diagnostic scaring and boring marks caused by previously attached biota which may 

not be visible to the naked eye. Encrustation should be assessed before additional destructive 

analyses which may harm bone surfaces. If any adhering soft tissue remains on bone it should be 

removed by non-destructive mean (e.g. maggot maceration) to avoid modification of surface 

features. Histological analysis of bone thin sections should also be conducted to assess any internal 

boring features / tunnelling morphologies. 

 

Diagenetic modification: Scavenging modifications 

Diagenetic 

process 

Submerged bone may be modified by a range of aquatic and semi-aquatic scavengers, and also be 

damaged by terrestrial animals where it is accessible in shallow water, or washed ashore. In aquatic 

settings scavenger succession is largely controlled by variations in depth, temperature, sediment 

substrate and bathymetry, current energy, and dissolved oxygen content. Food availability also 

plays a major rate limiting role: it is known that scavenging in deep sea settings usually progresses 

more rapidly than in shallow environments due to a lack of food at increased depths (Reisdorf et 

al., 2012). Scavengers can modify bone when consuming adherent soft tissues (see, for example, 

Ribéreau-Gayon et al. (2016)), may directly break open remains to access lipids and marrow 

content, or gnaw bone as a source of calcium. In rare forensic cases sharks have been known to 

ingest human bone (Işcan and McCabe, 1995; Rathbun and Rathbun, 1984). In addition, certain 

species of fish, such as parrot fish, scrape algae and bacterial biofilms from the hard surfaces they 

adhere to, leaving behind diagnostic scavenging marks (Pokiness, 2017). Scavenging has three 

main impacts on the rate of bone diagenesis. Firstly, rapid depletion of protective soft tissue 

exposes bone to destructive processes at a faster rate than would be expected due to putrefactive 

processes alone. Anderson and Bell (2016), for example, show that complete skeletisation can 

occur just 4 days post-submersion due to rapid amphipod scavenger succession rates. Secondly, 

scavengers may move remains long distances from their original depositional contexts. Finally, if 

directly consumed, a bone’s gross morphological integrity may be severely compromised due to 

breakage, and corrosion by stomach acids.  

 

Physicochemical 

outcome 

The smooth-edged teeth of most fish species may produce short, sharp narrow grooves, with a U- 

or V-shaped cross-section, on bone surfaces when consuming soft tissue or adhering biota 

(Pokiness, 2017). These marks are distinct from terrestrial scavenging marks which generally 

manifest as rodent gnawing modifications (ragged or crenelated margins, edge polish, and tooth 

furrows, scores, pits, and punctures of various sizes) (Pokiness, 2017), or as carnivore ingestion 

modifications (rounding and polishing at a gross morphological level and ‘torn-like’ corrosion 

features on bone’s surface when viewed microscopically) (Fernandez-Jalvo et al., 2014). In certain 

cases, ingestion by large marina taxa may result in the gradual corrosion and decalcification of 

bone, similar to that seen in terrestrial settings. 

 

Associated 

diagenetic / 

taphonomic 

modifications 

Fragmentation; disarticulation; corrosion; presences of adherent soft tissue. 
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Recommended 

analyses 

Macroscopic and macroscopic analysis of any surface modifications should be conducted to 

determine whether terrestrial or aquatic scavengers are responsible for any trauma, and to 

determine the timing of any modifications (pre-, peri-, or post-mortem). In the case of fragmented 

remains facture patterns should be assessed to determine where post-mortem breakage is due to the 

physical action of transport in high energy settings or the actions of scavengers. Contextual data 

concerning the spatial limitations and feeding activities of different scavenges close to the point of 

recovery should also be consulted when trying to assign the trauma to a specific taxa, EOL (2017) 

may be used for this purpose. Scavenging trauma on bone should be assessed before additional 

destructive analyses which may harm bone surfaces. If any adhering soft tissue remains on bone it 

should be removed by non-destructive mean (e.g. maggot maceration) to avoid modification of 

surface features. An assessment of changes to soft tissues may also be beneficial to identify the 

cause and timing of any bone modifications: this should be conducted before the analysis of bone. 

 

Diagenetic modification: Disarticulation (skeletal fidelity) 

Diagenetic 

process 

The disarticulation of remains may be caused by a number of processes in aquatic settings. Initially 

soft tissue decay processes may cause cadavers to bloat and subsequently float to the surface of 

water due to the build-up of trapped gasses; as this pressure is released due to putrefactive gas 

leakage or explosion, remains may disarticulate and break apart upon sinking. This process is 

largely dictated by hydrostatic pressure and the density of remains relative to surrounding water. 

For example, increased depths (increased pressure and reduced temperature) may inhibit remains 

from bloating and floating or may cause remains to rise to the surface of water after a period of 

submerged decomposition (Reisdorf et al., 2012). Float and bloat, however, does not need to occur 

for disarticulation to take place, as other taphonomic agents such as energetic sediment, wave and 

current action, transport, scavenging activity, and bioturbation in lower energy settings may all 

reduce skeletal fidelity. 

 

Physicochemical 

outcome 

Disarticulation of body parts follows a general sequence, where exposed, peripheral elements with 

thin soft tissue cover (wrist, hands, feet and ankles) are lost first, followed by the mandible and 

cranium, after which long bones are separated from the trunk. Ribs, vertebrae and the pelvis are 

general disarticulated last (Haglund, 1993). However, processes such as scavenging may 

significantly change predictable disarticulation sequences.  

 

Associated 

diagenetic / 

taphonomic 

modifications 

Disarticulation can be seen, in large, as having a deleterious impact on short-term survival 

potential, as separation of skeletal elements limits the likelihood of successful identification and 

recovery. In addition, disarticulation is more commonly associated with energetic submersion 

environment which will further disassociate and fragment remains. Smaller and separated elements 

may be more easily buried in bottom sediment which can promote preservation (see Allison et al., 

1991). 

 

Recommended 

analyses 

Disarticulation should be assessed using criteria detailed by Huglund (1993). Where possible this 

assessment should made before recovery, while remains are in situ. The degrees of skeletal fidelity 

observed should be used to assess the likelihood of recovering any associated skeletal elements 

from the same approximate depositional context. 
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Diagenetic modification: Hydrodynamic sorting and orientation 

Diagenetic 

process 

During transport of remains in water, different skeletal elements are separated and sorted due to 

variations in their size, density and shape. The hydrodynamic forces acting upon remains, sediment 

substrate and channel geometries of the submersion context also influence the sorting of skeletal 

elements during active transport. In addition to sorting, remains that are transported tend to 

orientate non-randomly upon deposition, particularly when transported by uni-directional flows in 

fluvial settings. 

 

Physicochemical 

outcome 

Skeletal elements can be assigned to different hydrodynamic or fluvial transport indices (FTIs) 

based on their morphological differences and transport potentials. Remains of the same class and 

transport potential are generally deposited together under the same flow conditions, resulting in 

groupings of different elements upon recovery. While there are some differences between the 

established FTIs, and some categorical overlap of elements from different groups, in general most 

groupings consist of similarly defined lag, intermediate and easily transportable specimens. Easily 

transportable bones (Group 1), as defined by Voorhies (1969), are the ribs, vertebra, sacrum, 

sternum, ulna, phalanx and scapula. Intermediate elements (Group 2) are the femur, tibia, humerus, 

metapoidial, pelvis, radius, ramus, scapula, ramus, phalanx, and ulna. Lag elements (Group 3) are 

the skull, mandible and ramus. FTIs developed by Boaz and Behrensmeyer (1976) do show some 

differences; most notably bones with high surface to volume ratios (e.g. ribs) are placed by 

Voorhies in Group 1, but by Boaz and Behrensmeyer in the lag group 3 (Haglund and Sorg, 2002). 

Despite these discrepancies, as a general rule, elements with flat morphologies and limited surface 

area are not easily transported, elongated circular bones occupy the intermediate transport group, 

whereas bones with large surface areas, such as complete crania, and also small, light elements, 

such as the bones of the hands and feet, are most easily moved. Remains that are hydrodynamically 

sorted also tend to orientate with their long-axis parallel to the flow direction, with their heaviest 

end on the upstream side of the flow. However, it is possible that the idiosyncrasies of natural 

settings will alter these expected spatial patterns.  

 

Associated 

diagenetic / 

taphonomic 

modifications 

Soft tissue loss; disarticulation; abrasion. 

Recommended 

analyses 

When interpreting archaeological and paleontologically assemblages different FTIs should be 

consulted depending on the material in question (i.e. human vs. animal taxa) (Boaz and 

Behrensmeyer (1976) should be consulted when analysing human remains). An assessment of 

hydrodynamic sorting (the frequency and occurrence of different skeletal elements in a deposit) in 

conjunction with an assessment of remains’ orientations, abrasive changes, trace element 

composition and stratigraphic contexts should allow for a confident assessment of whether an 

assemblage was deposited and biased by aquatic processes. Spatial statistical / taphonomic 

approaches, such as that developed by Domínguez-Rodrigo et al. (2017), may also be employed to 

assess flow conditions which result in the deposition of remains. When interpreting isolated 

remains, such as those recovered in forensic contexts, it is not wholly advisable to employ FTIs 
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to establish distances transported or local vs. non-local origins of remains due to the 

confounding factors detailed in table 6.2 (see section on Hydrodynamic sorting). 

 

Diagenetic modification: Colour change 

Diagenetic 

process 

Colour change in submerged bone may result from sedimentary interactions (staining and 

inclusions), bacterial processes, adhering biota, moisture content changes, sun exposure, and 

decomposition processes, including changes to the organic and inorganic components of bone. For 

example, bones recovered from aquatic contexts often display bleaching (intense white 

colouration) due to a loss of organic content or formation of mineral precipitates, such as salts, 

which may crystallise on bone surface (Bradfield, 2018; Dupras and Schultz, 2014; Higgs and 

Pokines, 2014; Pokines and Higgs, 2015). Red staining in aquatic settings may be indicative of 

interactions with iron-oxides (oxidising conditions), and dark staining may infer the presence of 

iron sulphide (formed in anoxic conditions by the breakdown of bone lipids by sulphide-oxidizing 

bacteria) (Higgs et al., 2011; Pokines and Higgs, 2015), contamination by humic materials 

(Hollund, 2013), or reduced manganese / manganese dioxide (Dupras and Schultz, 2014). In 

slightly acidic, wet, burial conditions, with high humic / organic acid content, manganese-oxidizing 

bacteria concentrate manganese from decomposing organic matter within water that is then 

precipitated on to bone surfaces resulting in rich brown hues (Dupras and Schultz, 2014). In, 

addition, purple, pink or brown staining may be indicative of the pooling of haemoglobin in 

vascular networks shortly after death, or the presence of manganese carbonates or permanganates 

(Dupras and Schultz, 2014). Abdel- Maksoud and Abdel-Hady (2011) note that grey-blue and grey 

discolorations are caused by organic components in bone being pyrolized. CIELab colour values 

presented in this thesis (chapter 5, section 5.3.5) display strong correlations with trace element 

uptake rates from surround sediments, showing that colour composition is very much a function of 

burial / submersion environment. 

 

Physicochemical 

outcome 

Most colour change is visible at a gross morphological level on bone. Depending on specific 

taphonomic processes discoloration may affect the entirety of the skeleton / bone, or only be found 

in localised areas. For example, dark staining of bone caused by the iron sulphide precipitation in 

anoxic conditions generally exhibits uniform cover, whereas bones which lie partially buried at the 

sediment water interface may exhibited differential staining distribution due to sediment vs. free-

water interactions. 

 

Associated 

diagenetic / 

taphonomic 

modifications 

White: bleaching; organic depletion; calcium carbonate inclusions. Black: inclusion of frambodial 

pyrite and sediments from anoxic / reducing contexts. Brown: presence of manganese carbonates, 

humic compounds and permanganates. Red: soft tissue cover and inclusion of permanganates and 

sediments from oxic contexts.  

 

Recommended 

analyses 

It is suggested that gross morphological assessment of colour change is conducted. This should 

include an assessment of the distribution of colour changes across bone surfaces. In addition, 

microscopic and histological analysis of any sediment inclusion or microbial by-products, such as 

frambodial pyrite, should be carried out in order to better determine the causal taphonomic agent of 

colour change. It may also be beneficial to employ elemental analysis of adherent / included 
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sediment (XRF or ICP-MS analysis) to determine the cause of discolouration. Quantitative analysis 

using CIELab as describe in chapter 5, section 5.3.5 of this thesis should also be employed in order 

to distinguish between buried and non-buried remains. 

 

Diagenetic modification: Bleaching 

Diagenetic 

process 

Bleaching of submerged remains is caused by two main processes. Firstly, the depletion of bone 

collagen, due to leaching and hydrolysis of organic components, results in the calcination of bone. 

Secondly, during submersion soluble salts, namely sodium chlorides, are absorbed into bones 

porous network. These salts are then precipitated onto bone surfaces where they recrystallize 

producing a distinctive white mineral discoloration (Pokiness and Higgs, 2015), and causing 

damage as the expanding salts break apart surface material. Heavy bleaching is usually associated 

with a period of free-water action, and / or wet-dry cycling and sun exposure, which expedites salt 

precipitation and expansion. Bleaching, in general, represents the final stage of calcination where 

the organic component of bone is completely lost, and slats are fused to surfaces (Mayne-Correia, 

1997). 

 

Physicochemical 

outcome 

Salt crystallization and efflorescence may be viewed on the surface of bone, and evenly distributed 

white coloration is observed in conjunction with destructive changes such as cracking, flacking and 

powdering of the bone surface. Cracking may be observed at a microscopic level also. Collagen 

content is significantly depleted. 

 

Associated 

diagenetic / 

taphonomic 

modifications 

Bleaching is often accompanied by heavy rounding, and abrasion (Pokiness and Higgs, 2015), and 

other signs of long-term exposure to free-water interactions, such as macro- and micro-cracking, 

increased porosity, cortical thinning, and encrustation. 

Recommended 

analyses 

Bone should be viewed at a gross morphological level to determine where bleaching is due to salt 

precipitation or organic depletion (or a combination of the two processes). Measures of collagen 

content using FTIR or % weight nitrogen content may also be employed to assess whether 

bleaching is a result of slow chemical deterioration of organics (and hence associated with long-

term aquatic submersion) or is due to physical salt inclusion (which may indicate either long- or 

short-term submersion). 

 

Diagenetic modification: Presence of diatoms 

Diagenetic 

process 

Diatoms are microscopic algae which are found in salt water (sea and brackish water) or in fresh 

water. Diatoms are incorporated into the human circulatory system by inhalation when drowning 

and are subsequently embolized in internal organs (Delabrade et al., 2013). As these algae have a 

silica-based extracellular coat which is resistant to decay (enzymatic to acid digestion), they may 

be analysed during post-mortem examination of submerged cadavers / bone (Delabrade et al., 

2013). 

 

Physicochemical 

outcome 

Diatoms will be present in soft tissue or bone marrow. 
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Associated 

diagenetic / 

taphonomic 

modifications 

Peri-mortem trauma associated with drowning (see section on peri-mortem trauma below). The 

presence of diatoms is also associated with soft tissue cover, adiopocere formation, and retention of 

marrow in bone cavities (i.e. fresh remains). 

Recommended 

analyses 

As diatoms cannot be extracted from osseous tissue directly, when analysing partially skeletonised 

remains nitric acid extracts for femoral bone marrow are usually used as a standard. Appropriate 

extraction methodology can be found by consulting (Delabrade et al., 2013). As mentioned it is 

advisable, when possible, to collect water samples from the area of recovery, against which 

diatoms extracted from human tissue can be compared. Any anthropological analysis should be 

carried out before sawing of the femora to extract bone marrow, as this will impact on stature 

estimation. Remains should be de-fleshed using a method other than boiling (e.g. maggot 

maceration) to avoid alteration of bone marrow. If not de-fleshed the possibility of soft tissue 

presence impacting on stature estimation should be accounted for (Delabrade et al., 2013). 

 

Diagenetic modification: Peri-mortem trauma 

Diagenetic 

process 

Peri-mortem trauma is defined as being inflicted on remains around the time of death. These 

changes therefore may constitute bone modifications which occur shortly before death, are the 

cause of death, or occur shortly after deposition in water. While changes to bone before death 

(ante-mortem) or after death (post-mortem) may be considered as distinct from peri-mortem 

modifications, these are often difficult to differentiate from other trauma inflicted around the time 

of death. Such injuries may manifest in a variety of circumstance in aquatic contexts; such as 

during victim disposal, suicidal or accidental drownings, or in aquatic mass disaster scenarios. 

Different classes of trauma may manifest due to specific events, which are generally categorised as 

blunt force, sharp force, scavenging based trauma, projectile trauma and miscellaneous trauma (see 

Byers (2002)). However, some trauma patterns are more readily associated with water-based 

deaths and are detailed in the next column. 

 

Physicochemical 

outcome 

Peri-mortem trauma may cause diagnostic marks and fracture patterns on bone which are 

indicative of modification to fresh or ‘green’ bone. This is due to the fact that fresh bone has higher 

elasticity than bone which is subject to a period of post-depositional degradation, and therefore 

reacts in different ways to physical stressors and impacts (Wheatley, 2008). Peri-mortem bone 

trauma usually displays clean, sharp edges around cuts, stations and fracture margins. In addition, 

butterfly fractures and the presence of diagonal fracture angles with irregular or jagged 

morphologies are often the result of peri-mortem modifications (Byers, 2002; Wheatley, 2008). 

While limited, there are some data on the occurrences of different levels of peri-mortem trauma 

sustained in different aquatic setting, which can be used to reconstruct circumstance surrounding 

death. In particular, a study by Able and Ramsey (2013) shows that facture patterns are distinct on 

remains of individuals who commit suicide by jumping from bridges when compared to those who 

die from accidental drowning. In bridge jumping deaths skeletal trauma is more heavily focused in 

the thorax / ribs (63%) and craniofacial (30%) regions. In contrast, victims of accidental drowning 

displayed limited soft tissue and skeletal injuries. Individuals who die in mass disaster accident, 

such as plane crashes, exhibit the most trauma Able and Ramsey (2013). In addition, Papadodima 

et al. (2009) indicated that death as a result of diving onto hard surfaces, such as rock or the bottom 
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of swimming pools, is associated with the haemorrhage of neck muscles and possible fracturing of 

the C-1 and C-2 vertebrae. 

  

Associated 

diagenetic / 

taphonomic 

modifications 

Retention of organic content, most notably collagen. Peri-mortem trauma may be associated with 

other early post-depositional modifications in high energy settings such as disarticulation and 

abrasion. 

Recommended 

analyses 

Gross morphological analysis of trauma should be adopted to assess whether this occurred ante-, 

peri- or post-mortem and determine the type of force or process that may have induced the trauma. 

Byers (2002) provides an excellent point of reference for making these distinctions. Microscopic 

analysis of any active soft tissue cells surrounding modifications may also help in an assessment of 

the potential timing of any recorded changes.  

 

Diagenetic modification: Inclusions 

Diagenetic 

process 

Various biological and abiological substances may be included into bone tissue during submersion. 

Bacterial by-products such pyrite framboids and peloids (Danise et al., 2014), and biofilms may be 

incorporated during early diagenesis and become calcified / fossilised during long-term 

preservation. Different sediments may also become compacted on bone surfaces, as detailed above 

(see section on abrasion). In addition, aquatic and terrestrial insect cases may be found on bones, 

which are retained after periods of soft tissue decay (Pokiness, 2017; Wallace et al., 2008). 

