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ABSTRACT

The discovery of petrous he as an excellent repository for ancient biomolecules has been a
turning point in biomolecular archaeologgspecially inthe recovery of ancient genomes
Although the information extracted by the biochemical analyses of petrous bone can be valuable,
the processes are destructive, expensive and¢imnsuming, while excessive and uncontrolled

sampling could result in loss of this valuable resource for future research

This study reports on the histological (optical microscopy), physical ATR), elematal

(CN), biomechanical (namodentation) and biochemical (collagen and DNA analysis)
preservation of 272 bones spanning from c0Q0 BC to c. 1850 AD, including 108 petrous
bones. Through the combined application of a number of diagenetic parametezgal(ge
histological index; infrared splitting factor; carbonate/phosphate ratio; amide/phosphate ratio; col
wt. %; % C, % N and C/N of whole bone and collagen; hardness, elastic modulus, % endogenous
DNA), new insights into petrous bone micromorphologaral diageneticharacteristicsinter

site, intrasite, intraindividual and intrébone diagenetic variabilitgnd new evidence to enhance

successful screening of archaeological bone priaDfdA and collagen analysis is presented.

Specifically, he petous bone microstructure consists of highly osteocytic woven and lamellar
like tissuesandosteons occun at least two directiongrénsverse and longitudinabDespite its
stunning micromorphological characteristics, thimmechanical properties and gé@netic
characteristics gbetrous bonealnot differsignificantlyfrom those oflong boneslintersiteand
intra-site diagenetic variabilitys mostly affectedby the site hydrology,while different types of
burials can influence themicroenvironmentconditions andleave distinctive marks on bone
histology. No intraindividual patternswhich could alsofavour the gut origin of microbial attack
in bone or intrabone variability are observed in any of the diagenetic param&ersening
archaeological e for collagen preservation can be enhanced ubmgotC of whole bone
which is equally strong as % & whole bonecollagen predictgwhile the IRSF (< 3.7) and C/P
(> 0.15) indices cadistinguishbones containing >1 ¥#ndogenou®NA with a success ta of

c. 85 % as bioapatite preservation is associated with loss of DNA.
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Figure 3.26 Collagen type | midR spectra Curvefitted spectrum of the 1480780 cm' spectral regin
displaying the absorption bands and their-samponentgBobroff et al. 2016)................ceveescmmmmmen L1

Figure 3.27. Postmortem DNA degradation Damaged patterns in red. (a) Hydrolytic damage that leads

in the famation of strand breaks (singdtranded nicks) with (i) the cleavage of the phosphodiester bond
(A) followed by (ii) depurination (abasic sit®) and breakage of the sugar backbone (C). (b) €idsg
formation: (i) interstrand crosslink by alkyletn and (ii) intermolecular crosslinks by Maillard reaction.

(c) Oxidation/hydrolysis of bases that results to (i) blocking lesions or (ii) miscoding l€¥ibliterslev

=T o[ @0 o] o1=T g2d 0101 VA O OO PP OO PP PPPPPRPRPRY A 4

Figure 3.28 DNA degradatiofi Sites of chemical alteration in DN@chweitzer 2004)....................Z8...

Figure 3.29 Endogenous DNA in petrous vs other skeletal eleméniercentage of necdlonal
endogenous DNA reeered after shotgun sequencing. The sampled area is marked wiGarabta et al.

2004) oo eeemmme et v e eemmemames et s s ramamamens sttt erer s s ommmmmm s e s eseseommmmamesesnenennns 080,
Figure 3.3Q Petrous boné Variations in endogenous DNA yields from parts a, b and c. The-earer

bone (part c) usually preserves DNA in higher amounts than the other twdRird@esi et al. 2015).81