 

Physicochemical 

outcome 

These substances may infiltrate the porous microstructure of bone, be found compacted in fossae 

of foramen on bone surfaces, or occupy protected interior cavities. Compaction of sediment in 

foramina is common modification in fluvial transport for example, and frambodial pyrite is 

generally found in the periosteal region of bone as are biofilms. 

 

Associated 

diagenetic / 

taphonomic 

modifications 

Inclusions may be associated with a wide variety of diagenetic modifications. Frambodial pyrite, 

for example, is associated with black sediment staining by iron-rich sediments in anoxic settings 

and the growth of giant filamentous sulphur-oxidizing Beggiotoa bacterial mats in deep sea 

contexts (Allison et al., 1991). Sediment inclusions may be associated with either light or heavy 

abrasive modification: the incorporation of fine sediments (silt and clay) is generally associates 

with light abrasion and low energy settings. 

 

Recommended 

analyses 

It is recommended that both macro-and microscopic analysis of changes are used to identify 

inclusions. This should include histological analysis of bone thin sections and elemental analysis 

(XRD, XRF, SEM/EDX etc.) of bone thick sections to identify the composition of any included 

substances. Aquatic insect casing should be collected upon recovery of remains, in conjunction 

with any environment data which may help to establish the rate of their succession. 

  

Diagenetic modification: Adiopocere formation 
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Diagenetic 

process 

Adiopocere is composed of hydrated body fats that develop in wet, anoxic conditions due to 

bacterial decay processes (Dumser and Turkay, 2008). Adiopocere formation is therefore 

associated with the later stages of soft tissue decay, when adipose tissue is exposed and body fats 

brake down due to hydrolysis. These changes may be observed in a variety of aquatic setting 

including near shore tropholytic zones and deep-sea contexts (Dumser and Turkay, 2008). Like 

soft tissue and clothing cover, the formation of this fatty residue may play an important role in 

protecting bone from external physicochemical alterations during early submersion periods and 

may also be an important factor in stabilising cadavers, hence limiting transport and disarticulation, 

and promoting long-term survival (Smith and Wuttke, 2012). 

 

Physicochemical 

outcome 

Adiopocere is a white, ‘waxy’ substance which may be seen adhering to the external portions of 

bones or seeping into bones’ microstructures. 

 

Associated 

diagenetic / 

taphonomic 

modifications 

Soft tissue cover, articulation or high degrees of skeletal fidelity; retention of collagen and the 

appearance of wet or fresh bone; light abrasion due to protection of bone surfaces. 

Recommended 

analyses 

The presence of adiopocere should be assessed at a macro-  and microscopic scale in order to 

determine the broad age of remains (i.e. forensic vs. archaeological). Adipose tissue should also be 

collected as this has been shown to be highly beneficial tissue to target for toxicology analyses 

when interpreting remains recovered from water. (Delabrade et al., 2013). Water temperature data 

should also be collected form the area where remains are recovered so as to make an assessment of 

PMSI based on ADD and adiopocere formation rates. 

 

Diagenetic modification: Crystallinity changes 

Diagenetic 

process 

During diagenesis partial dissolution of bone mineral may lead to the replacement of small, poorly 

organized carbonated apatite crystals by larger, more stable authigenic apatite and exogenous 

minerals incorporated into the crystal lattice. Recrystallization is a function of the solubility of the 

bone, where collagen loss will result in increased bone porosity and hence increased exposure of 

bone crystals to water resorption. Therefore, microstructural reordering correlates well with 

residual collagen content and changes in micro-porosity during early diagenesis. In a general sense, 

for fossilisation to occur conditions must allow for the rate of recrystallization and substitution of 

ions to exceed that of mineral dissolution. Different diagenetic pathways of submerged bone, such 

as increased cracking, porosity, microbial burrowing and collagen hydrolysis, therefore may been 

seen as having a negative impact of the potential for recrystallization and long-term preservation / 

fossilisation. Consequently, it is important to assess how different environments may impact on 

rates of recrystallization, in order to establish how they affect the frequency and distribution of 

remains in archaeological and palaeontological records. While recrystallization of bone has largely 

been viewed as a long term diagenetic process (i.e. occurring over millennia), recent work by 

Kennan (2017a) indicates that bioapatite recrystallization may occur after just one month of burial. 

This data suggest that when bones are in contact with microbial cells, rapid bioerosion followed by 

the formation of biofilms, in as little as one week post-deposition, may result in rapid but poor 
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mineral recrystallization, followed by protection and stabilisation as biofilms reduce subsequent 

surface exposure, bioapatite lattice substitutions and compositional alterations (Keenan, 2017a).  

 

Physicochemical 

outcome 

Dissolution and growth of minerals occurs in unison, whereby smaller crystals are preferentially 

dissolved, as in Ostwald ripening, and are re-precipitated onto large existing crystal surfaces to fill 

inter-crystalline spaces (Hubert et al., 1996; Trueman et al., 2004). Different stages of 

recrystallization are reflected in the different size and ordering of hydroxyapatite mineral crystals. 

Crystallinity is therefore a combined measure of crystal size and atomic disorder. A review of the 

literature presented in this thesis suggests that CI or infra-red splitting factor values (IRSF) for 

archaeological bone generally range between 2.84 and 4, while the CI range of forensic skeletal 

remains is 2.55-3.18. Recrystallized fossil bone may display CI values as high as 6 or 7 depending 

on the state of decay and mineral substitution. (Asscher et al., 2011). 

 

Associated 

diagenetic / 

taphonomic 

modifications 

Trace element exchange; mineral replacement; loss of organics; good histological integrity; 

peripheral bioerosion. 

Recommended 

analyses 

Interpretation of CI values should follow the methodology detailed in Truman et al. (2008), and 

include an assessment of residual organic content. Both of these assessments can be made using 

FTIR. Any CI changes should also be viewed in conjunction with histological analysis of bone thin 

sections in order to determine whether the creation of biofilm may have influenced 

recrystallization rates. In addition, it is advisable to employ elemental analysis (IC-PMS, XRF or 

electron microprobe (EMP) analyses) to assess levels of mineral substitution in bone apatite.  

 

Diagenetic modification: Cracking 

Diagenetic 

process 

Macro- and micro-cracking may be caused by a number of post-depositional processes in water. 

These include wet-dry cycling (exposure to atmospheric oxygen), the incorporation of expansion 

of soluble salts (see section on bleaching), mechanical wear and sediment abrasion (see section on 

abrasion), submersion in warm, tropical waters and other physical processes such as scavenging 

activity (see above). Cracking, in general, will have a deleterious impact on the survival of bone as 

it reduces structural integrity and expedites water infiltration and fluid cycling within the porous 

network of bone, which results in biological and abiological hydrolysis of organic and mineral 

components. In the studies conducted in this thesis it is shown that mechanical wear will have a 

greater influence on cracking propagation than wet-dry cycling. However, both can be considered 

as causal agents. 

 

Physicochemical 

outcome 

At a micro-scale cracking in submerged bone takes two general forms. Firstly, cracking may be 

observed within haversian systems and osteons (radiating from osteocyte lacunae). Secondly, it 

may be observed at a larger scale, spreading across the entirety of bone surfaces. Large scale 

micro-cracking is associated with mechanical wear and movement in high energy settings, whereas 

as osteonal cracking is affiliated with the depilation of gelatinised collagen. As Pfretzschner (2004) 

describes, this modification arises when collagen hydrolysis causes swelling and increased pressure 

to be imparted on mineral sheets in bones’ microstructures, which produces cracks across the 
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cement lines of secondary osteons. In bone that fossilises in water, these cracks can be seen 

radiating from the circumferences of secondary osteons. Pfretzschner (2004), suggests this 

cracking is diagnostic of the last stage of early diagenesis, where collagen is replaced by apatite 

and other minerals. Cracking at the macro-scale may occur in conjunction with bleaching or 

manifest independently. This distinction may be used to suggest whether cracking is due to 

mechanical wear alone or is due to the reduction of collagen / incorporation of soluble salts. 

 

Associated 

diagenetic / 

taphonomic 

modifications 

Bleaching, heavy abrasion, microbial burrowing, disarticulation and fragmentation, trace element 

composition indicative of free water interactions; CI ratios indicative of degraded or archaeological 

remains.  

Recommended 

analyses 

Cracking should be analysed at both macro- and micro-scales to establish the probable cause and 

elucidate its diagenetic history. Microscopic analysis should be conducted on cross-sectional thin 

sections so internal microstructure can be examined. Measures of organic content using FTIR 

should also be conducted to help establish whether cracking is a function of the general age of 

bone or is caused solely by post-depositional processes during early diagenesis. Due to issues 

surrounding the possible generation of micro-cracks during storage of remains (see Karr and 

Outram (2012a; 2012b), Lander et al. (2013) and Tersigni (2007)), particularly when freezing and 

thawing is involved, it is suggested that histological and microscopic analyses are conducted before 

freezing so as to rule out the effects of any post-recovery taphonomic processes on cracking 

propagation.  

 

Diagenetic modification: Soft tissue decay 

Diagenetic 

process 

Soft tissue decay advances initially through autolysis, followed by internal decomposition 

processes (the breakdown of tissue by endogenous gut bacteria). Soft tissue decomposition in water 

is generally thought to progress at a slower rate than observed in terrestrial settings, due to lower 

temperatures and the exclusion of larval masses (Pokiness and Higgs, 2015). However, as is the 

case in terrestrial settings, rates of soft tissue loss are highly environmentally specific; with 

variations in temperature, depth, algal growth, adiopocere formation, cadaver transport, and insect 

and scavenger succession all playing rate limiting roles. The processes of float and bloat and 

subsequent disarticulation are described above (see section on disarticulation and skeletal 

fidelity). Therefore, this section describes the appearance and rate of soft tissue disappearance in 

water. Understanding these changes is a very important part of assessing modifications to bone 

tissue, as the rate of soft tissue loss dictates the period of time it will take for bone to be directly 

exposed to water action and diagenetic modification. Changes to the body measured using the 

TADS (total aquatic decomposition score) system (Heaton et al., 2010; Humphreys et al., 2013) 

have shown good correlation with temperature accumulation (ADD), which is perceived to be the 

main rate limiting decomposition driver.  

 

Physicochemical 

outcome 

Various degrees of soft tissue cover may be observed between fresh and skeletonised appearances 

which can be scored using TADS. These are described by Heaton et al. (2010) and Humphreys et 

al. (2013). Initially autolysis of internal organs and a greenish discoloration of the abdomen and 

limbs is seen. This is followed by pink discoloration of the face and limbs and a slight green 

discoloration of the abdomen. Next, slight bloating of the stomach is observed. Then more extreme 
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bloating, in conjunction with the formation of a mild green discoloration over the entire abdomen 

as well as soggy and loose skin on the limbs. This is preceded by sloughing of hair, exposure of 

deep tissues around the nose and mouth, green discoloration of the abdomen, and skin slippage on 

various parts of its body. Next observed is a tense abdomen with green discoloration, and skin 

slippage on the head, body, and limbs. This is followed by advanced skin slippage, skin tearing and 

possibly stomach rupturing. Next green-black discoloration of the head, body, and limbs with 

abdominal bloating manifests. Advanced decay of internal organs is also observed, showing 

friability and light pink colouration. Additionally, the intestines and stomach may continue to show 

discoloration and bloating. This is followed by the initial exposure of bone, and early adiopocere 

formation. After which more extensive skeletisation is observed; with exposure and disarticulation 

of hand and feet bones and crania, followed by exposure of the upper arm and leg bones. Finally, 

complete skeletisation and disarticulation manifests in conjunction with advanced adiopocere 

formation. Humphrey et al. (2013) calculate that it would take c. 2863 ADD for complete 

skeletisation of remains to occur, whereas Heaton et al. (2010) calculate 4906 ADD, based on a 

large anecdotal data set. 

Associated 

diagenetic / 

taphonomic 

modifications 

Fresh bone characteristic: organic preservation; limited abrasion; pink discolouration associated 

with pooling of haemoglobin in vascular networks; presence of periosteal connective tissue; high 

levels of skeletal fidelity; adiopocere formation; presences of aquatic or terrestrial or semi-aquatic 

insect casings; lipid leaching and wet bone surfaces. 

 

Recommended 

analyses 

Decomposition should be scored using the TADS scale described by Heaton et al. (2010) and 

Humphreys et al. (2013) to estimate PMSI, as this has been shown to be more accurate and easily 

applied than a methodology based on the weighing of remains. This process includes collecting 

ADD data from a particular submersion location and also attempting to account for any 

environmental variables other than temperature which may impact the rate at which soft tissue loss 

progresses (e.g. scavenging activity). Therefore, as Humphreys et al. (2013) indicate, only with a 

site-specific TAD equation can PMSI be accurately determined. TADS scoring should be 

conducted before recovery, while remains are in situ.  

 

Diagenetic modification: Elemental composition 

Diagenetic 

process 

During early diagenesis, while bone is still an open system, the trace element content of bioapatite 

may be alerted upon deposition in aquatic settings (Shinomiya et al., 1998; Tuross et al., 1989). 

While there is some debate concerning elemental exchange processes (see Kohn and Moses 

(2012)), altered geochemical signatures are largely considered to occur through diffusion and 

adsorption processes, whereby cations are incorporated into exposed hydroxyapatite crystals or 

authigenic mineral; new complexes are created in the organic phase of bone; and water bound or 

precipitated elements occupy porous spaces, voids and micro-cracks within bone (Elliot 1993; 

Hedges and Millard, 1995; Hassan and Ortner, 1977; Trueman et al., 2004). During early 

diagenesis in submerged bone adsorption is considered to be the prevailing process of elemental 

uptake (Trueman and Tuross, 2002). Adsorption is mediated by ambient environmental variables 

such as pH, temperature, dissolved oxygen content and microbial activity (Baxter, 2004; Elliot, 

1993). For example, the presence of organic compounds in water will affect the oxidation state of 

different trace elements in solution, hence influencing their exchange potentials (Baxter, 2004). 
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Furthermore, the habitation of water by microorganisms may catalyse redox reactions 

(Pfretzschner, 2004). Adsorption potentials are also restrained by internal and ambient kinetic 

factors that control the diffusion and hence supply of dissolved ions from bone’s outer surface into 

the cortex. Active water flow within bone, which increases with heightened porosity, causes 

elevated rates and depths of elemental uptake and leaching (Tuross et al., 1989) as pore 

morphology denotes the surface area and hence the extent of solid-solution interactions (Hedges 

and Millard, 1995). Therefore, the hydrological regime of the submersion environment in 

conjunction with the capillarity or matrix potential of the bone sample in question dictate exchange 

potential (Hedges and Millard, 1995). Data in this thesis suggests that remains which are exposed 

to free water interactions, particularly in areas of high flow, show inconsistent or fluctuating uptake 

rates due to water cycling within bone, whereas buried remains show most consistent uptake and 

depletion rates due to stable depositional settings and the associated better histological integrity of 

remains. While, Kohn and Moses (2012) suggest that wetting and drying cycles in nearshore 

environments may increase trace element diffusion in bone, it is also apparent that during early 

diagenesis this diffusion may be subject to reversal through leaching of elements. Data also suggest 

that the permeability of bottom sediment in which bones are buried will also play a rate limiting 

role. 

 

Physicochemical 

outcome 

Once deposited in an environment, the HAP lattice of bone may uptake elements at all binding 

sites (e.g., Ca2+, PO43−, OH−), or be bound to structural collagen (Trueman and Tuross, 2002). 

Long-term survival of bone through fossilisation is generally related to the replacement or 

enrichment of a bone’s mineral matrix by rare earth and trace elements, like F−, Fe2+, Mn2+ 

(Trueman and Tuross, 2002). While elemental exchange is going to be environmentally specific 

and depend on local free-water or sediment bottom water chemistry, in this thesis elements 

associated with both free-water and sediment pore-water interactions were identified as Zn; Sr; Cl; 

Hg; Ta; K; Cu, Gd and Dy. Elements which exhibited notable diagenetic loss were identified as Sn; 

Zr, Ag; P; Pd; Yb; and Au and those associated specifically with burial and sediment pore-water 

were: Mn, Fe, Gd and Dy, with Mn and Fe. Fe/Cl ratio is shown to acts as a strong discriminator as 

it records the differences between samples exposed to free water interactions, characterised by 

chlorine (sodium chloride) uptake, and those exposed to burial which are characterised by iron 

enrichment. Samples exposed to free-water interactions over an 18 month submersion period 

displayed consistently low Fe/Cl values of c. 0.015 - 0.1. Samples that experience limited sediment 

pore water interactions had ratios of c. 0.1 – 2. Those remains exposed to periodic burial displayed 

values of c. 2 -10, with those constantly buried showing significant enrichment (having values of 

between c. 10 and 150). Cl/P ratios were found to be highest in samples which were exposed to 

free water interactions in saline contexts (the highest Cl/P ratios were generally found in samples 

recovered from the nearshore coastal context, which were not buried, displaying values of c. 11- 

17). Samples that are buried in saline contexts or submerged in fresh water, exhibited less Cl 

enrichments (Cl/P values of between c. 0.1 and 7). Buried remains show generally smooth uptake 

rates; whereas bone recovered from turbulent environments with constant free-water exposure and 

periodic exposure to oxygen) exhibit more variable uptake and depletion rates.  

 

Associated 

diagenetic / 

Loss of collagen content through leaching and swelling; elemental uptake associated with burial 

may be seen in conjunction with sediment staining; free-water uptake may be associated with 

bleaching and micro-cracking. 
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taphonomic 

modifications 

Recommended 

analyses 

Elemental analysis may be conducted using various methodologies such as ICP-MS, XRF or EPA. 

A good standard to follow is that detailed by (Trueman et al. 2004). Analysis should look at the 

elemental composition of bones surface and also deeper cortical bone to assess the degree of 

change to the tissue as a whole. FTIR analysis of CI values can also help to determine whether 

bone is still an open system, experiencing elemental exchanges through absorption / diffusion 

rather than solid-state diffusion, at the time of recovery. This may be important to establish when 

attempting to reconstruct the timing of different elemental exchange processes. 

 

Diagenetic modification: Bioerosion 

Diagenetic 

process 

Bioerosion in bone recovered from aquatic contexts is generally attributed to the actions of 

cyanobacteria (blue-green algae), amoebic protozoans (Ascenzi and Silvestrini, 1984), larger algal 

species (Arnaud et al., 1978; Davis, 1997) and other heterotrophic fungi and bacteria (Danise et al., 

2011; Smith and Baco, 2003). These biotas may metabolise collagen and dissolve bone mineral in 

aquatic contexts or use the skeleton as a fixed location for filter feeding silt-free water (Bell et al., 

1996). Variations in pH, hydrological regimes, dissolved oxygen contents, salinity, temperature, 

water depth and the presence or absence of dissolved ionic species, such as metals, which are 

actively used in the metabolic processes of certain bacteria will all play a role in microbial 

succession (Elliot, 1993). However, although a pH below 6 will stop the action of collagenases 

(Jackes et al., 2001), water ordinarily has approximately neutral pH and therefore submerged bone 

will generally stand a high chance of being exposed to microbial modification. In addition, while 

pressures in excess of 200 atm will halt microbial activity of non-barophillic bacteria completely 

(Allison et al., 1991), submerged bone recovered from aquatic setting will usually have spent a 

period of immersion at shallower depths. The general consensus is that phototrophic cyanobacteria 

are the main causal agents of Weld Type 1 tunnelling in submerged osseous tissue (Davis, 1997; 

Jans et al., 2004), as this tunnelling is limited to outer regions of bone and photosynthetic 

microborers can only infiltrate material as far as an available light source can penetrate (Danise et 

al., 2011). For example, Mays (2008) suggests that such burrowing does not progress more than a 

millimetre in depth. However, data in this thesis suggest that substantial burrowing in the periphery 

of bone may allow light ingress, and hence cyanobacteria to penetrate cortical tissue to greater 

depths as burrowing progresses. It is also possible that heterotrophs, that are not dependant on light 

and are found across all aquatic contexts, may metabolize organics in submerged bone (Danise et 

al., 2011; Golubic et al., 2005). In addition, while Type 2 tunnelling is generally associates with the 

lytic action of fungi in terrestrial settings, data in this thesis also demonstrates that this 

modification may occur in submerged, buried bone. Hence burrowing in submerged osseous tissue 

can no longer be seen as a modification limited to the peripheral areas of bone, nor can burial be 

viewed as a taphonomic processes that exclusively protects against microbial attack.  

 

Physicochemical 

outcome 

Type 1 tunnelling is c. 10-15 µm in diameter and is generally limited to the periosteal and 

endosteal margins of bone, whereas Type 2 is c. 5 µm in diameter and is found in the inner cortex 

of bone, primarily in osteons (Fernandez-Jalvo et al., 2010; Hackett, 1981; Trueman and Martill, 

2002). Type 1 tunnelling is generally found branching from the outer limits of bone whereas Type 

2 manifests internally. Burrowing may display a dense mineral layer indicative of mineral 
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resorption and precipitation (Pesquero et al., 2010), however this may also be absent. As amoebic 

protozoans / endolithic bacteria are largely associated with bone resorption it is likely that the 

presence of mineral precipitates is related to their boring activity (Danise et al., 2011), whereas its 

absence may indicate early periods of erosion or the action of cyanobacteria. Preliminary stages of 

microbial burrowing recorded in this thesis indicated that destructive tunnels are initially short in 

length (c. 5 µm) and are exclusively limited to the extreme outer endosteal margins of bone (c 100 

µm from the bone surface). Tunnelling may either remain limited to periosteal margins, or in 

certain depositional settings (exposed, turbulent or stagnant) progress into cortical bone in as little 

as a month post-deposition.  

 

Associated 

diagenetic / 

taphonomic 

modifications 

Reduction in organic content; surface pitting; increased porosity; the precipitation of manganese, 

calcium carbonate, botryoidal cements, hydrogen sulphide, peloids and pyrite framboids, are all 

considered to be induced by microbial influences. (Danise et al., 2011; Hollund, 2013; Shapiro and 

Spangler, 2009). 

 

Recommended 

analyses 

Histological thin sections of bone should be used to identify bacterial attack and classify tunnelling 

morphology: Jans et al. (2004) provide a good guide for this differentiation. The General 

Histological Index (Hollund, 2013) should be used to score the degree of microbial attack. Due to 

potential issues of micro-cracks propagating during post-recovery storage of remains it is 

recommended that samples are not frozen prior to analysis. 

 

Diagenetic modification: DNA degradation 

Diagenetic 

process 

After death DNA degradation begins through autolysis and is preceded by hydrolysis and / or 

oxidation. These processes cause DNA to randomly fragment, resulting in the reduction of 

biopolymer stand lengths, while crosslinking may also occur. While DNA degradation is caused by 

abiological chemical hydrolysis and dissolution of both mineral and organic constituents (and 

accordingly molecular components), it may also proceed through bacterial degradation of collagen. 

This thesis shows that water submersion will have a deleterious effect on DNA survivability due to 

the occurrence of hydrolytic chain scission events. This process of hydrolysis appears to be the 

overriding diagenetic processes during early diagenesis; disguising or limiting the influence of 

other of ambient environmental controls. Campos et al. (2010) also suggests that irrespective of 

depositional environment, large decreases in the DNA content in bone occurs within the first year 

after death, after which more steady decay occurs (Campos et al., 2012). Data presented herein, 

and in other studies looking at changes to DNA quantity over shorter time intervals (see, for 

example, Graham (2014)) suggests that this large decrease occurs just a few days post-mortem. It 

is likely that a rapid decrease in DNA quantity represent a loss of DNA from soft tissue cells and 

DNA bound to exposed collagen that lies directly under the bone-lining cells of all living bone, 

rather than degradation of the more refractory DNA trapped within osteocyte lacunae or 

mineralised osteoids (Campos et al., 2012). This is supported by the fact that Campos et al. (2012) 

have shown that in fresh bone the majority of amplifiable DNA is contained within bone collagen, 

whereas after a year of submersion the majority is contained with the mineral component. During 

later depositional period (i.e. years and decades post-mortem) water chemistry, bacterial activity 

and variations in temperature may have more rate limit roles on DNA decay in submerged bone. 

For example, it is generally thought that bone which is submerged in closed environments, with 



Chapter 6 

200 

cold temperature and limited light, or remains that are rapidly buried in sediments and display good 

histological integrity (absence of extensive internal bioerosion and cracking for example) have a 

better chance of retaining residual DNA (Byard et al., 2008; Mays, 2008).  

 

Physicochemical 

outcome 

As demonstrated in this thesis and by those such as Campos et al. (2010) and Graham (2014), 

submersion will cause DNA to be depleted rapidly after deposition, resulting in c. <10% of the 

original DNA quantity being retained in bone, or complete destruction. This rapid depletion means 

that after initial submersion the majority of amplifiable DNA is likely to be preferentially 

persevered in the more refectory mineral component of bone. 

 

Associated 

diagenetic / 

taphonomic 

modifications 

Collagen depletion; mineral dissolution; increased porosity; increased cracking; bleaching; free-

water exposure markers; microbial modifications. It should be noted that while various diagenetic 

measures may be used to assess degree of DNA degradation in bone, to date results are often quite 

contradictory and no single measure has been identified as a wholly consistent marker when 

applied to samples from different temporalities and depositional contexts. Data in this thesis 

suggest that in water-submerged bone the presence of microbial burrowing in cortical tissue and 

extensive micro-cracking are markers of increased DNA degradation. However, Hollund (2013) 

suggests that infiltration by humic and metallic compounds, and mineral dissolution and cracking 

may have a greater influence on DNA degradation than microbial burrowing, and identifies UV 

autofluorescence of bone as being the single best predictor of DNA survival. In general, bones with 

a high overall mass (i.e. limited porosity) have been shown to be better reservoirs for biomolecules, 

as hydroxyapatite acts as a protective buffer against leaching. 

 

Recommended 

analyses 

DNA extraction and amplification should be tailored to the specific decay state of bone. However, 

as DNA is likely to be preferentially preserved within bone mineral after the initial effects of 

hydrolysis, load bearing or dense bones (femora,  metatarsals, petrous bone) with a high overall 

mass (i.e. limited porosity) should be target for extraction (Fredricks et al., 2013; Pinhasi et al., 

2015). In relation to archaeological material, Pruvost et al. (2007) indicate that freshly excavated 

and non-treated, unwashed, bones contain six times more DNA and yield twice as many authentic 

DNA sequences than bones treated with standard procedures. Therefore, post excavation 

procedures should be considered during DNA analysis and extensive storage / handling of remains 

should be avoided before extraction and remains should be frozen shortly after recovery. While 

samples which show bacterial burrowing are often not considered for molecular analysis is should 

be noted that microbially mediated degradation may allow for the retention of islands of unaffected 

bone mineral; and therefore, while microbes may influence overall DNA yield, they may not 

negatively influence DNA quality. It may therefore be more appropriate to target areas of bone that 

do not display burrowing rather than ignoring the whole bone as a potential source of DNA. This is 

important to note for water submerged bone, which often only displays peripheral bioerosion. 

However, as levels of microbial attack and related increases in porosity have been shown to 

directly correlate with DNA contamination in bone samples in certain studies (Gilbert et al., 2005), 

it would appear beneficial to target remains where this modification is completely absent when 

possible. Histological thin sections and The General Histological Index (GHI) should be used to 

make an assessment of bioerosion, cracking and inclusion, which may impact on DNA 

amplification success rate. In addition, measures of residual organic content using FTIR or UV 
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autofluorescence may be used to screen samples before extraction (see Hollund (2013)). Data in 

this thesis also suggest that sediment stained bone (i.e. buried remains) would be preferential to 

target for analysis. In relation to specific extraction methodologies / commercial kits; Mameli et 

al., (2014) provide a good extraction methodology to follow when attempting to amplify DNA 

from degraded submerged bone tissue. Furthermore, Kus et al. (2016) have shown that the 

QIAamp®DNA Investigator Kit is not suitable for the analysis of decades-old osseous tissue, and 

that PrepFiler® and organic methods of extraction are likely to be more successful when applied to 

highly degraded material (Kus et al., 2016). In relation to archaeological material, Pruvost et al. 

(2007) indicted that any extraction procedure that discards the hydroxyapatite-containing EDTA 

supernatant following demineralisation is less efficient in terms of DNA recovery than methods 

that retain it. 

 

Diagenetic modification: Stable isotope ratios 

Diagenetic 

process 

As stable isotopes are very resistant to post-depositional diagenetic change (Koch et al., 2001), this 

table does not discuss stable isotope diagenesis. Rather the application of the analyses for 

provenancing of submerged remains is discussed in table 6.2. 

 

Physicochemical 

outcome 

N/A 

Associated 

diagenetic / 

taphonomic 

modifications 

N/A 

Recommended 

analyses 

Stable isotope analysis should proceed following published methodology by Meier-Augenstein and 

Fraser (2008) and Stephen (2000). 

 

Diagenetic modification: Collagen content 

Diagenetic 

process 

Degradation of structural collagen can occur rapidly post-mortem and proceeds through autolysis 

and microbial metabolisis. Under stable conditions which exclude the influence of microbes, the 

thermal history of the material (time / temperature) plays the key rate limiting role in degradation 

(Collins et al., 2002). Additionally, increased hydration causes gelatinised collagen to swell and 

degrade; a common alteration observed in bone recovered from aquatic environments (Keenan, 

2016; Pfretzschner, 2004). Collagen’s intimate relationship with bone’s mineral phase means its 

rate of degradation in different environments plays an important role in mediating other decay 

processes (such as trace element uptake, crystallinity change and mineral dissolution) and hence 

the long-term diagenetic trajectory of bone. 

 

Physicochemical 

outcome 

Indirect indicators / markers of collagen degradation including the presence of microbial 

burrowing, leaching of bone lipids and bleaching of bone surfaces. In water submerged bone, 

collagen swelling may also causes the propagation of radial micro-fractures around the perimeter 

of secondary osteons due to increased stress imparted on the haversian bone (Pfretzschner, 2004). 

Loss of structural protein also results in increased macro-porosity in bone and hence the exposure 
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Table 6-1 Relationship between diagenetic process, physicochemical outcome, associated diagenetic changes, and 

recommended analysis. 

of both mineral and organic constituents to further destructive processes. Collagen yields and 

quality can be measured directly using percentage weight contents of carbon and nitrogen, C/N 

ratio, and δ13C and δ15N values (Brock et al., 2010; Sealy et al., 2014) or FTIR analysis (Lebon et 

al., 2016; Trueman et al., 2004). CO/P ratios in fresh bone generally range from c. 0.23 - 0.88, 

whereas archaeological bones generally display values between 0.10–0.33 (Patonai et al., 2013). 

Fossil bone may be completely devoid of organic content depending on the state of degradation. 

 

Associated 

diagenetic / 

taphonomic 

modifications 

Microbial burrowing; leaching of bone lipids; bleaching of bone surfaces; increased CI values; 

micro-cracking; disarticulation and skeletisation. 

Recommended 

analyses 

Data in this thesis suggest that during early post-depositional periods, such as in a forensic setting, 

collagen yields and quality should be measured using percentage weight contents of carbon and 

nitrogen (Brock et al., 2010; Sealy et al., 2014) instead of FTIR analysis. This due to the fact that 

the presence of bound water, which induces swelling in bone proteins, may result in significant 

broadening of the amide band I region on the IR adsorption spectrum and hence increases in 

maximum absorbance ratio recorded using FTIR (Abbott et al., 1996; Susi et al., 1971). 

Quantification of %wt. nitrogen using elemental analysers, should however also be conducted with 

caution, as exogenous nitrogen contamination may skew results. 
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Diagenetic modification: Abrasion 

Current utility as 

a taphonomic 

marker 

The presence of abrasive modifications is indicative of aquatic submersion, and the quantity of 

abrasion recorded can be used as an indicator of submersion environment energy (i.e. laminar vs. 

turbulent flow conditions). Pockmarking and windowing in particular are modifications which are 

not commonly found on remains in terrestrial contexts and are therefore useful diagnostic markers 

of aquatic submersion and taphonomic history (Pokiness, 2016). At site specific scales, relative 

levels of abrasion recorded on bones in an assemblage can be used to determine degrees of 

mixing, transport (local vs. non-local) and accordingly be used to establish levels of taphonomic 

bias (Wood et al., 1988). In addition, when analysing isolated, decontextualized material, 

microscopic assessment can be used to determine the different sedimentary contexts bone has 

passed through (see chapter 3, Griffith et al., 2016). Furthermore, the patterning and distribution 

of ablation wear across a bone’s surface can also be used as an indicator of taphonomic history, by 

determining whether abrasion occurred in transit or in situ (see Nasti (2017) and Abrasion (light) 

in table 6.1). During the processes of abrasion sediment may also adhere to, or become compacted 

in, bone surfaces. While fine sediments (clays and silts) are easily lost in highly energetic 

environments, sand grains tend to accumulate within the crack or on the surface in most settings 

(DeBattista et al., 2013) and are therefore useful diagnostic indicators of submersion environment.  

 

Future / potential 

utility as a 

taphonomic 

marker 

The use of abrasion propagation as a tool for determining transport distance, minimum time of 

submersion and / or PMSI, is still developing. While relationships between abrasion propagation, 

sediment dynamics, hydrodynamics, and the structural properties of bone have been established in 

controlled settings (see, for example, Fernandez-Jalvo and Andrews (2003), Griffith et al. (2016), 

and Shipman and Rose (1988)) more data is needed, particular from observations / 

experimentation in natural settings, to establish the utility of this marker for accurately defining 

remains’ temporal parameters of submersion. The quantitative laser scanning methodology 

presented in chapter 4 (Griffith and Thompson, 2016) provides a means by which the utility of 

this taphonomic marker can be assessed in actualistic experiments. Furthermore, the development 

of quantitative 3D methodologies shows promise for allowing different surface modifications to 

be identified and statically discriminated from other surface changes (see next column), which 

may be mistaken for aquatic abrasion, hence addressing potential issues of equifinality when 

attempting to reconstruct aquatic taphonomic histories. 

 

Potential 

confusion / issues 

of equifinality 

If remains pass through multiple sedimentary contexts diagenetic overprinting may occur: this 

results in diagnostics markers of abrasion being disguised by subsequent interactions with 

different environments, hence confusing the reconstruction of remains’ submersion histories. 

Depending on the diagenetic state of remains, similar surface features may be observed on bones 

that are recovered from different environmental settings. Most notably DeBattista et al. (2013) 

showed that sand-abraded archaeological bone displays similar features to non-abraded 

archaeological bone, due to the high occurrence of surface cracking observed at low 

magnifications on both. To overcome this issue bone should be imaged at x1000 to identify 

smoothing ablation indicative of sand grain impacts (chapter 3, Griffith et al., 2016). The 

inclusion of aquatic sediments in bone matrixes may also help to make this distinction (DeBattista 

et al., 2013). Abrasion may also be confused with other taphonomic modifications or be hard to 

attribute to a specific diagenetic agent / process: ingested bone may display feature of rounding 
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and polishing at a gross morphological levels which are indistinguishable from abrasion. Only 

microscopic assessment to identify ‘torn-like’ corrosion features on bone’s surface allows for 

differential determination (see Fernandez-Jalvo et al. (2014)). Madgwick (2014) notes that even 

when analysed at microscopic levels, the removal of superficial mineral or cortical bone may be 

attributed to a number of processes such as human and animal movement, carnivore licking and 

digestion, pathological conditions, tool manufacture / use, earthworm activity, roasting, and 

bioturbation. Quantitative 3D and microscopic methodologies are continuing to be developed to 

better distinguish between the taphonomic causes of abrasion (see, for example, recent studies by 

Pante et al. (2017) and Orlikoff et al. (2017), who employed non-contact confocal profilometery 

to discriminate between stone tool cut marks and mammalian tooth marks / trampling-induced 

abrasion). In addition, contextual data may be used to infer the most probable taphonomic agent. 

However, the potential issues of equifinality should always considered during taphonomic 

interpretations. In the case of aeolian abrasion, morphological differences between wind and 

water-based modifications are unlikely to be determinable due to the highly comparable way 

abrasion propagates in these different media. Therefore, to make an assessment of wind vs. 

aquatic sediment abrasion, contextual data must be employed in conjunction with other diagnostic 

markers of submersion, such as encrustation by aquatic biota. Of particular use is a study by 

Littleton (2000) which suggests that archeological bone affected by wind abrasion is often located 

in close proximity to an identifiable burial location, whereas water-abrade bone is difficult to 

assign a specific original depositional context due to either long distance transport or the 

destruction of the original burial context due to water action upon exposure.  

 

Limitations of 

analysis 

The utility of this marker as a predictor of transport distance and submersion time is affected by a 

number of factors which need to be accounted for. Firstly, periods of bone floatation or burial in 

bottom sediment can disrupt linear wear progression, hence confounding predictable rates of 

abrasion and the relationship between abrasion propagation and distance transported. Secondly, 

the different structural properties of bones cause abrasion to advance at different rates. Thirdly, 

additional variability in natural setting may confuse laboratory-based models; in particular, mixed 

sediment loads change the rate at which abrasion progresses (see Fernandez-Jalvo et al. (2014)). 

In a forensic setting the presence of soft tissue and clothing cover may significantly change the 

degree of abrasion remains experience over fixed submersion times. Therefore, until these 

variables are incorporated into diagenetic models, measure of abrasion only provide data on a 

minimum time of exposure post soft tissue loss. In addition, the analysis of abrasion at a gross 

morphological level is problematic as abrasive changes progress slowly and are hard to 

distinguish and assign temporal specificity (Cook, 1995). While microscopic analysis does help to 

overcome this issue, after a certain period of abrasion the entirety of a bone’s initial micro-scale 

surface features will be removed, meaning further analytical techniques may be needed to record 

higher degrees of abrasion. The laser scanning methodology presented in chapter 4 (Griffith and 

Thompson, 2016) would provide a means of achieving this should the method be adapted. 

However, currently it’s application is limited to experimental studies, due to the reliance of the 

method on pre-abrasion scans of bone for comparison.  

 

Diagenetic modification: Encrustation, rasping and boring 
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Current utility as 

a taphonomic 

marker 

The presence of adhering and burrowing biota can be used to decipher submersion environments 

based on the know spatial / physiological limitations of different taxa. The presence of barnacles, 

for example, indicates a period of submersion in shallow marine / intertidal or brackish waters 

(Pokiness, 2016). The occurrence of zombie worm boring is largely associated with deep sea 

contexts, and bivalve shells favour low-energy conditions, with low sedimentation rates in 

offshore setting (Belaústegui et al., 2012). The presence and surface distribution of different taxa 

may also be useful in reconstruction taphonomic and biostratinomic history. For example, 

adhering bryozoans are more frequently observed in exposed samples (i.e. those that are not 

buried), and turbulent flow conditions may cause encrusters to colonise more protected areas of 

bone, such as foramina and fossae (Pokiness, 2016). Growth rate of different taxa also have utility 

in determining minimum time of submersion. For example, the incremental growth bands left on 

bone surfaces by barnacles can be used to reconstruct the basal diameter of the encrusting 

organism even after it has been removed from the surface (Pokiness and Higgs, 2015). The size of 

these diagnostic surface marks, and growth rates of other biota such as bryozoan, can be 

correlated with known growth rates of different taxa to better define temporal parameters of 

submersion (see, for, example, Boessenecker (2013), Dennison et al. (2004), Skinner et al. (1988) 

and Sorg et al. (1997)). 