Chapter 41 Materials and Methods

Figure 4.1 Longitudinal sectining of right human petrous bohéa) Section cut from the subarcuate fossa

to the eminence between the jugular fossa and the cochlear canaliculus, in a parsierior direction as

seen in b. (c) The medial piece contains the cochlea which canrbandbe medial aspect of the section

in Figure 4.2. (d) The lateral piece contains canals and other orifices for the vascular and nervous supply of
theinnerand middleer8 8 8888 888888888888888888888888888888888888
Figure 4.2 Human petrous bone morphology. Sections showing the differences in gross morphology of
petrous bone every c. 2 mm at the longitudinal axis. The medial columns represent the medial aspects of

the sections, while the laté@lumns the lateral aspects of the same sections. Section 1 represents the most
posterolateral part of the petrous bone mainly characterized by the large opening of the internal auditory
meatus in the anterior aspect and some air cells mainly locateigmgperiorly. Section 7 represents the

most anteromedial part of the petrous bone which includes the cochlea that is located at the center of the
section (medial aspect). The cochlea can be identified by its characteristic 2.5 turns that resemble a snail
shell. Adjacent to the cochlea there are two orifices for the vascular and nervous supply of inner and middle

ear. In sections-4, the three sengircular canals can be seen. Note the different colouration of the the

tissues surrounding the cochlea andme canals, possibly related to the differences in their
histomorphological and biomechanical characterigti8ss 8 8 8 8 888 88888 8888888888888
Figure 4.3 Transverse sectioning of left human petrbosei (a) Section cut from the middle of the

internal acoustic meatus to the centre of the vestibular aqueduct (posterior aspect of petrous bone), in a
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mediallateral direction as seen in b. (c) The inferior and (d) the superior parts with the cocitieagibs

inthe anterioraspet8 8 8 8 888888888888888888888888888888B88888
Figure 4.4. Particle size effect on IRSF and FWHM at 101G'etRSFC/ P r el at i onshi p wi t
particle ste in modern ash ar chaeol ogi cal bone. Datapoint ma r
decreasing particle size (i.e500500: cm:zesi e 80%
125250 & m: size 6, -12®% ctmr a nssipzaer eh,t 6 BBWBsiz¢ 2,20 par er
transparent). Error bars represent estimated standard devi@artspoulos et al. 2018)8 8 8 8 8H. 8 8

Chapter 57 Results and Discussion

Figure 5.1 Thethree bone tissue types coexisting in adult human petrous D&N6 Longitudinal (a)

PPL and (b) XPL- 100x: Thin section showing an osteon (red arrow), woven tissue (yellow arrow), and
lamellarlike tissue (green arrow) within a wedteserved area betsn semtircular canals.............. Q9.

Figure 5.2 Preliminary results of synchrotron uCT for a single selectedvsliime of SARS. (A) 3D
rendering of void spaces in a section of petrous bone. Spacekarereanals while the yellow shapes are
putative osteocyte lacunae. (B) same as in (A), but rotated to offer a different view of the void space. (C)
Histograms of apparent lacunar VOIUMES...............eeieemmmmevreeeesieee s cmmmmmmmneeeeseese s smmmmnmm e eee o - LOO

Figure 5.3 MFD in human petrous bone. @EN2 Transverse PPL 400x: possible microbial activity that
appears as merged osteocyte lacunae (opaque/black holes indicated by red arr\@)1 (Bansverse

PPL 100x: tunnels with branched appearance resemiid}-type modifications in bone microstructure
which have been linked to the presence of fungi............coov e ciiee et e e 01

Figure 5.4 Microcracking in petrous bones (see disgure BXAppendix B) DEN4 Transverse PPA00x:

(a) wellpreserved area versus (b) degraded areas due to microcracking that eventually leads to (c)
generalized destruction characterized by loss of histological integrity (amorphous appearance) in adjacent
areas Within the SAME SECHIAN. ............eiii ettt s+ 0 enmmmmmes LOS

Figure 5.5 Differences in histological preservation (GHI: General histological index) between petrous and
Lo 10T o oo £ 1= OO PP OPPPPPPRPOPRRP 1 0

Figure 5.6. MFD in Kastrouli human femora (sdéggure B3Appendix Bfor additional examplgs (a)

KAS9 Transverse PPL 400xHuman femur MFD in the form of lineaongitudinal (black arrow) and
budded (dotted black arrow) tunnels surrounded by hypermineralized tissue (seltov). (b)KAS13
Transverse PPL 400Humanfemur The characteristic édmosaic patt
activity. MEC12Transverse PPL (c) 100x and (d) 400Muman femur: modifications corresponding to

MFD in low magnification (c) whik are artifacts from microcracks and staining.(d).................... 104.