 

Future / potential 

utility as a 

taphonomic 

marker 

Recording variability in the growth rates of different taxa due to changes in environment and 

seasonality will help to restrain taphonomic models / reconstructions and estimations of PMSI. In 

addition, the documentation of diagnostic marks left by adhering taxa will allow more detailed 

taphonomic analysis in the future. This research very much depends on experimental and 

actualistic studies being conducted in different regions so that archaeologist and forensic 

practitioners can generate local comparative databases.  

 

Potential 

confusion / issues 

of equifinality 

Certain encrusters, such as molluscs, bryozoa, and decapod crustaceans are found in both fresh- 

and saltwater environments (Pokiness and Higgs, 2015). While some marine and freshwater 

species are readily distinguishable based on morphological differences, confusion may arise when 

attempting to elucidate submersion location based on biota that are associated with multiple 

aquatic environments. Therefore, additional indicators of submersion context should be used in 

conjunction with these markers. In some cases, high current energy and the processes of transport 

will remove adhering biota. While surface marks may still be analysed after removal, it is possible 

that sediment abrasion and / or corrosion will remove these diagnostic markers from bone 

surfaces, hence disguising a period of submersion history. Tooth mark impression resulting in 

pits, punctures and furrowing may also be confused with the boring action of certain biota such as 

marine worms. 

 

Limitations of 

analysis 

The growth and succession rates of different encrusters may vary significantly due to changes in 

submersion environment such as temperature, depth, seasonality and local biodiversity. 

Consequently, these biological markers may produce modification data that is only relevant 

within a defined geographical context (i.e. at a local scale) hence limiting the universal application 

of these data when attempting to define PMSI. In addition, the issue of soft tissue and clothing 

cover protecting remains from colonisation means that estimations of minimum time of exposure, 
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rather than PMSI, are being developed. This issue cannot be overcome unless soft tissue decay 

rates are incorporated into diagenetic models.  

 

Diagenetic modification: Scavenging 

Current utility as 

a taphonomic 

marker 

• Scavenging modifications can be used to make an assessment of the taphonomic history and 

possible submersion locations of recovered remains, based on the known spatial / seasonal 

limitations of different taxa. Rodent gnawing for example may suggest a period of terrestrial 

exposure before or after submersion, or the removal of remains from water by semi-aquatic 

animals such as river rats. The morphology / diameter of different tooth mark impression may be 

used to determine which species of scavenger have accessed bone, which in turn may help to infer 

submersion location. For example, gouge marks on bone, in conjunction with the severance of 

anatomical elements at the joints is characteristic of scavenging by large shark species (Ihama et 

al., 2009). 

 

Future / potential 

utility as a 

taphonomic 

marker 

Aquatic scavenger modifications are currently understudies in comparison to alteration in 

terrestrial settings. As work progresses to better define diagnostic mark induced by these 

scavengers more confident assessments of taphonomic modification and submersion histories will 

be possible. To achieve this goal actualistic experiments similar to those conducted in terrestrial 

settings (see, for example, Errickson and Thompson, 2016) must be carried out to build up a 

comparative data base of scavenger induced trauma associated with different submersion 

environments. As is the case with abrasive changes, quantitative 3D methodologies show promise 

for allowing different scavenging surface modifications to be identified and statistically 

discriminated from other scavenging marks and surface changes.  

 

Potential 

confusion / issues 

of equifinality 

Due to limited research on the scavenging marks induced by aquatic scavengers, modifications 

caused by different taxa may be indistinguishable. Scavenging may also be confused with boring 

modifications, as tooth puncture marks and pits may appear similar to marine worm burrowing at 

a gross morphological scale. In addition, while bone may be ingested by large marine scavengers, 

certain animals, such as sharks may have the ability to sort remains in their digestive tracts, 

allowing potentially unwanted ingested items (such as bone) to remain fresh and unaffected by 

corrosive gastric juices until they are regurgitated (McCabe, 1995; Rathbun and Rathbun, 1984). 

Therefore, ingestion may not ultimately result in the corrosion and decalcification of bone in 

aquatic settings. While aquatic scavenging will generally cause modifications on bone that are 

distinct from modifications on bones from other contexts (Pokiness, 2017), there may be some 

overlap in the taxa that can access remains, particularly in fluvial and costal settings where 

terrestrial scavengers may enter water and remove osseous tissue: this may confound the 

reconstruction of taphonomic histories and transport pathways. Finally, the process of energetic 

water transport may brake and fragment bone. It is possible that these modifications may be 

confused with the action of large scavengers; therefore, in ordered to make a differential 

determination of the causal taphonomic agent it is advised to look for spiral facture patterns on 

fragmented bone at the point of breakage, as this marker is most commonly associated with force 

applied by scavenger when levering, biting, and pulling on the remains.   
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Limitations of 

analysis 

As there is limited knowledge on aquatic scavenger bone modifications, different trauma may be 

hard to identify and assign to specific taxa, distinguish from anthropogenic or environmental 

modifications, or be defined as occurring pre, peri- or post-mortem. While taphonomic 

modifications are often hard to define temporally, the shortcoming of not being able to use these 

modifications to identify a causal agent, and hence help to establish spatio-temporal parameters of 

submersion, is largely due to the lack of empirical research in this study area currently, something 

which can be overcome. 

 

Diagenetic modification: Disarticulation (skeletal fidelity) 

Current utility as 

a taphonomic 

marker 

Levels of skeletal completeness can inform archaeologist and forensic practitioners about the 

likelihood for preservation and recovery of other associated skeletal elements (Haglund, 1993). 

While not a definitive marker, a good state of articulation may be used to infer a short transport 

distances and suggest that the point of initial deposition in water of remains is close to the point of 

recovery. For example, the retention of facial bones, maxilla and palate, is consistent with rapid 

burial and short distance transport in slow moving waters (Edwards et al., 2009), which may 

indicate that any associated long and axial bones are deposited in close proximity.  

 

Future / potential 

utility as a 

taphonomic 

marker 

Improved data concerning soft tissue decay rates (Humphrey et al., 2013), scavenger succession 

rates (Anderson and Bell (2016; 2017) and disarticulation speeds under different flow conditions 

will allow variability in disarticulation rates to be better defined and incorporated into PMSI 

estimations and other taphonomic models concerning transport distance and submersion time.   

 

Potential 

confusion / issues 

of equifinality 

While the recovery of well-articulated remains may be seen as solely indicative of short distance 

transport (i.e. locally derived remains) a number of studies have shown that the transport potential 

of articulated material is in fact equal or higher than that of isolated skeletal elements (see Coard 

(1999) and Coard and Denell (1995)). Therefore, estimations of transport distance based on 

skeletal fidelity alone are not reliable and should be made in conjunction with other taphonomic 

markers such as abrasive changes and isotopic / trace element composition. Furthermore, the 

recovery of intact remains does not necessarily indicate submersion in low energy or deep 

settings, as biological processes such as the growth of bathymetric microbial mats can restrain 

carcase buoyancy and movement, even in areas of active flow (Hellawell and Orr, 2012). In 

contrast, bioturbation and scavenging can cause disarticulation of remains in low energy settings, 

meaning that taphonomic reconstructions of submersion environments based on skeletal 

completeness alone may lead to inaccurate conclusions.  

 

Limitations of 

analysis 

Data on the rate of skeletisation and disarticulation of remains from different aquatic contexts 

indicates that this process is highly variable and environmentally specific. This presents 

significant challenges when attempting to determine PMSI in a way that is universally applicable 

through the analysis of soft tissue cover and skeletal fidelity. Therefore, this modification cannot 

currently be used to reliably reconstruct spatio-temporal parameters of submersion (Haglund, 

1993). 
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Diagenetic modification: Hydrodynamic sorting and orientation 

Current utility as 

a taphonomic 

marker 

At a site-specific scale hydrodynamic sorting and orientation data can be used to establish whether 

the compositions of fluvially deposited assemblages has been biased by taphonomic agents, and 

hence help assess how well a deposit represent an original community or demography. This is 

achieved by determining whether remains have been moved from a primary depositional context 

and are autochthonous (locally-derived) or allochthonous (non-local) in nature: sorted 

assemblages will usually consist of elements from specific transport groups (lag, intermediate or 

easily transported). The degree of isotropy or anisotropy of element orientations may also be used 

to assess movement in water (Lopez et al., 2016). Deposits with high taxonomic diversity and size 

ranges generally indicate that little aquatic transport has occurred and hence these can be 

considered as normal or non-biased attritional assemblages (Lopez et al., 2016). In contrast, 

assemblages with evidence of sorting are consistent with hydrological deposition of remains, and 

hence potential biasing. 

 

Future / potential 

utility as a 

taphonomic 

marker 

Data on the hydrodynamic sorting of remains is continuing to develop. Recent studies which 

employ a spatial taphonomic approach (see Domínguez-Rodrigo et al. (2017)), continue to 

improve reconstructions of depositional conditions and site formation processes. For research to 

continue evolving, it is vital that the effects of different variables (taxa size, decay states and 

hydrodynamic properties) are tested against sorting and transport potentials in both controlled and 

natural settings.   

 

Potential 

confusion / issues 

of equifinality 

Studies by Herrmann et al. (2004), Nawrocki and Baker (2001) , and Todd and Frison (1986), 

indicate that FTIs as defined by Boaz and Behrensmeyer (1976) and Voorhies (1969) are not 

always accurate predictors of remains’ transport potentials in natural settings, due to variability in 

hydrodynamic systems (e.g. channel geometries) and the physical constituents of bone itself (e.g. 

variations in decay state, density and soft tissue cover). For example, while small skeletal 

elements may be considered more easily transportable, it is possible that these may remain stable 

on the sea / river bed due to their occupation of the laminar sub-boundary layer, whereas large 

elements, which have supposedly lower transport potentials, may project into areas of turbulent 

flow and hence be preferentially moved. Furthermore, narrow channel geometries have been 

shown to constrain movement and expected orientation of remains in natural settings (Haglund 

and Sorg, 2002; Todd and Frison, 1986) In addition, these models treat bones as isolated elements 

during transport; hence failing to account for a significate period of transport that may have 

occurred while remains were fleshed, or partially articulated. Coard and Dennell (1995), for 

example, showed that articulated elements generally have equal or greater transport potentials 

than those that are disarticulated. It is therefore possible that the deposition of complete remains 

may occur in low energy settings after a period of active transport through higher energy settings, 

hence confusing interpretations of the potential origins of the deposit.  

 

Limitations of 

analysis 

While hydrodynamic sorting methodology has proven to be a useful approach for determining 

whether remains have been transported in water, its application to the analysis of isolated bone, 

rather than skeletal assemblages, may lead to inaccurate or incomplete conclusions: simply 

relating a distance transported to a degree of skeletal completeness is problematic, as the recovery 

of disarticulated skeletal elements, with high transport potentials, is not necessarily indicative of 
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long distance transport in water. For example, during rapid erosion and re-deposition events, such 

as flooding, skeletal elements may enter water, become isolated, yet only travel short distances 

before burial in bottom sediments. Similarly, remains may become exposed and then be 

subsequently sheltered behind topographical bed features. Estimates of transport distance using 

such methodology can only be established relative to the frequency and distribution of remains in 

and between sites. Therefore, this approach relies on the analysis of multiple skeletal elements 

from defined stratigraphic contexts. 

 

Diagenetic modification: Colour change 

Current utility as 

a taphonomic 

marker 

Colour change is a good indicator of the depositional environment / taphonomic history of 

submerged bone. For example, differential colouration and distribution can be used to infer 

whether remains were buried in oxygenated, reducing or anoxic conditions. In addition, highly 

bleached remains are suggestive of a long period of free-water interaction and transport, whereas 

sediment stained remains are associated with rapid burial and protection from degradation. These 

distinctions are important when screening bone for certain types of analysis. As discussed in this 

thesis buried remains show more consistent trace element uptake rates than those exposed to free-

water interactions, and therefore are favourable to analyse when attempting to establish 

submersion location / time based on elemental compositions. Furthermore, burial is likely to 

inhibit free-water interactions and microbial succession, meaning these remains may show better 

retention of biomarkers such as DNA, and may therefore be favourable to target for extraction. 

CIELab values presented in this thesis suggest that remains which display values of L <40, a <75 

and b <250, are almost exclusively associated with sediment pore water interactions in water, and 

therefore act as a good quantitative discriminator of free-water vs. burial occurrence. In addition, 

the state of organic depletion in bone, which can be roughly inferred by colour change (amongst 

other methodologies), may indicate that different DNA extraction methodologies should be 

employed relative to remains’ decay state (see table 6.1, section on DNA degradation). Colour 

change may also help to differentiate between periods of terrestrial and aquatic decomposition, as 

evenly distributed red and dark staining is common observed in marine settings but is largely 

absent in buried and surface exposed bone (Pokiness, 2016).  

 

Future / potential 

utility as a 

taphonomic 

marker 

Quantitative measures of colour change such as the methodology adopted in this thesis and that 

employed by Abdel- Maksoud and Abdel-Hady (2011), show good promise for allowing post 

depositional colour changes to be associated with taphonomic agents and timings. 

Potential 

confusion / issues 

of equifinality 

Different mineral staining on bone which mimics changes observed in aquatic setting may also be 

found on bone from terrestrial settings, especially those recovered from soils with oxidizing metal 

present (Pokinees and Higgs, 2015). This is effectively due to the fact that in many cases colour 

change is caused by interactions with sediments, elements, and organic compounds that are 

common to multiple depositional contexts. Coffin burials, for example, often display brown 

staining that is uniformly distributed on the surface of bone, which may be confused with burial in 

aquatic settings (Pokiness, 2017). In cases where contextual / stratigraphic data cannot be used to 

establish depositional history, the distribution of mineral staining as well as the identification of 

adhering sediments that are associated with aquatic contexts (e.g. sands with a high component of 
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crushed shell) may be used to facilitate a differential determination (Pokiness, 2017), as may other 

taphonomic markers of submersion (e.g. encrustation). However, while localised sediment 

staining is more common in terrestrial, surface exposed bone, partial staining may also occur in 

submerged samples that experience reworking or partial burial. Ultimately then, to confidently 

establish the cause of bone discolouration, multiple digenetic and contextual markers, including 

elemental analysis of bone surfaces (see table 6.1, Inclusions, and Trace element composition), 

should be employed.  

 

Limitations of 

analysis 

While colour change is a good tool for inferring general submersion environments and 

depositional histories (i.e. burial vs. no-buried, oxic vs. anoxic), data presented in this thesis 

suggests that the quantitatively recorded progression of colour change in submerged remains had 

limited application for determining submersion time: while experimental samples exposed to free-

water interactions did exhibit some minor darkening over time, CIELab values generally remained 

high, while also exhibiting indiscriminate fluctuations due to inter-sample variability. In addition, 

while samples recovered from buried contexts did show more discernible rates of colour change, 

the transition between fresh bone colour values and buried values was rapid (occurring after c.180 

days of submersion), with colour values remaining relatively consistent after this transition, 

despite subsequent exposure to sediment pore water interactions. Therefore the application of 

colour change in both forensic and archaeological studies as a predictor of submersion time is 

hindered by limited changes being observable after very early post-depositional submersion 

periods. 

 

Diagenetic modification: Bleaching 

Current utility as 

a taphonomic 

marker 

Bleaching may be used as a qualitative indicator of submersion time and environment. For 

example, based on anecdotal data, Pokiness and Higgs (2015) suggest that heavy bleaching is 

indicative of submersion periods of greater than 1 year. However, this is of course dependant on 

local environmental conditions and the rate of organic depletion. In general, bleaching is more 

indicative of free-water interactions, rather than periods of burial. 

 

Future / potential 

utility as a 

taphonomic 

marker 

It is possible that bleaching may be quantitatively related to degrees of organic depletion, though 

correlation of CIELab colour values and FTIR measured bone collagen content, may facilitate the 

screening of sample before certain types of analysis, such as biomarker extraction. 

Potential 

confusion / issues 

of equifinality 

While bleaching may be observed in both terrestrial and aquatic contexts, these are readily 

distinguishable: saltwater usually ingresses in to all portions of submerged bone, meaning 

bleaching in evenly distributed on bone surfaces that are recovered from aquatic contexts. In 

contrast, remains recovered from terrestrial settings show uneven distribution of bleaching, with 

concentrations occurring on their uppermost sides due to preferential exposure to sun light or 

more localised infiltration of soluble salts carried in ground water; exceptions to this general rule 

may however been seen on bones that are exposed to the air in tidal / nearshore settings (Pokiness 

and Higgs, 2015). While salt precipitation and organic depletion may cause the same 

characteristic bleaching effects, the presence of residual organic content measured using either 
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chemical markers, or indicated by the appearance of a wet (i.e. organic rich) bone surface with 

active lipid leaching, can help to differentiate between the two. 

 

Limitations of 

analysis 

While this marker is a good indicator of taphonomic history and general depositional 

environment, the rate at which it progresses is highly variable, being influenced by fluctuations in 

pH, water cycling, calcium carbonate content and bacterial succession, to name but a few 

variables. This make predictions of submersion time based on gross morphological change 

subjective and very broad at best. 

 

Diagenetic modification: Presence of diatoms 

Current utility as 

a taphonomic 

marker 

Diatom analysis is one of the main biological tests used to determine whether an individual died 

from drowning. This analysis is also useful for elucidating certain aspects of remains’ submersion 

histories and differentiating intentional and unintentional trauma. For example, as Gruspier and 

Pollanen (2000) note, this test is helpful for determining whether any recovered, disarticulated 

limbs were detached post-mortem after drowning (due to transport and scavenging activity for 

example) or were dismember and subsequently disposed of in water. 

 

Future / potential 

utility as a 

taphonomic 

marker 

This method is well established, with known limitations. Zimmerman and Wallace (2008) have 

shown that diatom diversity in submerged cadavers may also have applications in the estimation 

of PMSI. However, it is stated by these authors that more experimental work is need to properly 

determine this. 

 

Potential 

confusion / issues 

of equifinality 

As noted by Papadodima et al. (2009) one of the most pressing issues with diatom analysis is the 

fact that they are only present in human tissue in one-third of drowning cases. The absence of 

diatoms is mainly due to climatic influences at the time of death which influence population 

dynamics (Papadodima et al., 2009). Therefore, their absence cannot be used as an indicator of a 

different cause of death. In addition, different sources of contamination such as diatoms ingested 

through food, and drinking water, may result in the cause of death being mistaken for drowning in 

recently deceased individuals. Finally, the inhalation of diatoms may also be associated, or 

confused with, deaths caused by drug overdose and cardiac arrest. (Papadodima et al., 2009). 

 

Limitations of 

analysis 

As the presence of diatoms is traditionally determined using nitric acid extracts from bone 

marrow, skeletal remains exhibiting advances states of decay and soft tissue loss may not be 

analysed. In addition, as previously mentioned, this analysis is subject to possible contamination 

by diatoms from sources other than the associated submersion media. Therefore, to achieve a 

differential diagnosis of drowning and to avoid the false positive identification of drowning, 

diatoms must be collected from the same submersion locations as the body is recovered from, 

which may not always be possible (Papadodima et al., 2009). Finally, this analysis usually 

requires co-operation with a diatom specialist (Papadodima et al., 2009). 

 

Diagenetic modification: Peri-mortem trauma 
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Current utility as 

a taphonomic 

marker 

Peri-mortem skeletal trauma may be analysed to establish circumstances surround death, and if 

interpreted correctly may allow post-depositional changes to be differentiated from those which 

occur before deposition in water, hence adding in the accuracy of taphonomic histories. 

 

Future / potential 

utility as a 

taphonomic 

marker 

This method is well established, with known limitations. However, continued work (such as that 

conducted by Able and Ramsey (2013) on the different patterning of skeletal trauma in water) will 

help to improve data concerning the way bone reacts to different taphonomic stimuli in these 

contexts. In addition, such data would help to differentiate peri-mortem from ante- and post-

mortem modifications.  

 

Potential 

confusion / issues 

of equifinality 

While there are known methods for distinguishing between ante-, peri- and post-mortem traumas 

(see Byers (2002)), there may be significant overlap and confusion between these classes. In large 

this confusion is caused by variability (or lack of) in the decay states of remains when trauma is 

induced. For example, if a bone is submerged in a context which allows for preservation of 

organics, it may still respond to trauma in the same way as it would around the time of death due 

to a retention of its elastic qualities. This can therefore lead to peri-mortem trauma being mistaken 

for post-mortem changes, even after a long period of deposition. Environments which may 

promote organic preservation are usually closed and buried contexts, such as wreck sites or 

aeroplane crash sites, and therefore particular care should be taken when trying to assess the 

timing of different traumas in remains recovered from these settings. In addition, different post-

depositional processes may disguise or alter markers of peri-mortem trauma. For example, 

sediment abrasion may round and smooth off jagged fracture margins, or completely obliterate the 

“curling or uplifting” features associated with peri-mortem cut marks on bone surfaces. 

Furthermore, abrasion and corrosion may cause trauma margins to appear rough or bumpy in high 

energy settings, which may result in peri-mortem injuries being mistaken for post-mortem 

changes. 

 

Limitations of 

analysis 

The know limitations of differentiating the timing of different traumas is a major issue, 

particularly when remains may have undergone a period of post-mortem modification, such as 

abrasion. In addition, as bone has a limited response to different physical processes, the causal 

agent of trauma may be difficult to establish. Differential determinations of types and timings of 

trauma are also limited by the paucity of research concerning modifications related to deaths in 

aquatic settings. 

 

Diagenetic modification: Inclusions 

Current utility as 

a taphonomic 

marker 

Inclusions may have a range of applications as taphonomic marker, providing details on 

depositional history and environment. For example, Danise et al. (2014) show that the analysis of 

calcified biofilms on the surface of fossil bone recovered from aquatic settings can be used to 

suggest that bones were in contact with filamentous phototrophic and heterotrophic bacteria. 

Furthermore, iron is often present in oxic, or formerly oxic, regions of bottom sediment (Croudace 

et al., 2006), and the inclusion of frambodial pyrite within bone’s microstructure is associated 

with these sediments, localised reducing conditions, and anaerobic microbial decomposition. Data 

in this thesis also demonstrates that frambodial pyrite inclusions can be used to determine whether 
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remains were buried in bottom sediment, and what the approximate compaction of this sediment 

may have been. This data may therefore be used to determine whether trace element ratios in bone 

are recording conditions in overlying water columns or reflect the uptake of elements from 

sediment pore waters; an important distinction to make for paleo-environmental reconstructions. 

Furthermore, fine sediment is easily lost in highly energetic environments whereas sand grains are 

often included on bone surfaces and cracks during high energy abrasion. Inclusions are not only 

important for reconstructing ambient or surrounding submersion conditions, but are also vital for 

understanding the internal micro-environmental parameters in bone. For example, acidic by-

products left by burrowing bacteria or inclusion of humic substance may alter the local chemical 

environment of bone or cause bone to become a closed system which is no longer influenced by 

external water composition. If these processes are not identified and accounted for in diagenetic 

models, confusion may arise when attempting to reconstruct submersion conditions or taphonomic 

pathways which lead to long-term preservation. Work by Wallace et al. (2008), for example, also 

indicates that insect casings found on submerged remains have good potential utility for 

estimating PMSI, as the case-building behaviours of the limnephilid caddisflies on cadavers was 

found to correlated with time of deposition in water. 

 

Future / potential 

utility as a 

taphonomic 

marker 

Again, aquatic bone taphonomy is an active research area. However, the development of different 

methodologies, such as the use of aquatic insect succession for determining PMSI in different 

submersion locations (see: Barrios and Wolff,  2011, Hobischak and Anderson, 2002 and 

Humphreys et al., 2013) will continue to improve the universal applicability of these markers. 

 

Potential 

confusion / issues 

of equifinality 

The development of distinct microenvironments in bone due to included substances may cause 

potential confusion concerning depositional environment. For, example sulphide oxidation 

induced by encrusting bacterial mats may result in a localised reduction of pH in bone, which may 

promote the solution of bone mineral (Allison et al., 1991). This diagenetic outcome however may 

be interpreted as being as result of submersion in an acidic environment or burial in an acidic 

terrestrial setting. Bacterial mat or biofilm formation may also inhibit the flushing of sulphide 

from bone, which may in turn discourage scavengers from accessing bone (Allison et al., 1991). 

This could be misinterpreted as submersion in a region devoid of scavengers or the process of 

bone being rapidly buried in sediments. Furthermore, the inclusion of humic substances may 

limited water infiltration into bone and hence retard trace element uptake, confounding the utility 

of this marker when assessing submersion location and taphonomic history.  

 

Limitations of 

analysis 

Inclusions may be removed from bone due to transport and water cycling, and therefore their 

absence cannot be seen as indicative of an absence of this process. These markers vary in utility 

and spatio-temporal resolution on an individual basis. For example, the inclusion of different 

sediments may differentiate between local depositional settings, whereas the presence of 

frambodial pyrite may only be able to suggest that bone spent a period of time exposed to anoxic 

conditions. A major limiting factor of insect casing for determining submersion location and time 

is that aquatic insect larval activity diminishes with increased depth (Humphreys et al., 2013). 

 

Diagenetic modification: Adiopocere formation 
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Current utility as 

a taphonomic 

marker 

Adiopocere formation may help to inform on the rough age of remains (i.e. forensic vs. 

archaeological) as this modification is generally associated with fresh, or recently submerged 

material. Its presence and formation rate has also been shown to have good applications as a 

PMSI indicator in defined settings. For example, some studies show good agreement and indicate 

that initial adiopocere formation correlates well with submersion time and environmental 

variables such as ADD. Data in Kahana et al. (1999) show that in remains recovered from a single 

wreck site, with a consistent temperature of c. 10-12 degrees C, initial adiopocere formation is 

observed after 38 days. (i.e. c. 418 ADD). Similarly, experimental work conducted by Widya et 

al. (2011) indicates that adiopocere formation is likely to occur after 630 ADD in submerged 

remains.  

 

Future / potential 

utility as a 

taphonomic 

marker 

Adiopocere formation needs to be assessed in a number of different submersion environments, in 

experimental studies, to better define its formation rate due to variations in depth, pressure, 

temperature and flow rates etc. These data may then be used to better restrain PMSI estimations.  

Potential 

confusion / issues 

of equifinality 

While adiopocere formation may be used as a PMSI estimator it is apparent that its rate of 

formation may vary in different aquatic settings. As Widya et al. (2011) indicate, there are 

inconsistencies in the literature concerning the temperature needed for adiopocere to form, with 

some studies suggesting that it is only present in waters with temperatures over 21°C, and others 

suggesting that formation can occur at lower temperatures (see discussion in Widya et al. (2011)). 

In addition, while temperature is going to act as the main rate limiting control in formation, 

different variables such as scavenging, current action and interactions with different bed features 

and biota may alter or remove adiopocere and adipose tissue, hence confusing PMSI estimations. 

Furthermore, its formation may retard other decomposition processes, hence confusing 

estimations of PMSI based on soft tissue decay rates for example. Adiopocere may also protect 

against other modification processes such as abrasion, particularly in cold environments, which 

can disguise a period of post-depositional submersion history (Pokiness and Higgs, 2015; Widya 

et al., 2011). Adiopocere is also observed in terrestrial surface and burial contexts, and therefore 

its presence cannot be used as a definitive indicator of submersion (Pokiness and Higgs, 2015). 

Other markers of aquatic submersion must therefore be employed to aid in the determination of 

depositional environment / history. 

 

Limitations of 

analysis 

The limitations of this method are mainly associated with the lack for research on formation rates 

in different aquatic settings. While ADD models have good application in PMSI estimations it is 

clear that more data are needed to better constrain these models and better understand varying 

rates of formation in natural aquatic settings. For example, Widya et al. (2011) indicated that the 

effects of algae growth and Eristalis tenax larvae on adiopocere formation rate need to be 

assessed further, while Humphrey et al. (2013) indicated that adiopocere formation varies by 

depth and temperature, and therefore may not be present on some recovered remains.  

 

Diagenetic modification: Crystallinity changes 
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Current utility as 

a taphonomic 

marker 

This marker may be used as a measure of the degree of diagenetic change bone has undergone: as 

Patonai et al. (2013) demonstrate, CI values may be used to differentiate between modern and 

archaeological material, and this may help to advise on the analytical framework that is employed 

for interpretation of water submerged bone. Different degrees of recrystallizations and mineral 

substitution can also help to inform on site formation processes and past environmental 

conditions. In modern taphonomic monitoring studies, recrystallization rates can also be used to 

inform researchers on the effects that different environmental variables have on the stability of 

bone mineral and subsequently determine how different depositional settings may either promote 

or hinder the long-term survival of bone. For example, recrystallization is not the only diagenetic 

outcome for bone, as dissolution of minerals in turn allows increased diffusion of water and 

foreign contaminates into bone, which may result in complete destruction of both organic and, 

mineral phases. Basic conditions which allow recrystallization to occur have been well studied; 

with it being identified that this process can only occur within a pH range of 7.6 – 8.1 (Berna et al, 

2014). Any pH below 6.5 will cause total bone destruction due to increased solubility, while in 

alkaline conditions above pH 8.1 bone mineral will not recrystallize but will be well preserved 

due to the incorporation of exogenous material, such as calcite (Elliot, 1993; Jackes et al., 2001; 

Trueman, 1999). As water has an approximately neutral pH, recrystallization is hypothetical 

possible in most submersion media. However, rates of collagen decay and mineral substitution 

may vary significantly at different depths and locations. Data in this thesis suggest that bone will 

not undergo recrystallization during early diagenesis in water (1-18 month periods have been 

assessed). However, it should be noted that poor mineral recrystallization values may display 

similar values to fresh bone and therefore these processes need to be further assessed.  

 

Future / potential 

utility as a 

taphonomic 

marker 

Recent work by Keenan (2017a; 2017b) has brought to light new considerations concerning the 

timing and progression of bone recrystallization. In particular, it would seem that the role of 

bioerosion as a preservation facilitator rather that hinderer, needs to be further investigated.  

Further work on recrystallization rates in different aquatic setting should be conducted to allow 

the variables which either promote of hinder stable recrystallization and fossilisation to be 

determined. It is suggested that longer term monitoring studies than those adopted in this thesis 

(i.e. decadal monitoring) be conducted, however the possibility of very rapid mineral changes 

should not be ignored in such research. 

 

Potential 

confusion / issues 

of equifinality 

Data in this thesis indicate that the recording of very early changes in CI are confounded by intra- 

and inter-bone variability. This variability made it difficult to assess whether any changes were 

due to early post-depositional recrystallization or natural variability in fresh CI values. This is due 

to the fact that fresh remains show a range of CI values that may overlap with those recorded in 

older, diagentically modified material. For example, in Keenen’s (2017a) study, changes in bone 

crystallinity were clearly demonstrated in samples over a 3 year burial period (samples exhibited 

fresh CI values of 2.81 and 3.04 in altered remains after 3 years). However, various other studies 

have identified CI values of > 3.0 in clinical tissues (see, for example, Patonai et al. (2013)), and 

therefore these values, when not recorded in controlled experiments, cannot be seen as indicative 

of early recrystallization.  
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Limitations of 

analysis 

While CI values show good correlations with other diagenetic markers during early diagenesis 

such as trace element uptake, collagen decay and porosity, this relationship breaks down during 

later diagenesis when bone becomes a closed system and exchange rates are no longer dictated by 

degrees of mineral exposure (Trueman et al., 2008). In addition, during very early periods (c. 0-2 

years post-deposition) changes either do not occur or are very difficult to differentiate from 

natural viability in fresh bone CI values.  

 

Diagenetic modification: Cracking 

Current utility as 

a taphonomic 

marker 

Cracking may provide evidence concerning the post-depositional history / environment of 

remains. Data in this thesis indicate that extensive internal cracking (GHI = 3/4) is associated with 

high energy environments and periods of mechanical wear in near-shore coastal and fast flowing 

riverine settings. In contrast, the absence of widespread cracking at both micro- and macro-scales 

suggest rapid burial or submersion in low energy settings. As Cook (1995) demonstrates, the 

occurrence of post-mineralisation cracking at the macro-scale in archaeological material suggests 

that a periods of long term burial occurred before subsequent exposure and reworking of remains. 

The presence of cracking in conjunction with bleaching of remains can be used as an indicator of 

submersion in saline or brackish environment, most probably intertidal contexts or lake shores. 

 

Future / potential 

utility as a 

taphonomic 

marker 

Further work on the propagation of cracking may help to differentiate between casual agents. The 

influence of soft tissue cover on micro-cracking propagation in different submersion 

environments is one such variable that needs further investigation, as this may protect or stabilise 

bone from any post-depositional forces or chemical modifications. Studying the relationship 

between micro-cracking propagation and collagen depletion rate may also have important 

implications for establishing rates of fossilisation and conditions which inhibit the survival of 

bone into deep-time. 

 

Potential 

confusion / issues 

of equifinality 

Cracking due to the age of bone before deposition in water may be confused with post-

depositional causes. As mentioned in the section on abrasion DeBattista et al. (2013) show that 

sand-abraded archaeological bone displays similar features to non-abraded archaeological bone, 

due to the high occurrence of surface cracking observed at low magnifications on both. However, 

it is clear that cracking may be cussed by a variety of taphonomic agents which are hard to 

differentiate. Therefore, while this marker may be used to suggest the general submersion 

locations / histories of remains, its interpretation should be conducted with caution, and 

incorporate other markers of submersion location to achieve the most robust taphonomic 

interpretation. It is also important to note that different post excavation / recovery storage and 

handling procedures, such as freezing and thawing of samples, may cause cracking which can be 

mistake as having environmental causation.   

 

Limitations of 

analysis 

This marker is limited to a general assessment of submersion environments and taphonomic 

history. 

 

Diagenetic modification: Soft tissue decay 
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Current utility as 

a taphonomic 

marker 

Rates of soft tissue decay recorded in conjunction with ADD data have shown good applications 

for determining PMSI at a site-specific level. This has been demonstrated by Heaton et al. (2010) 

and Humphreys et al. (2013) who developed linear regression equations correlating ADD to 

different stages of decomposition. In relation to bone this can help to assess the time which has 

passed before osseous tissue is exposed to environmental modifications, and hence this data may 

be integrated into bone diagenesis models to generate more accurate estimates of post-mortem 

submersion interval.   

 

Future / potential 

utility as a 

taphonomic 

marker 

While TADS and ADD models show good potential applications, the incorporation and 

quantification of other rate limiting variables in soft tissue decay models will undoubtable 

improve their accuracy as PMSI estimators. Work on scavenger succession rates (see Anderson 

and Bell (2017), for example) and algal growth rates (see Zimmerman and Wallace (2008)) if 

properly integrated may result in the increased veracity and universal applicability of models. To 

achieve this goal, data from different submersion environments / climatic conditions needs to be 

systematically collected on a global scale.   

 

Potential 

confusion / issues 

of equifinality 

As mentioned many variables can influence soft tissue decay rates which can confound PMSI and 

bone exposure rate estimations. For example, while Heaton et al. (2010) suggest that complete 

skeletisation of remains may occur after approximately 4906 ADD Anderson and Bell (2016) 

show that complete skeletisation can occur just 4 days post-submersion due to rapid amphipod 

scavenger succession rates. When assessing skeletonised remains it may be hard to determine how 

soft tissue decay progresses and therefore a minimum or maximum time which has passed before 

exposure and disarticulation may only be guessed at. It may be possible to identify the previous 

activity of scavengers and aquatic insects after skeletisation has occurred due to diagnostic trauma 

or aquatic insect casing left on remains. However, an absence of these markers cannot rule out 

their occurrence. In addition, the use of TADS models and ADD to estimate PMSI requires an 

understanding of the general temperature of water during submersion. While, this may be more 

easily determinable in inland waters, in oceans cadavers may be submerged at very variable 

depths over the course of decay due to float and bloat processes, and may also be partially 

exposed to atmospheric temperature, which can confound PMSI estimations (Heaton et al. 2010). 

 

Limitations of 

analysis 

In relation to the modification of bone, soft tissue decay rates need to be integrated into future 

diagenetic models, particularly in relation to the analysis of forensics material. This is due to the 

fact that data on bone modifications alone only provides information regarding post-soft tissue 

exposure, rather than a complete history of post-depositional changes upon submersion. Such an 

approach is important as the rate at which soft tissue decomposes in different aquatic contexts is 

highly variable and can therefore result in significantly different periods of immersion passing 

before bone is more directly exposed to destructive aquatic taphonomic processes. However, the 

issues of unaccounted variability in different natural aquatic settings currently means that 

integrating these models is difficult and requires further experimental work. 

 

Diagenetic modification: Elemental composition 
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Current utility as 

a taphonomic 

marker 

As shown in this thesis the elemental composition of bone may be used to determine kinds of 

submersion location and taphonomic histories of remains during early diagenesis. For example, 

Fe/Cl ratios can be used to distinguish buried remains and those which experience free-water 

interactions, and also suggest the redox conditions of a specific depositional environment. Cl/P 

ratios can be used to determine whether bones are submerged in saline / brackish contexts or fresh 

water settings. Elemental uptake and depletion rates also show good potential from allowing 

PMSIs to be determined. However, these exchange rate models currently only show good 

application for remains that are buried in bottom sediment. This thesis has demonstrated that at a 

multi-site scale, four predictor variables (Fe/Ca, Mn/Ca and Mn/Ca uptake ratios indicative of 

sediment pore water interactions, and Zr/Ca depletion rates) could be used to create a linear 

regression model that establishes the submersion time of remains at an accuracy of ± 447 ADD. 

This model indicates that should remains be consistently buried in sediment, where the 

aforementioned elements (i.e. divalent metals) are freely available, then predictable rates of 

uptake show good potential applications for estimating submersion time during early diagenesis. 

In fossil bone, elemental compositions of marine vertebrate assemblages may be used to 

determine a degree of mixing and taphonomic averaging in assemblages (see Trueman et al. 

(2003)): this is based on the principal that if remains from a seemingly homogenous assemblage 

display different geochemical signatures it can be shown that a portion of the material was 

transported from different original depositional contexts and hence is allochthonous in nature. 

Elemental compositions may also be used to reconstruct past submersion environments. However, 

it should be noted that bones which are buried below the sediment water interface, in anoxic 

settings, do not record an unfractionated elemental record of overlying water chemistry 

(Elderfield and Sholkovitz, 1987; Shaw and Wasserburg, 1985; Trueman, 1999). As element 

compositions are reflective of specific depositional environments they may also be used to 

elucidate the occurrence of specific taphonomic / environmental events, which may help to 

parameterize submersion periods and locations in forensic case work or archaeological studies. 