Figure 5.7. Microcracking in long bones (see alBigure B4Appendix B) SAR7 Transverse PPL 400x

Human Tibia (Distal Diaphysis): Differenypes of microcracking, i.ecentral (red arrow), peripheral
(yellow arrow) and interstitial (green arrow) MIieCOACKS. ............ccuvvveeesmmmmmmmeeeeeeeeeeee e cemmnmmmme o0 105

Figure 5.8 Intersite variations in petrous bone histological preagon (sed-igure B5Appendix B for
additional images). DEN6 Longitudinal (a) PPL and (b) XP10x: very wellpreserved microstructure

with woven tissue surrounding canal areas, small lami@tiaiareas and a large osteonic area seen both in
PPL and XPLMECS54 Longitudinal (c) PPL and (d) XPL40x: Generalized destruction across the entire

section resulting in a dark, amorphous appearance and complete loss of collagen birefringent87
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Figure 5.9. Inter-site variations in long bone histological preservation. (a) MARS5 Transverse PPIi 100x
Human humerus: excellent preservation characteristic of all Maroulas specimens resembling fossilization
with brown straining throughout. (b) THA6 Transversd. ABOxi Human femur: very poor preservation

with complete loss of histological features. SAR10 Transverse (c) PPL 100x and (d) XPL HOéan

femur: (c) excellent preservation similar to modern bone, and (d) good preservation of collagen
birefringence.MEC16 Transverse (e) PPL 100x and (f) XPL 1G0¥uman humerus: wefreserved
mesosteal tissue sandwiched between degraded periostqmfingieal and endosteal/sebdosteal

tissue. Note the absence of birefringence in degraded areas.in.(f-.............ccommmcemvvereerriver s cmnnn 108

Figure 5.1Q The three different diagenetic paths identified in Kastrouli.................ccormeemeeeee.... 109

Figure 5.11 Histological modifications in long bones from dmburials in coffins at St. Rombout. MEC13
Transverse (a) PPL 40x, (b) PPL 400x of a degraded area, and (c) XPHdan tibia: the characteristic
pattern observed in bones from single burials in coffins. Here, a large area of mesosteal tissudrsurvives
(a). In degraded areas, there is (b) extensive microcracking and (c) loss of collagen birefringence. MEC11
Transverse (d) PPL 40x and (e) XPL 40+Human femur: same as MEC13 but with more degraded
mesosteal tissue and almost complete loss of collbigeflingence................c...vvemmmmmmmreevevvvnenennw 112,

Figure 5.12 Histological modifications in petrous bones from single burials in coffins at St. Rombout.
MEC10 Longitudinal (a) PPL 100x and (b) XPL 100uman petrous bone: dexdation pattern similar

to long bones with generalized destruction in the outer tissue areas afteseived migtortical areas.
MEC20 Longitudinal (c) PPL 100x and (d) PPL 400xHuman petrous bone: excellent histological
preservation acroSs the @BIBECHION..............uuuueeees ommmmmmesesseeeeeressss cmmmmmmms s sssssessssss s s ssseseseses ol

Figure 5.13 Histological modifications in long bones from wrapped single burials. MEC55 Transverse (a)
PPL 40x and (b) XPL 40k Human femur: preservation of mainly mesostealiisis accompanied by a
relatively good condition of the periosteal tissue with orange staining-p&ubsteal area shows
generalized destruction that spans to mesosteal area but to variable extent. Endosteal tissue is also
completely degraded. All darktes display a complete loss of collagen birefringence contrary te well
preserved areas. (c) MEC9 Transverse PPLi4Bxman radius (distal diaphysis): same pattern but with
betterpreserved mesosteal zone compared to MEC55. (d) MEC8 Transverse PPL HOMwan radius
(proximal diaphysis): image from the same bone as in (c) revealing the extensive microcracking in degraded
2L =T 1 PO POPPPPPP B I/ 3

Figure 5.14 Histological modifications in long bones from mulégburials. (a) MEC41 Transverse PPL

40x17 Human humerus: histological alterations analogous to coffined single burials. (b) MEC65 Transverse
PPL 40xi Human humerus: histological modifications display a pattern opposite to coffined single burials
with themesosteal sisue suffering from generalized destruction and extensive microcracking, whereas the
periosteal/sufperiosteal and endosteal/sebdosteal areas showing good preservation of their
microarchitecture. Note the staining at the outer20D0 & m o f alzdme (c)MEC4B Dransverse