For example, this thesis demonstrates that sharp rises in the Mn content of bone, in a riverine 

setting, could be attributed to the introduction of waste products into water; as samples were 

deposited in close proximity to a water treatment plant where removal and discharge of 

magnesium ions likely occurred during water softener discharge or sewage contamination.   

 

Future / potential 

utility as a 

taphonomic 

marker 

Data concerning elemental exchange rates in water still needs to be better understood. For 

example, the role of element binding to proteins during initially submersion needs to better 

researched. In addition, the role that sediment permeability has on rates of trace element uptake 

would be highly beneficial to explore. There are also high abundances and complexities of 

elements in bottom sediment pore waters, and terrestrial fluvial systems, which may show 

considerable temporal and spatial variations (Trueman et al., 2003). Consequently, more 

experimental work, conducted in different submersion contexts, would help to develop additional 

data which could further constrain exchange models. In general, elemental exchange rates show 

good potential application as a PMSI estimator and marker of depositional environment.  

 

Potential 

confusion / issues 

of equifinality 

Potential confusion when using elemental ratios to determine a depositional environment may 

arise due to diagenetic overprinting. This is due to the fact that during early diagenesis, while 

bone is still an open system, remains may be subject to constant fluctuations in elemental 

composition, particularly when transported between different depositional settings. During early 
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diagenesis deciphering the exact capture mechanisms (organic vs. mineral sorption) is problematic 

and may influence uptake rates due to subsequent leaching of the structural components that 

elements are bound or sorbed to.  

 

Limitations of 

analysis 

Due to the potential issue of diagenetic overprinting it is noted in this thesis that to accept 

elemental ratios as accurate predictors of submersion time / environment it would have to be 

determined that remains were exposed to a single depositional environment, where they are 

consistently buried. In addition, in a forensic setting it is not known how soft tissue cover may 

influence rates of elemental exchange, and therefore additional experiments are needed to account 

for such factors. Consequently, data on early-diagenetic elemental exchange rates can be 

considered preliminary in nature, as there are still a number of variables which need to be 

accounted for before the models can be confidently applied in real world situations. 

 

Diagenetic modification: Bioerosion 

Current utility as 

a taphonomic 

marker 

The presence of bioerosion can be used as an indicator of depositional environment and 

taphonomic history. For example, data in this thesis suggest that Type 1 burrowing which 

propagates beyond periosteal margins is indicative of submersion in shallow stagnant or turbulent 

environments, where remains are exposed to free-water interactions. In contrast, limited 

burrowing is associated with rapid burial. In addition, Nielsen-Marsh and Hedges (2000) have 

shown that bioerosion is more prevalent in remains which undergo wet and dry cycles than those 

which are consistently submerged or rapidly buried (e.g. in palaeochannel deposits). Data in this 

thesis, however, suggest that elevated bioerosion in oxygen exposed remains only occurs in 

dynamic settings, where water cycling and cracking may promote microbial metabolism, as 

opposed to stagnate conditions where this may slow succession rates. Pesquero et al. (2010) have 

also shown the presence of bioerosion with a mineralised rim is indicative of submersion in fresh 

water lake environments, whereas data in this thesis suggest that Type 2 bioerosion may be 

associated with the action of aquatic fungi or chemoheterotrophs in brackish / estuarine 

environments. The presence of bioerosion may also be used in the screening of samples before 

molecular analysis (see section on DNA degradation), as general correlations between bioerosion 

and loss / contamination of organics and DNA are evident. The study of bacterial succession can 

also be used to inform on processes / environments which may influence the long-term diagenetic 

trajectory of remains, and hence impact the quantity and quality of bone in archaeological and 

paleontologically assemblages. For example, while it was previously assumed that aquatic 

cyanobacteria or heterotrophic burrowing does not have a deleterious effect to the survival of 

bone into deep time, observations in this thesis suggest that the histological integrity of cortical 

bone could be notably reduced after just a few years post-mortem in settings where environmental 

controls do not limit microbial succession. This process would subsequently expose bone’s 

mineral and organic components to further destructive agents, hence limiting preservation 

potential (Nielsen-Marsh, 2002). 

 

Future / potential 

utility as a 

It is clear that microbial succession rates in different aquatic environments need to be better 

determined. In particular controlled inoculation experiments are needed to identify the exact 

causal bacterial agents of microbial burrowing in water in different settings. This data would 
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taphonomic 

marker 

therefore allow more confident assessments of the various submersion conditions that either 

promote or hinder the long-term survival of bone. Analyses, which also target areas of bone that 

are modified by microbes (i.e. target rather than ‘bulk’ analyses) will help to further elucidate the 

relationship between bioerosion propagation and changes in other diagenetic markers. 

 

Potential 

confusion / issues 

of equifinality 

Determining the exact organism responsible for boring in aquatic contexts is difficult using 

tunnelling morphology alone; as endolithic borers display similar metabolic traits (Jans, 2008; 

Danise et al., 2011). However, Golubic et al. (2005) note that there are some differences between 

the boring behaviours of phototrophs and heterotrophs in bivalve shells. Most notably heterotopic 

fungi have the ability to proliferate within organic lamellae, whereas endolithic algae are unable 

to digest organic components, and therefore may be limited in the areas of bone they can infiltrate. 

Aquatic burrowing may also be indeterminate from modifications in terrestrial settings: in 

particular Type 2 bioerosion may manifest in both settings, hence confusing reconstructions of 

taphonomic history. It has also been assumed previously that burial in aquatic setting retards 

bacterial succession (Mays, 2008). However, it has be shown in this thesis that this is not always 

the case, and therefore further work on levels of sediment compaction in relation to microbial 

succession needs to carried out. In addition, soft tissue and clothing cover on remains, as may be 

expected in a forensic setting, are likely to influence microbial succession rates (Bell et al., 1996). 

Furthermore, different levels of compaction of bone mineral and haversian canal diameters in 

different taxa / skeletal elements etc. may change succession rates, and therefore such variables 

need to be explored in controlled settings. In addition, while bioerosion is generally thought to 

result in poor preservation (due to the rapid decay of structural collagen leading to increased 

porosity and hence exposure of the mineral and organic phases to further deleterious 

environmental interactions) recent experimental work conducted by Keenan (2017a) suggests that 

when bones are in contact with microbial cells, rapid bioerosion followed by the formation of 

biofilms, in as little as one week post-deposition, may result in rapid but poor mineral 

recrystallization, followed by protection and stabilisation as biofilms reduce subsequent surface 

exposure, bioapatite lattice substitutions and compositional alterations (Keenan, 2017a). 

Therefore, the role of bioerosion in diagenesis and particularly its function as a marker of 

deleterious diagenetic change needs to be reconsidered. 

 

Limitations of 

analysis 

The analysis of bioerosion in aquatic bone is currently limited by a lack of controlled inoculation 

experiments, which may be used to confidently relate observed modifications to specific causal 

bacterial agents. It is also clear that more work is needed to assess early post-depositional changes 

to bone in different aquatic settings, as analysis of archaeological and palaeontological material 

alone leads to a truncated view of the different modifications that are possible in aquatic settings.  

 

Diagenetic modification: DNA degradation 

Current utility as 

a taphonomic 

marker 

In cases where human remains are recovered from water, soft tissues, hair, and teeth may often 

not be recovered (Rankin et al., 1996). Therefore, when the analysis of dentition and fingerprints 

is not possible, DNA extracted from more biologically stable bone tissue is usually the primary 

means of victim identification. The study of DNA degradation can help to inform on the most 

appropriate extraction and amplification procedures to adopt and may also be used to screen 

samples, hence allowing those with the highest likelihood for successful extraction to be target for 
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analysis. This may be very important to establish when dealing with finite or fragmentary osseous 

tissue. Data in this thesis suggest that when analysing bone recovered from water, remains which 

experienced burial and exhibit limited microstructural changes are likely to show better retention 

of residual biomolecules and are therefore more favourable to target for DNA extraction. 

 

Future / potential 

utility as a 

taphonomic 

marker 

Correlation between different taphonomic markers / processes will continue to improve our 

understanding of DNA degradation in submerged bone and advise on the best screening methods 

and extraction protocols to adopt when analysis remains from different depositional settings / 

periods of immersion. The use of UV autofluorescence, as described by Hollund (2013), to screen 

bone samples appears to be a particularly useful avenue of research. The exact influence that 

different levels of bioerosion have on DNA survivability would also greatly help in the screening 

of bone sampled prior to analysis. 

 

Potential 

confusion / issues 

of equifinality 

The success of DNA amplification (polymerase chain reactions) and subsequent downstream 

application depends on both the quantity and quality of DNA in bone. During the process of 

degradation DNA is at higher risk of contamination by exogenous alleles, which may inhibit 

amplification or result in false positives. Submersion in different aquatic settings may involve a 

number of contaminates which inhibit PCR amplification. For example, salt water, algae, debris, 

fulmic acids, humic acids, humic material, metal ions, polyphenol, clay-rich soil, polysaccharides 

and RNases may all be found in water and are associated with PCR inhibition (Schrader et al., 

2012). Contamination with human or microbial DNA is also an issue which may confound DNA 

results. 

 

Limitations of 

analysis 

Identification of individuals through DNA analysis requires an appropriate reference sample for 

comparison (e.g. recovered from a next of kin) (Byard et al., 2008). For this to be achieved 

contextual relevance (i.e. possible geographic origins) must be assigned to the remains, which is 

often problematic when bone may have been moved long distances or submerged for prolonged 

periods. An additional issue is that no one diagenetic marker shows consistent correlations with 

DNA survivability, and therefore while remains may appear favourable to target for analysis 

based on known screening methodologies, extraction may not be successful. While an overall 

assessment of bone tissue quality (i.e. looking at both mineral, organic and histological integrity) 

is therefore recommended, this may be time consuming and expensive, and does not guarantee 

success. 

 

Diagenetic modification: Stable isotope ratios 

Current utility as 

a taphonomic 

marker 

Stable isotope data extracted from both present-day and archaeological remains can provide useful 

information regarding the life-history of individuals, including diet and possible geographical 

origins (Meier-Augenstein and Fraser, 2008). Stable isotope ratios in bone reflect the spatially 

variable isotopic composition of food and water ingested by individuals. For example, Heavy 

carbon (13C) and nitrogen (15N) isotopes may be used as markers of diet, and oxygen (18O) and 

hydrogen (2H) isotope reflect the composition of ingested water. The utility of this tool for 

geographical provenancing of decontextualized and degraded remains recovered from water is 

demonstrated aptly by Meier-Augenstein and Fraser (2008) in a forensic case, where isotopic 
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ratios in bone, hair and nails were used to narrow down the possible geographical origins of a 

suspected murder victim, which eventually lead to victim identification through DNA analysis.  

 

Future / potential 

utility as a 

taphonomic 

marker 

Stable isotope analysis is a well-developed method in archaeological research but is less often 

applied in forensic case work. Recent work by Meier-Augenstein and Fraser (2008) has indicated 

that this is also a viable tool to employ in forensic investigations. Further adoption of this 

methodology may help to better define the geographical origins or jurisdictional contexts of 

decontextualize remains, hence helping to reconcile ante-mortem and post-mortem data and 

ultimately increase the likelihood of successful victim identification.  

Potential 

confusion / issues 

of equifinality 

Isotope data are not unique to all geographical areas, and therefore possible confusion may arise 

when trying to define the specific geographical origin of remains (i.e. multiple possible points of 

origin may be generated that can only be differentiated when used in conjunction with other data, 

in particular contextual data) (Meier-Augenstein and Fraser, 2008). Other potential confusions 

may arise, particularly when dealing with the analysis of modern individuals. For example, 

modern bottled water and food are often globally sourced, and therefore stable isotope ratios may 

not reflect the isotopic ratios of rain water and ground water from the area in which an individual 

lived (Meier-Augenstein and Fraser, 2008). Stable isotope data in bone may also change over time 

due to movement of individuals. However, as bone remodels at an approximately fixed rate, 

changes in isotopic composition may be slow to develop and reflect the area in which an 

individual has moved to (for example, the cortical tissue of femoral bone which is often targeted 

for analysis remodels every c. 20 - 25 years) (Meier-Augenstein and Fraser, 2008). This may 

therefore cause confusion concerning the origins of recovered individuals, particularly in modern 

day settings where individuals may be highly mobile. It is therefore recommended, when possible, 

that bone isotopic data be used in conjunction with other isotopic data from tissue with higher 

remodelling rates such as hair and nail. 

 

Limitations of 

analysis 

Stable isotope analysis does not provide direct information regarding the taphonomic histories of 

remains after they enter water. As mentioned, isotope data are not unique to all geographical areas 

and therefore may only provide broad indications of possible geographical origins. Furthermore, 

little work has been conducted on the potential diagenetic changes to isotopic ratios in bone that 

are submerged. Excess salts and humic acids may contaminate collagen used for isotopic analysis. 

Also advanced degradation may result in insufficient quantities being available for analysis (i.e. 

yields <1% weight). 

 

Diagenetic modification: Collagen content 

Current utility as 

a taphonomic 

marker 

Data in this thesis suggest that collagen depletion rates and patterns can be used to understand the 

effects of depositional environments on bone decay rates. For example, swelling and leaching of 

collagen was shown to be more consistent in stable submersion contexts, whereas wet-dry cycling 

and turbulence caused large differences in collagen depletion patterns even at site specific scales. 

While data in this thesis was inconclusive, due to the confounding effects of bound water 

measures on FTIR spectra, no significate levels of collagen loss were observed which could be 

perceived as impacting upon radio carbon dating or stable isotope analysis (i.e. yields were >1% 

weight). The level of collagen retained in bone not only has importance in determining whether 
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these analyses can be conducted, but may also be used to indicate whether particular depositional 

settings will allow for the long-term survival of bone (i.e. allowing for slow chemical 

deterioration of organics, conducive to fossilisation). This is because the relationship between loss 

of structural protein and increased macro-porosity (which exposures both mineral and organic 

constituents to further destructive processes) is well established (Nielsen-Marsh and Hedges, 

2000; Hedges et al., 1995). 

 

Future / potential 

utility as a 

taphonomic 

marker 

While collagen content in samples recovered over early depositional periods (discussed in this 

thesis) exhibited sufficient yields for radio carbon dating / isotopic analysis, studies over longer 

submersion may provide insight into how different depositional impact on the methodologies. 

Further work should be conducted to better asses the rate limiting role collagen degradation most 

likely plays in trace element uptake, porosity changes, DNA degradation and recrystallization 

during early diagenesis. While Pfretzschner (2004) provides a good summary of the role collagen 

degradation plays in fossilisation processes in aquatic settings it is apparent that different 

environmental settings may cause significant variability in diagenetic pathways. Therefore, these 

need to be investigated over early post-depositional time frames.  

 

Potential 

confusion / issues 

of equifinality 

During early submersion periods changes in the organic quantities of bone were difficult to assess 

using FTIR. This is due to the fact that collagen molecule fragmentation may not ultimately 

change the overall collagen yield measured by FTIR. Secondly, the presence of bound water, 

which induces swelling in bone proteins, may increase maximum absorbance ratios recorded 

using FTIR, and hence lead to inaccurate measures of residual proteins. Finally, it was recognised 

that freeze-thaw cycles during sample storage may have reduced amide band I intensity through 

degradation of proteins, impacting on the assessment of diagenetic changes induced during 

submersion. Therefore the nitrogen (%N) content of whole bone powder may be a more 

appropriate methodology, however, this needs testing. A problem that may be overcome with the 

adoption of additional analyses is the fact that CO/P ratios in fresh bone generally range from c. 

0.23 - 0.88, therefore it is difficult to assess whether recovered organic content values are 

reflective of decay or whether this is due to inter-bone viability during early depositional periods. 

For example, bones recovered in the experimental work of this thesis displayed CO/P values of 

0.8 to 0.2, equivalent to 30.44 and 16.42 wt%, while controls averaged 26.6 wt% organic, and 

samples recovered after 18 months of submersion averaged 24.6%, indicating an overall trend in 

organic depletion, no fixed rates of depletion could be determined or strongly correlated with 

other diagenetic markers / processes.  

 

Limitations of 

analysis 

FTIR is routinely applied in the analysis of diagenesis, in samples from both forensic and 

archaeological setting, this study highlights that in material recovered over early post-depositional 

periods in aquatic contexts, its application may be confounded. It is apparent that different 

methodology and studies which look at changes in collagen yield in aquatic setting are needed to 

better understand collagen depletion and its interaction with other digenetic markers in bone.  

 

Table 6-2 Details utility / future utility of diagenetic changes as taphonomic markers, issues of confusion and 

equifinality, and limitations of analyses. 
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Dispositional environment: Energetic fluvial systems 

Associated 

taphonomic 

processes 

Fast flowing waters and narrow channel geometries result in high transport and disarticulation 

potentials for remains. Rapid burial and exposure (re-working) of remains in bottom sediments is 

also a common process. Bone may be abraded by a range of mobile sediments (sands, silts and 

gravels) of varying size, and interact with consolidated sediments and rocks during energetic 

transport. Heavy abrasion is often the outcome of several passages of transport and associated 

reworking in these aquatic contexts (Cook, 1995). 

 

Commonly 

associated 

diagenetic 

modifications 

Heavy abrasion by mixed sediment clasts; uneven mineral staining of bone surface (due to 

periodic and partial burial during re-working); fragmentation; disarticulation; hydrodynamic 

sorting; modification by aquatic, semi-aquatic and terrestrial scavengers such as water rat 

(Hydromys chrysogaster) and mink (Neovison vison); adiopocere formation; inclusions of riverine 

and terrestrial insect casings; compaction of sediment in foramina; bleaching (organic depletion);  

Cl/P values of between c. 0.1 and 7, indicative of low Cl uptake; encrustation by riverine biota 

such as molluscs, bryozoa, and decapod crustaceans is less likely due to high current energy. 

 

Short-term 

survival potential 

(forensic) 

This context can result in mixed preservation potentials of remains but is generally poor for 

survival. Fast flowing water often causes the fragmentation and disarticulation of articulated 

skeletons / cadavers, which limits the likelihood of recovery. Large, robust and easily identifiable 

skeletal elements such as femora and crania are the most likely to be recovered, while more 

fragile bones are destroyed or not easily collected to due dissociation from more identifiable 

elements (see Nawrocki et al. (1997) and Delabarde et al. (2013)). Mechanical wear / abrasion is 

the primary destructive agent, which may completely destroy bone within a matter of months or 

years post-deposition depending on the energy of the environment, sediment substrate and the 

diagenetic state of bone upon exposure. Survival is also hindered by periodic exposure to oxygen, 

and access by a range of scavengers which may break open remains to access lipids and marrow 

content, gnaw bone as a source of calcium, or in the case of fish, consume bacterial biofilms 

which adhere to the surface of bone. Remains may, however, be rapidly buried in bottom 

sediments which can facilitate preservation.  

 

Long-term 

survival potential 

(archaeological) 

If rapid burial does not occur, long-term preservation is hindered by physical attrition and 

transport. In archaeological and palaeontological contexts this may lead to the biasing of both 

catastrophic and attritional death assemblages, as hydrodynamic sorting separates lag, 

intermediate, and transportable element groups; with more robust bones having a greater chance 

of survival and burial. While there may be a variety of different preservation states of bone 

observed in these setting due to differences in channel geometries, sedimentation rates and other 

aspects of fluvial architecture. In general, in energetic fluvial systems in which bedload sediment 

is consistently reworked, remains will either be destroyed or preserved as channel-lag deposits 

(Behrensmeyer, 1988). These assemblages are typically comprised of allochthonous, highly 

abraded, unidentifiable fragments of bone (see Behrensmeyer (1988)). In addition, while 

cyanobacterial burrowing may be inhibited in fast flowing water, the mineral and organic contents 

of bone may still deplete rapidly, as cracking associated with mechanical wear causes fluid 

cycling within bones’ porous networks. The consistent ingress of water results in chemical 

hydrolysis of collagen and exposure of mineral crystalline surfaces to dissolution, which inhibits 
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the process of slow mineral substitution required to allow the recrystallization of bone into a 

diagentically more stable mineral composite (i.e. fossilisation). As mentioned, while 

disarticulation is not exclusively associated with energetic aquatic settings, it is more common 

and certainly expedited in these contexts. Therefore, if remains are not rapidly buried or recovered 

after separation, the likelihood of long-term survival is hampered by associated diagenetic 

outcomes in these contexts; most notably rapid physical attrition. 

 

Dispositional environment: Lacustrine 

Associated 

taphonomic 

processes 

Slow flowing water and low energy wave action at lake shores results in the limited transport and 

fragmentation of remains. In such setting bone may become rapidly buried in bottom sediment 

with limited re-working. Bone may be abraded by a range of mobile sediments (sands, silts and 

gravels) of varying size, and interact with consolidated sediments and rocks However, grain sizes 

in lake sediments are generally smaller than in high-energy environments and therefore abrasive 

changes are likely to be minor, with remains often becoming protected be finely laminated silts 

and clays. The formation of microbial mats on low energy lake floors may also inhibit movement 

and promote in situ preservation. Remains may however be modified by bacterial burrowing 

which is promoted in shallow low energy settings (see Pesquero et al. (2010) for example). 

 

Commonly 

associated 

diagenetic 

modifications 

Light abrasion due to low energy sediment movement; high levels of skeletal fidelity / 

articulation; evenly distributed sediment staining indicative of rapid burial, or partial staining due 

to reworking at lake shores; bioerosion displaying a mineralised rim associated with the 

burrowing activity of  amoebic protozoans / endolithic bacteria; cyanobacterial burrowing may 

also be observed; modification by aquatic, semi-aquatic and terrestrial scavengers such as water 

rat (Hydromys chrysogaster) and mink (Neovison vison); adiopocere formation; inclusions of 

lacustrine and terrestrial insect casings. In fresh water lakes Cl/P values of between c. 0.1 and 7 

indicative of low Cl uptake may be observed; in salt water lakes Cl/P values of between c. 11- 17 

may be evident. 

 

Short-term 

survival potential 

(forensic) 

These settings generally result in good short-term preservation as low-energy waters and the 

potential for rapid burial in bottom sediment may limit disarticulation and dispersal of remains. 

These more enclosed environments also increase the likelihood of recovering remains in a 

forensic setting. Certain anecdotal case studies also suggest that these settings may allow for the 

retention of good quality and quantities of DNA: for example, Goodwin et al. (2003) using 

extracts from the tibia were able to identify a US serviceman, who had been submerged in a lake 

for 35 years. However, it is likely that variations in the temperature and depth of submersion 

played a larger role in dictating this preservation, rather than lake submersion specifically. A 

more telling aspect of preservation potential of this study was that even after a very long period of 

submersion and potential transport, four human bones was recovered from the same lake context 

(the right part of a pelvis, right and left femur and a left ulna). 

 

Long-term 

survival potential 

(archaeological) 

In general, lacustrine contexts can be seen as having good long-term preservation potentials, as 

these environments act as sedimentary sinks, where bones accumulate and are preserved in 

sediments which often remain undisturbed. Long-term preservation however is not exclusive to 
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these settings. This is due to the fact that microbial burrowing may be promoted in such settings, 

and also due to the fact that remains may become exposed on lake shores, and hence be accessed 

by scavengers or be exposed to oxygen / wet- dry cycling and low energy physical attrition. The 

general preservation potential of bones in lacustrine environments may therefore be better defined 

by the stability of the specific depositional setting, with better tissue quality being evident in 

material that is buried or remains submerged, in contrast to fluctuating nearshore conditions. As a 

general rule then there is increased likelihood for preservation with increased distance from the 

shoreline and increased depth (i.e. a reduction in temperature, flow rate, scavenger accessibility, 

and oxygen content). If burial or submersion in deep water is absent it is likely that stagnant, 

shallow environmental conditions, which promote rapid microbial destruction, will greatly impact 

on the ability of bones survive into deep time. 

 

Dispositional environment: Large and slow flowing fluvial systems 

Associated 

taphonomic 

processes 

Slower flowing waters and wider channel geometries result in lower transport and disarticulation 

potentials for remains than may be found in energetic fluvial settings. Remains may also 

accumulate in the meandering bends of rivers or be caught on sand bars where flow rates are 

decreased. However, during periods of high water discharge, such as during flooding events in 

winter months or rainy seasons, significant movement and disarticulation of skeletal elements 

may occur. While this process may cause movement of remains it may also result in burial due to 

rapid rates of sedimentation after flooding events. As data in this thesis show, remains may also 

experience mechanical wear in these settings. Bone may be abraded by a range of mobile 

sediments (sands, silts and gravels) of varying size, and interact with consolidated sediments and 

rocks during energetic transport. Heavy abrasion is often the outcome of several passages of 

transport and associated reworking in these aquatic contexts (Cook, 1995). 

 

Commonly 

associated 

diagenetic 

modifications 

A mixture of light and heavy abrasion may be observed in these settings depending on sediment 

substrates, channel geometries and variations in flow rate / sedimentation rates. However, as 

fluvial systems generally contain coarse grain sizes, heavy abrasion is more probable. An absence 

of microbial burrowing may also be observed depending on flow conditions and dissolved oxygen 

content at the time of submersion. As in energetic fluvial settings, Cl/P ratios will reflect fresh 

water exposure. Encrustation by riverine biota such as molluscs, bryozoa, and decapod 

crustaceans is possible, however these biotas are more likely to be seen occupying protected areas 

of bone such as foramen and fossae due to active flow. Trace element compositions are likely to 

show significate diversity when compared to those in bone recovered from marine settings due to 

the high abundances and complexities of elements in terrestrial waters, which may show 

considerable temporal and spatial variations. 

 

Short-term 

survival potential 

(forensic) 

Short-term survival and recovery potential of remains in these settings is generally poor due to the 

potential for long distance transport, disarticulation and reworking of remains. For example, there 

are numerous case studies from both forensic and archaeological settings where only single 

skeletal elements, such as crania, are recovered from large fluvial systems (see, for example, 

Nawroki et al. (1997) and Edwards et al. (2009)). In addition, access by both fluvial and terrestrial 

scavengers decreases survival potential. As demonstrated in this thesis significant micro-cracking 

may develop in remains submerged in these settings over short periods of time due to mechanical 
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wear. This process is likely to increase the degradation of structural collagen and DNA, and also 

expose bone mineral to dissolution. Rapid burial due to deposition in river bends of high 

sedimentation rates may preserve remains, however the potential for subsequent exposure and 

destruction is high.   

 

Long-term 

survival potential 

(archaeological) 

While survival potential is generally better than in more energetic fluvial environments, the long-

term survival potentials in these settings is generally low, as bone is likely to be destroyed 

through physical attrition during early post- depositional periods. Even when buried due to 

flooding events bone is likely to display a poor overall state of preservation indicative of constant 

reworking. Abandoned channels in these contexts show the best potential for the survival of intact 

remains. Behrensmeyer (1978) describes these depositions as channel-fill assemblages, which 

consist of bones preserved in mixed to fine-grained deposits that fill a channel after it has been 

abandoned by sustained, active flow. Channel-fill assemblages usually consist of autochthonous, 

un-abraded, complete skeletons. Therefore, the amount of re-working that a given fluvial system 

experiences will likely be the main environmental control dictating the long-term preservation of 

remains in these settings. 

 

Dispositional environment: Estuarine environments 

Associated 

taphonomic 

processes 

Remains are likely to be rapidly buried in laminated bottom sediments such as clays and silts. 

While this may retard bacterial activity, data in this thesis has shown that bone may exhibit 

evidence of Type 2 bioerosion in these settings, possibly due to the action of aquatic fungi. 

Laminated sediment will most likely limit water ingress in remains and promote good histological 

integrity. While remains may be reworked due to flooding or tidal events they will most likely be 

quickly reburied. Smaller sediment grain sizes found in these setting will most probably result in 

limited abrasive changes, particularly in fresh remains.  

 

Commonly 

associated 

diagenetic 

modifications 

Remains will usually show light abrasion due to limited silt and clay action. These sediments may 

also be seen adhering to the surface of bone. Evenly distributed sediment staining indicative of 

burial in iron / organic rich anoxic sediment may also be observed. Fe/Cl ratios will most 

probably be elevated (values of c. 10 -150) due to this process. Inclusion of salt may also occur 

due to submersion in a brackish setting. Marine, terrestrial and fluvial scavenging activity may be 

observed. In particular, encrustation by barnacles indicates a period of submersion in shallow 

marine / intertidal or brackish waters (Pokiness, 2017). Good histological integrity and inclusions 

of frambodial pyrite due to localised reducing conditions may also be apparent. 

 

Short-term 

survival potential 

(forensic) 

If remains are not accessed by scavengers the potential for disarticulation and dispersal is low, 

due to generally low flow rates, and hence short-term preservation is likely. However, rapid burial 

in soft sediments such as silts and clays may also hinder recovery in a forensic setting. The 

process of burial may be impacted on by flooding, however, remains are likely to be readily 

reburied after such events. Rapid burial is likely to promote DNA survival and also limit other 

deleterious diagenetic agents during early diagenesis. 
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Long-term 

survival potential 

(archaeological) 

Flooding may expose remains, however, many fossilised remains are preserved in estuarine / 

flood plain contexts. Tidal influxes should also be considered when assessing long-term survival 

potentials. Therefore, there is increased likelihood for preservation with increased distance from 

the shore / sea, as potential reworking will vary due to the influence of tidal energy. As rapid 

burial will promote survival in these settings, long-term preservation in these environments is 

most likely dictated by the absence / presence of scavenging actively shorty after deposition, 

which may inhibit or allow burial. If burial is absent it is likely that stagnant, shallow 

environmental condition, which promote rapid microbial destruction, will greatly impact on the 

ability of bones survive into deep time. 

 

Dispositional environment: Intertidal / shallow marine environments 

Associated 

taphonomic 

processes 

Persistent oscillatory currents and wave action in nearshore settings may cause rapid abrasion, 

fragmentation, disarticulation and dispersal of remains. Also, remains abraded / reworked in situ 

in these settings may be rapidly destroyed by physical attrition (Brossenbecker, 2013). For 

example, data in this thesis suggest that complete destruction of femoral cortical bone may occur 

2-3 years post-deposition in nearshore setting due to wave action and mechanical wear. Bone is 

generally abraded by coarse grain sizes in these settings, and heavy abrasion is often the outcome 

of several passages of transport and associated reworking. Remains may be accessed by a range 

of marine and terrestrial scavengers. Periodic exposure to oxygen causing wet-dry cycling is 

likely to occur on the shore line. Encrustation by various marine biota is likely to occur in shallow 

offshore settings. 

 

Commonly 

associated 

diagenetic 

modifications 

Heavy abrasion by sand and gravel clasts; encrustation by shallow water marine biota (e.g. 

mussels, clams, oysters, bryozoa, sea weed, algae limpets, winkles, and periwinkles) the presence 

of barnacles also indicates a period of submersion in shallow marine / intertidal waters (Pokiness, 

2017); bleaching; cracking at both micro- and macro-scales; depletion of organics; low levels of 

skeletal fidelity; fragmentation; disarticulation. Cl/P ratios of between c. 11- 17, indicative of free 

water exposure in a saline context; partial sediment staining indicative of constant re-working in 

bottom sediments. Trace element compositions are likely to show lower diversity when compared 

to those in bone recovered from terrestrial settings, however may still show significant variability 

when compared to compositions in deep marine material due to the influence of tidal rivers and 

estuarine waters. 

 

Short-term 

survival potential 

(forensic) 

Intertidal environments result in poor preservation potential; these locations are often extremely 

energetic, which hinders prolonged burial due to frequent reworking. Exposure to atmospheric 

oxygen, which may cause increased cracking, in addition to the incorporation of soluble salts into 

bone, hinders survival. These processes expose bone mineral and organic components to 

additional destructive processes such as water cycling, hydrolysis and leaching of collagen, and 

bacterial attack. Energetic sediment, wave and current action can disarticulate and fragment 

remains over long distances. Furthermore, there is potential for modification / transport by 

terrestrial and marine scavengers. The recovery potential of remains is hindered in one sense due 

to the dispersal of remains, but may be aided by the fact that shorelines are areas of intensive 

human activity, and therefore any remains washed ashore may be identified more quickly.  
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Long-term 

survival potential 

(archaeological) 

Burial by sediments clearly has the potential to arrest or at least markedly slow destructive 

processes, so the rapidity with which remains are covered by sediments and is likely to have a 

major bearing on preservation of bone in both shallow and deep marine contexts (Mays, 2008). 

However, the likelihood of re-working in these contexts is extremely high and therefore long-term 

preservation is extremely unlikely. Again, the long-term preservation potential of remains in these 

settings can be seen as a general function of their proximity to the shoreline. This has been 

demonstrated by those such as Esperante et al. (2009) who showed that abrasion and 

fragmentation of elements is highest in shore facing depositional settings, with destructive 

changes decreasing and skeletal abundances increasing towards offshore settings. 

 

Dispositional environment: Deep marine environments 

Associated 

taphonomic 

processes 

Deep marine environments are characterise by low current / flow rates, cold temperatures, limited 

light, and low dissolved oxygen content. These variables mean that transport and disarticulation 

of remains due to hydrodynamic forces alone is unlikely. Low sedimentation rates most likely 

result in slow but stable burial processes and the presence of clays, mudstones and shales, which 

are formed in these environments limits the likelihood of pronounced abrasive changes. However, 

if remains sink to these depth, particularly when they are fleshed (i.e. bloat and float does not 

occur due to increased hydrostatic pressure), the likelihood that deep sea marine scavengers will 

access remains is high; as scavenging activity in deep sea settings usually progresses more rapidly 

than in shallow environments due to a lack of food at increased depths (Reisdorf et al., 2012).  

 

Commonly 

associated 

diagenetic 

modifications 

Light abrasion; sediment staining indicative of burial in iron rich, anoxic settings; inclusion of 

pyrite framboids due to the growth of giant filamentous sulphur-oxidizing Beggiotoa bacterial 

mats in deep sea contexts (Allison et al., 1991); burrowing induced by deep sea biota, such as 

zombie worms; scavenging marks left by deep sea taxa such as amphipods; various degrees of 

skeletal fidelity, largely determined by the presence or absence of scavenging activity; adiopocere 

formation; trace element compositions are likely to show lower diversity when compared to those 

in bone recovered from fluvial settings. 

 

Short-term 

survival potential 

(forensic) 

These environments result in mixed states of preservation, which are largely determined by 

scavenger succession rates. For example, Danise et al. (2012) indicate that Osedax populations 

are able to consume an entire whale skeleton within a few years of death, and Anderson and Bell 

(2016) show that complete skeletisation can occur in deep sea contexts after just 4 days of 

submersion due to rapid amphipod scavenger succession rates at these depths. While pressures in 

excess of 200 atm will halt microbial activity of non-barophillic bacteria (Allison et al., 1991), 

anaerobic bacteria may still access and modify remains by breaking down bone lipids. In contrast, 

cold, stable conditions have been shown to be good for the retention of DNA in bone (see, for 

example, Byard et al. (2008)). While human remains in deep sea contexts may be recovered 

during trawling activity, the likelihood of their recovery should they remain on ocean floor is 

extremely low. 
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Long-term 

survival potential 

(archaeological) 

In general, the long-term preservation of remains in deep-sea settings is dictated by the presence 

or absence of scavengers during early depositional periods. However, access by scavengers does 

not necessarily hinder long-term survival, as is demonstrated by whale fall fossil assemblages that 

display evidence of modifications induced by both scavenging activity and microbial succession. 

Therefore, if bone is left intact after initial decay processes / scavenging it may become buried 

and survive into deep time. If this is the case, seawater, which is rich in dissolved ionic species, 

may reducing the tendency toward loss of bone mineral by leaching (Mays 2008). Long-term 

preservation is also aided by a lack of water cycling, cold temperature, alkaline pH, and 

protection by fine, consolidated sediments at increased depths. 

 

Dispositional environment: Wreck sites and inundated sites 

Associated 

taphonomic 

processes 

These sites can largely be considered as closed environments. Long-term preservation of remains 

has already occurred in an archaeological context due to terrestrial sites becoming inundated or 

sunken ships / planes being stabilised by sediments. While specific site formation processes will 

therefore dictate the quality and quantity of remains, the most likely scenarios in which remains 

will be further altered are during erosion and exposure events, such a storms, for example. 

 

Commonly 

associated 

diagenetic 

modifications 

This varies on a site-specific scale and is dependent on the environment that sites were formed in. 

In wreck sites there may be evidence of rapid burial or protection from extensive microbial attack 

(i.e. sediment staining); retention of high organic content and mineral integrity may also be 

expected in these setting (Arnaud et al., 1978); good degrees of skeletal fidelity; rasping boring 

and encrustation due to low energy flow conditions; adiopocere formation; scavenging (see, for 

example, Ribéreau-Gayon et al. (2016)); peri-mortem trauma consistent with catastrophic death / 

mass disaster (i.e. extensive trauma, see: Able and Ramsey (2013)).  

 

Short-term 

survival potential 

(forensic) 

In a forensic context remains from wreck sites are more likely to be recovered due to their 

association with a large identifiable object, and the possibility that bones / cadavers will become 

trapped in the sunken structure (see, for example, Dumser and Turkay, 2008). While scavenging 

activity, or high current energies may result in the modification of remains, or dispersal of 

remains away from site, it is likely that some skeletal material will remain protected in an 

enclosed environment. This enclosed environment will most likely promote preservation due to 

limit light ingress and fragmentation / disarticulation by currents. 

 

Long-term 

survival potential 

(archaeological) 

Remains in archaeological wreck sites and inundated site have already survived for long periods 

of time due to good preservation conditions. Preservation is largely a function of the site-specific 

environment. However, if material is rapidly buried in the hull of a ship, the closed environment 

will promote survival. For example, Mays (2008) notes that wreck sites, such as the Mary Rose, 

provided excellent conditions for the survival of remains and biomolecules; as closed marine 

environments are associated with cold temperature, low light, alkaline pH, and burial in fine 

sediments which limits microbial succession. Similarly, if bones from inundated sites remain 

buried, long-term conservation is likely. As remains from this kind of site are already set on the 

diagenetic trajectory of long-term survival, it is more appropriate to discuss their post-exposure 

survival potential (i.e. during periods of underwater excavation, or after an erosive event which 
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exposes remains). For example, Lopez et al. (2016) noted that the excavation of underwater sites 

over long time frames (years), may cause bone to become rapidly altered by physical, chemical 

and biogenic processes, and that these changes may be mistaken as occurring during initial 

deposition. Across various contexts anthropogenic processes, such as dredging and coastal 

engineering may expose or protect remains, hence influencing preservation potentials, and storm 

events may expose remains and destroy site and stratigraphic associations (Flatman, 2009). In 

summary, if sites are exposed after a period burial and protection, destruction is likely to occur 

either because an erosive, high energy event caused exposure, or due to being more brittle / 

fragile upon exposure than fresh remains, and hence may be easily destroyed by physicochemical 

processes (of course this is dependent on previous diagenetic / site formation processes and the 

specific diagenetic state of bone upon exposure). Therefore, material in these settings should be 

excavated as quickly as possible.  