PPL 40xi Human radius: orange/brown staining can be observed due to infiltration of exogenous elements
that have coloured bone tissue. Histology is ypediserved although cracks and microcracks are present
and cover a sigriitant part of the section. (d) MEC75 Transverse PPLi4Blaman femur: generalized
destruction throughout the cressction. The pattern is similar to MECA41 in (a) but degradation has now
expanded to mesosteal tissue that will eventually lose its orlgstalogical features due to the interaction

with water and the incorporation of exogenous sources through microcracks.............cceeeee..... 115
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Figure 5.15 Intra-individual variations in histological preservation HG general histological index)

relative to petrous bone in St. Rombout, Belgium. Bars represent the average difference between the petrous
bone and the other skeletal elements iricividually (i.e. a positive value indicates a lower average value

of this skeletal element compared to petrous bone, and vice Versa)..............commmmmmeveeeeeeeessnsennd 16

Figure 5.16 Histological preservation (GHI: general histological index) in proximal and distal diaphyses

of long bones (seBigure B1EAppendix B for eXamples)............cccuvvvveommmmmmmsevvveeeeeeeesssmmmemmnme e e oo L 17

Figure 5.17. The strong relationship between crystallinity and carbonate content that illustrates the
importance of CE@Ein BAp crystals shortange order. Circles represent petrous bones and diamonds
represent other skeletal EIEMENLS................ . coemmccme e e e eeeveee e e cmmmmmmmms s e e e e e e e s e s s s see e e e« emmmmedid O

Figure 5.18 Intersite variations in crystallinity and carbonate content..................ccoemmmmevvveeee.... 122,

Figure 5.19 Intraiindividual variations in crystallinity (a) and carbonate content (b) in twenty
individuals from St. Rombout and one from MarouRars represent the average differebeéwveen the

petrous bone and the other skeletal elements (i.e. a positive value indicates a lower average value of this
skeletal element compared to petrous bone, and VICE VEESA)...............cummmmmmssssnnnnnnnnnss smmmmmmmnssoe e el

Figure 5.20Q Crystallinity and carbonate content in proximal and distal diaphyses of long baone$25

Figure 5.21 Box plots showing the IRSF (a) and C/P (b) values in the periosteal, mid cortical (mesosteal)
and trabecular tissues. Notice the lower IRSF (a) and C/P (b) values in the periosteal.tissue..126

Figure 5.22 The very strong linear relationship between the main-B/parbonate peaks of boapatite

(outlier MECT @XCIUAEU).......ccciiiiiiieitemmmmmne et mmmmmns s+ 1+ s 4«21+ 40 mmmmmmns o0+« 00 L2
Figure5.232%d er i vat i v e esapenate bared ofda) madedrehunsan bone (55 years old male)
F= a0 I () I gaToTo =T g 18 oo A Vi1 0 [= 0 o Lo o 1= 5N B2 |

Figure 5.242¢%d er i vat i v e ,sapbenate baad. (a) SAR3 IRSF=8.56, C/P=0.27), (b) KAS5
(IRSF=4.15, C/P=0.18), (c) MAR10 (IRSF=4.95, C/P=0.12), and (d) MAN13 (IRSF=5.80, C/P=0.07).
Figure 5.25 29der i vat i ve scpreonaterband @dlcitetuptake). a) MAR12 (IRSF=3.70,
C/P=0.29), (b) KAS12 (IRSF=4.09, C/P=0.20), (c) MAR9 (IRSF=4.88, C/P=0.12), and (d) MAN31
(IRSF=5.83, C/P=0.08).Absorbance height at 712 dm MAR12=0.00854, KAS12=0.00462,
MAR9=0.00707, and MAN31=0.00600. IRSF and C/P are similar to these of samples in Figufe5.24.
Figure 5.2G6 2" derivative spectra f  § carbonate band of (a) modern human bone (55 years old male)
and (b) modern bovine borlack boxes highlight the possible type A carbonate components; blue boxes
highlight the possible type B carbonate components; green box highlights a poesibieatitic (labile)
carbonate component; red boxes highlight the possible organic (amide II) components (Termine et al. 1973;
Rey et al. 1989; Fleet and Liu 2004; Brangule and Gross 2015; Madupalli et al..2017)............ 132.
Figure 5.27.2¢%d er i vat i v e j;sapbenate baad. (a) SAR3 HIRSF=8.56, C/P=0.27), (b) KAS5
(IRSF=4.15, C/P=0.18), (c) MAR10 (IRSF=4.95, C/P=0.12), and (d) MAN13 (IRSF=5.80, C/P=0.07).
Black boxes highlight the possible type A carbonate components; blue hgkkght the possible type B
carbonate components; green box highlights a possiblapatitic (labile) carbonate component (Termine