 

Table 6-3 Details taphonomic processes and diagenetic changes in broad categories of submersion environment and 

suggests short- and long-term survival potentials. 

6.2 Future work 

This thesis has in large adopted a quantitative approach to recording both intrinsic and extrinsic 

variables related to bone diagenesis, which has proven advantageous for understanding taphonomic 

effect, cause and duration. However, as discussed in separate chapters, while providing a good 

basis for this area of research, additional studies which account for a wider range of variables are 

now needed to fully constrain the diagenetic / taphonomic models presented here. In past research 

concerning bone diagenesis in both aquatic and terrestrial settings, it is apparent that all-

encompassing universal diagenetic models are often elusive. This is due to that fact that the 

idiosyncrasies of different depositional environments make the identification of consistent, 

predictable markers of change across a range of contexts difficult. We have demonstrated that 

quantitative measures do greatly enhance our ability to decode this variability. For example, micro-

abrasion data have been used to assess the transport history of remains recovered from different 

contexts, and XRF analysis of elemental exchange rates has proven a useful inter-site measure of 

submersion time. However, while such methodological and analytical advances will increase the 

accuracy of diagenetic models, the illumination of different taphonomic processes is by no means 

solely constrained by the power / resolution of the analysis available to us, and it is clear that 

certain taphonomic modifications are so challenging to decode that they cannot be used to form 

reliable conclusions about the tissue in question.  

It is apparent that in almost all diagenetic models there is a trade-off between the effective 

resolution and broad scale applicability of the resultant data. The function and required resolution 

of any taphonomic model is dependent on the research question it addresses; however, universal 

models are routinely sought in forensic and archaeological research (see for example Megyesi et al. 

(2005) and Vass (2011)), as they can be applied in multiple studies and contexts. In a forensic 
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setting, for example, practitioners may wish to establish the submersion time and transport 

pathways of remains in order to consolidate the range of comparative data needed for successful 

victim identification: while an assessment of micro-abrasion may help to elucidate the different 

sedimentary environments remains have passed through, hence better defining the potential 

provenances of decontextualized remains. Determining the rate at which micro-abrasion progresses 

in different submersion contexts may be more problematic to delineate, and therefore the time 

resolution of these markers needs to be parameterised over broad spatial and temporal scales. 

Consequently, the potential for the diagenetic makers employed in this thesis to show spatio-

temporal variability in resolution is the most pertinent aspect of this research, which should be 

explored in future studies. Subsequent research should adopt a systematic approach, testing a range 

of variables, highlighted below, at different regional and temporal scales. In addition, as 

demonstrated throughout this thesis, the recording of early diagenetic changes in submerged bone 

has good potential for cross-discipline applications in the fields of archaeology, forensic science 

and palaeontology. Ultimately then, interdisciplinary knowledge transfers arising from future 

studies will help to increase the veracity of taphonomic models, and should be encouraged. It is 

hoped that the analytical merit of the methodology adopted herein will be recognised, and applied 

in future research, hence facilitating the development of a valuable cross-discipline knowledge 

base. Potential future work, which is specific to the experiments presented in this thesis, is 

discussed below. 

6.2.1 Micro-abrasion research 

As discussed in chapter 3, predictable abrasion rates in flume-based studies may be influenced by 

the potential complexity of taphonomic pathways in natural aquatic systems and variations in the 

morphological and physiochemical properties of bone. In addition, the degrees of abrasion recorded 

in flume-based studies in this thesis are not exact predictors of those that would be found on 

transported bone. The timescales of abrasion represent idealised conditions of maximum wear, and 

are not likely to occur as consistently in the field. Resultantly, it is clear that further research, which 

studies bones in motion, is needed to determine whether laboratory-based models of abrasion are 

appropriate analogues for diagenetically-altered bone recovered from water in a variety of natural 

settings. In addition, micro-abrasion rates need to be defined using remains that display a range of 

pre-depositional diagenetic states. While differences in abrasion propagation between fresh, 

weathered, archaeological and fossil classes of bone have been investigated in past laboratory-

based studies (see Cook (1995); Fernandez-Jalvo and Andrews (2003); and Thompson et al. 

(2011)), the way in which variation in bone’s structural integrity within distinct weathering classes 

may affect micro-abrasion rate has yet to be tested, and may be particularly important to determine 

for archaeological material due to the wide range of diagenetic states this bone class demonstrates. 

To address this issue, we suggest that future studies assess variations in micro-abrasion rates in 

conjunction with more quantitative measures of bone tissue quality, such as bone mineral density, 
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crystallinity index, mineral to matrix ratio, and total collagen content. An ancillary aim of future 

studies should be to assess micro-abrasion rates using different taxa, and degrees of skeletal fidelity 

and soft tissue / clothing cover. Gaudzinski-Windheuser et al., (2010), for example, note that the 

presence of periosteal connective tissue may significantly impact the rate at which mechanical wear 

progresses on water-submerged bone. 

Another aspect of micro-abrasion studies that needs further attention is those variables which may 

affect linear abrasion propagation in natural settings, hence causing potential discrepancies between 

measures of abrasion and periods of submersion. Periodic burial in bottom sediment and the 

formation of bed features, such as scour, around a bone will reduce the amount of abrasion it 

experiences over fixed time intervals (DeBattista et al., 2013; Thompson et al., 2011), as will 

periods of flotation (Evans, 2014). Additionally, initial modifications to bone may be obscured or 

altered by subsequent processes (Cook, 1995). For example, bone may pass through multiple 

sedimentary contexts, causing the abrasion by one sediment class to disguise alteration by another. 

Therefore, additional studies should record and incorporate hydrological and sedimentary data, and 

track bone transport in detail in natural settings, hence allowing observed abrasion to be related to 

real-world submersion times and transport pathways. In particular, it would be beneficial to 

develop a means of differentiating periods of stationary and mobile abrasion, so as to facilitate the 

use of this methodology for determining transport distance and submersion time (see section 6.2.2).  

Finally, as mentioned in chapter 3, the relationship between the ballistic momentum flux of 

different sediments and recorded micro-abrasion is still imperfectly understood. To address this 

issue, future studies should aim to better define abrasive force as it relates to variations in grain 

morphology: specifically changes in the surface roughness of the abrasive, and the area of bone 

over which abrasive impacts are distributed. A better understanding of these parameters would help 

more detailed assessments of the relationship between hydrodynamic conditions and the different 

rates at which micro-abrasion progresses.  

6.2.2 Quantitative measures of abrasion using laser scanning 

While the analysis of point cloud data was successful using the laser scanning methodology 

presented in chapter 4, it would be beneficial to test the resolution of data collected using a number 

of supplementary non-contact surface scanning instruments, such as photogrammetry and 

structured slight scanning, as these are commonly used in 3D data acquisition. In addition, as recent 

studies have shown the utility of non-contact confocal profilometery, optical interferometry and 

infinite focus microscopy (Backwell, 2009; Bello et al. 2011; Pante et al. 2017; Orlikoff et al. 

2017) for recording small-scale taphonomic modifications on the surface of bone, it would be 

advantageous to compare the accuracy of all of these methodologies, so as to assess which are the 

most favourable to adopt in future studies. In addition, as the river-based studies presented in 

chapter 4 did not achieve the primary goal of recording bones in transit, an assessment of the utility 
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of laser scanning for correlating abrasive modifications with transport distance in natural settings 

could not be achieved. It is therefore apparent that additional actualistic experiments are needed to 

attain these goals.  

As laser scanning allowed for an improved understanding of the spatial distribution of abrasion 

across the surface of remains, it would also be interesting to explore the utility of this analysis for 

elucidating degrees of skeletal fidelity and soft tissue cover upon deposition in water. For example, 

while there is some variation, different skeletal elements tend to orientate and move non-randomly 

in water due to their distinct morphologies (Coard and Dennell, 1995; Voorhies, 1969). Similarly, 

different degrees of skeletal completeness cause variation in orientation and transport potential of 

bone (Coard and Dennell, 1995); theoretically, such variability leaves different areas of a bone’s 

surface exposed to impacting sediments. Therefore, differentiation of abrasion across bone surfaces 

may aid in determining whether erosion occurred in transit or in situ, and may help to elucidate 

differences in skeletal completeness and soft tissue cover upon deposition in water.  

Finally, as discussed in chapter 4, while the scanning methodology presented here does have direct 

application in experimental and actualistic studies, it currently cannot be used to quantify changes 

to bone recovered from natural settings, due to a reliance on pre-abrasion scans of bone for 

comparison. Therefore, future work should explore the possibility of developing a methodology 

that allows artificial surface reconstruction of modified remains. This approach would involve 

identifying abraded areas using microscopy or non-contact surface scanning, and infilling or 

smoothing any surface deformation (using Poisson surface reconstructions, for example) to 

generate an approximate pre-abrasion states of a bone, against which recorded abrasion could be 

compared. While this approach is ambitious, if achieved it could facilitate the application of the 

scanning methodology presented in chapter 4 to remains recovered in real-world situations. 

6.2.3 Quantification of post-depositional diagenetic changes 

 To gain a more comprehensive understanding of the occurrence and time course of different 

diagenetic changes in water-submerged remains, it is suggested that future research should employ 

a similar actualistic approach to that adopted in chapter 5. Research should focus on assessing a 

number of different intrinsic and extrinsic variables that were not explored in this current study. In 

particular, diagenetic changes over longer time periods and in different depositional environments, 

such as lacustrine and deep-sea contexts, should be explored. Furthermore, studies should be 

carried out in a variety of regional contexts so as to better assess the universal applicability of any 

diagenetic parameters recorded. Also, as discussed in relation to abrasion studies, the presence of 

soft tissue cover, different degrees of skeletal fidelity and clothing cover need to be integrated into 

diagenetic models. Until such variables are accounted for, data on bone modifications alone is only 

providing an assessment of submersion time and location after soft-tissue loss, and is therefore not 
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assessing PMSIs and taphonomic histories in their entirety. Therefore, the incorporation of these 

variables will improve the accuracy and application of different aquatic diagenetic models.  

Analysis in chapter 5 indicated that while elemental ratios show good potential applications as a 

means of geochemical provenancing during early diagenesis, the preliminary nature of the data 

collected means that further work is needed to fully realise the utility of these measures in forensic 

studies. In particular, it was identified that as bone is still an open system during early diagenesis, 

the potential for fluctuations in elemental compositions and diagenetic overprinting needs to be 

further assessed. Elemental ratios should therefore be recorded systematically as remains are 

transported between a number of different submersion environments during early diagenesis. 

Furthermore, while elemental compositions were shown to be good inter-site predictors of 

submersion time for material that was consistently buried in fine, muddy sediments, where divalent 

metals were freely available and incorporated, further work needs to assess variations in uptake 

rates across different depositional contexts, as there are high abundances and complexities of 

elements in bottom sediment pore waters, which may show considerable temporal and spatial 

variations (Trueman et al., 2003). In addition, it would be useful to directly measure the 

relationship between sediment permeability and rates of diagenetic change in laboratory-based 

settings.  

FTIR analysis of bones’ mineral and organic constitutes presented in chapter 5 was limited by a 

number of factors, including the effects of inter-sample variability. Changes in organic quantities 

were difficult to assess due to the fact that collagen molecule fragmentation ultimately may not 

change overall collagen yield as measured using FTIR. In addition, the presence of bound water, 

which induces swelling in bone proteins, may increase maximum absorbance ratios recorded using 

FTIR, and hence lead to inaccurate measures of residual proteins. Finally, it was recognised that 

freeze-thaw cycles during sample storage may have reduced amide band I intensity through 

degradation of proteins, hence potentially impacting on the assessment of diagenetic changes 

induced during submersion. Therefore, additional studies should attempt to address these issues. 

For example, it may be possible to model the effects of bound water on protein swelling and loss 

using spectral ratio methods, as discussed by Abbott et al. (1996). Alternatively, studies could 

evaluate the application of direct measurements of the percentage weight contents of carbon and 

nitrogen using elemental analysers (Brock et al., 2007). 

Molecular analysis presented in chapter 5 clarified data in previous studies, such as Graham (2014) 

and Mameli et al. (2014), which indicate that DNA degradation is rapid in water-submerged bone 

due to the effects of hydrolysis. However, observed contamination of DNA by guanidine salt and 

RNA contamination did impact on a thorough assessment of changes in DNA purity, while also 

potentially confounding recorded DNA yield. Consequently, it would be beneficial to run 

additional studies which better account for such contaminants. As discussed above, the recording of 

changes in the mineral and organic constituents of bone was problematic using FTIR analysis 
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during early diagenesis. Therefore, as a multi-proxy assessment of organic, mineral and 

histological parameters would appear to be the most favourable approach to understanding DNA 

preservation in osseous tissue (Hollund, 2013), future studies should attempt to correlate these 

diagenetic parameters with DNA survivability. It would also be useful to correlate additional 

diagenetic markers, such as UV fluorescence and measures of pore size / distribution using 

mercury intrusion porosimetry, with DNA survivability, as these have shown utility in past studies 

(Hollund, 2013). In addition, as an investigation into the success of different extraction protocols 

for submerged bone was beyond the scope of this thesis due to time, budgetary and laboratory 

constraints, different extraction protocols, such as phenol-chloroform extraction, crystal aggregate 

extraction or total demineralization (Yoder, 2013), should be carried out on remains that exhibit 

various states of decay.  
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Appendices 

Appendix A  

A.1 List of key word searches in Archaeological Data Service, Heritage 

Gateway, RCZA and SCAPE databases used to identity potential 

human skeletal burials in UK coastal zones. 

• Barrow 

• Cemetery 

• Cist burial 

• Coffin 

• Cremation 

• Dolmen 

• Grave 

• Grave Yard 

• Human bone 

• Human burial 

• Human remains 

• Human skeleton 

• Inhumation 

• Tomb 
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Appendix B  

B.1 Behrensmeyer and McKinley Weathering Scales 

Weathering 
Stage Description 

Stage 0 Fresh, unaltered bone with no cracking or flaking. 

Stage 1 
Fine cracks on bone surface, usually parallel to fibre structure. Incipient cracks in flat, short, and 
irregular bones, initial stages of exfoliation. 

Stage 2 
Flaking of outer bone layers usually associated with cracks. Crack edges are angular, fissures are 
longer and wider. Inner bone layers may be exposed. 

Stage 3 
Rough, cracked surface, with patches of fibrous texture. Crack edges are rounded. Tissue rarely 
present. 

Stage 4 
Deep, open cracks penetrate inner portions of bone. Portions of splintered surface may break off when 
bone is moved. 

Stage 5 
Bones severely deteriorated and mechanically falling into pieces. Very deep cracks, with many 
splinters broken away. Bone is extremely fragile and its only shape may be difficult to determine. 

Behrensmeyer Weathering Scale (adapted from Behrensmeyer (1978) and Vietti (2016)) 
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Weathering 
Stage Description 

Grade 0 Surface morphology clearly visible with fresh appearance to bone and no modifications 

Grade 1 Slight and patchy surface erosion (in this case by root action 

Grade 2 More extensive surface erosion (by root action) than grade 1 with deeper surface penetration 

Grade 3 

Most of bone surface affected by some degree of erosion (by root action); general morphology 

maintained but detail of parts of surface masked by erosive action. 

Grade 4 

All of bone surface affected by erosive action (in this cases predominantly root activity); general 

profile maintained and depth of modification not uniform across whole surface. 

Grade 5 

Heavy erosion (in this case by root action) across whole surface, completely masking normal surface 

morphology, with some modification of profile. 

Grade 5+ As grade 5 but with extensive penetrating erosion resulting in modification of profile 

McKinley (2014) weathering scale, adapted from the IFA Guidelines to the Standards for Recording Human Remains. 
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B.2 Wentworth Scale  

 

Wentworth scale (taken from Wentworth (1922)). 

 8-4 mm 4-2 mm 2-I mm I-3 mm

 Pebble gravel Granule grave Very coarse sand Coarse sand

 .1 mm 4-B mm l-iA mm g-A mm

 Medium sand Fine sand Very fine sand Silt

 Natural Size

 FIG. 3

 CHESTER K. WENTWORTH 388

This content downloaded from 78.152.212.132 on Sun, 27 Aug 2017 16:38:44 UTC
All use subject to http://about.jstor.org/terms
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B.3 Krumbein Roundness Chart 

 

Krumbein roundness chart (Krumbein and Sloss, 1951) (taken from Fakher et al., (2011)). 
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Appendix C  

C.1 Submersion contexts’ physical and environmental parameters 

Submersion context Submersion depth 

(m) 

Salinity (psu) Pressure (dbar) 

ALG 0.07 0.31 10.22 

CB 0.07 32.10 10.21 

DW 0.55 30.18 10.69 

HI 0.07 0.310 10.22 

L-CNS 1.41 31.83 11.55 

L-COFS 1.75 31.83 11.90 

L-NNS 1.41 31.83 11.55 

L-NOFS 1.75 31.83 11.90 

LOW 0.07 0.310 10.22 

KM 1.11 0.22 10.79 

MIC 0.07 32.10 10.21 

NOC 6.39 33.00 16.57 

PB 0.07 32.10 10.21 

RM 0.07 0.31 10.23 

WAD 0.03 32.10 10.16 

Average measures of submersion depth (m), salinity (psu) and pressure (dbar) for all sites and tank based experiments  
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C.2 Table of samples and analyses conducted for chapter 5 
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C.3 OHI and GHI table 

OHI/GHI  Approximate % of 
intact bone  

Description  

0 <5 No original features identifiable, except that Haversian canals may be 

identifiable  

1 <15 Small areas of well-preserved bone present, or the lamellate structure is 

preserved by the pattern of destructive foci�  

2 <50 Some well-preserved bone present between destroyed areas�  

3 >50 Larger areas of well-preserved bone present�  

4 >85 Bone is fairly well preserved with minor amounts of destroyed areas.�  

5 >95 Very well preserved, similar to modern bone  

Oxford Histological Index and General Histological index (Hedges et al., (1995); Hollund, (2013)). 
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C.4 PCR protocol 

25µl PCR Reaction with BSA 

Bovine Meat Assay – Matsunaga et al. (1999) 

General Information: 

Name: Meat Assay Forward, Meat Assay - Cow Reverse 

Target: Cytochrome B 

Concentration: 10µM 

Sequence: 

Forward: GACCTCCCAGCTCCATCAAACATCTCATCTTGATGAAA 

Reverse: CTAGAAAAGTGTAAGACCCGTAATATAAG 

Thermal Cycler Conditions: 

 

Stage 
Temperature 

(ºC) 

Time 

(mins:sec) 

Initial Denaturation 95 2.00 

35 

Cycles 

Denaturation 94 0.30 

Annealing 60 0.30 

Extension 72 0.30 

Final Extension 72 5.00 

Soak 4 ∞ 

Run Time 1 hour 
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C.5 XRF elemental ratios chapter 5 
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C.6 PCA analysis showing divisions by burial condition (buried vs. 

unburied) 
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C.7 Additional images of bones recovered from field-based contexts.  

 

Bone recovered from DW after 20 days of submersion displaying dark discolouration indicative of partial sediment 

staining  / burial during early post-depositional periods.  

 

Bone samples from C-OFS after 25 days off submersion displaying limited sediment staining due to lack of burial and 

periodic exposure to oxygen during low tides.  
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Bone recovered from L-CNS after 25 days of submersion showing sediment staining and adiopocere formation due to 

constant submersion and periodic burial as a result of scour formation around caging.  

 

 

Bones from CB and PB tank experiments showing some pink / purple discolouration, most probably due to the pooling of 

haemoglobin in vascular networks shortly after deposition. 
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