et al. 1973; Rey et al. 1989; Fleet and Liu 2004; Brangule and Gross 2015; Madupalli et al..2033).
Figure 528 2%der i vat i ve scpreonaterband @dlcitetuptake). a) MAR12 (IRSF=3.70,
C/P=0.29), (b) KAS12 (IRSF=4.09, C/P=0.20), (c) MAR9 (IRSF=4.88, C/P=0.12), and (d) MAN31
(IRSF=5.83, C/P=0.08). Absorbance height at 712-%cnMAR12=0.00854, KAS12=0.0026
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MAR9=0.00707, and MAN31=0.0060Black boxes highlight the possible type A carbonate components;
blue boxes highlight the possible type B carbonate components; green box highlights a possipégition

(labile) carbonate component (Termine et al.3 ey et al. 1989; Fleet and Liu 2004; Brangule and Gross
2015; Madupalli €t @l. 20L7)......cccevveeeeee e cmmmmmemre e eeeesesnse s mmmmmmmns st s e e e 2+« smmmmmmnr 222224110015 5 s s e 3 S
Figure5.292¢% er i vati ve 3(s® ean d acdarbenatetbatdsyleandd) of SAR38 (bovine
petrous bone) and DEN8 (human petrous bone). SAR38 (a and b) and DENB8 (c and d) display similar IRSF
(3.23 and 3.27, respectively) but different C/P (0.33 an8, @ekpectively). Here, the carbonate bands are
characterized by different proportions of type A and B carbanate.............cc oo 134
Figure5.302%d er i vati ve ;6@ ean d aciabenatdbeds (band &) of PROS (bovine
metacarpal) and MEC30 (human petrous bone). PRO8 (a and b) and MEC30 (c and d) display similar IRSF
(4.00 and 4.07, respectively) but different C/P (0.19 and 0.09, respectively). Note the reducti&ites B

OF MEC30 (C @QNO)...eiiiiiiiiiiiiiiiie e commmmms et s e+ 120t s 2442251t 4+ s 500+ 2 20 b 000« QD
Figure 5.31 The relationship of the loagnge crystal order with (a) crystallinity and (b) carbonate content.

Figure 5.32 Box plot showing the distribution of collagen yields in petrous and other banes....138

Figure 5.33 Intersite variation in collagen preservatiQn...................ccemmmee oo e oo eeeeeee om0 139

Figure 5.34 Intrasite variations in collagen preservation in Sarakenos cave (a) and St. Rombd0(b).
Figure 5.35 Intrarindividual variations in collagen preservation in tweotye individuals from St.
Rombout and one from Marould3ars represent the average difference between the petrous bone and the
other skeletal elements (i.e. a positive value indicates a lower average value of this skeletal element
compared to Petrous DOMBENG VICE VEISA).........icuuriieiuerimmmmmnne e e seereee st mmmmmne et 2 0 s ool L

Figure 5.36 Collagen content in in proximal and distal diaphyses of long banes....................142

Figure 5.37. The lack of carelation between collagen wt. % and crystallinity. Four groups, one with low
crystallinity and high collagen yields (green box), a second with low crystallinity and low collagen yields
(black box), a third with high crystallinity and high collagen yielgsllbw box), and a fourth that shows

high crystallinity and low collagen yields (red circle), indicative of the different combination of diagenetic
pathways followed by these specimens. Note the variable crystallinity (c. 3.4 to c. 6 IRSF) of samples
displaying a complete [0SS Of COINAGEN. ..........eiii it ieeme et e e e« LD,

Figure 5.38 Data showing the reliability of (a) nitrogen and (b) carbon content of whole bone as indicators
of collagen preservation. Threshold line indagording to Brock et al. (201Q)............cccoevviemmmnn 145

Figure 5.39 The reliability of Am/P for predicting collagen content in archaeological bone. A lower
intercept of the more recent (Danish) bones suggestshingthosphate for carbonate exchange (relative
phosphate content), and vice versa, can affect the reliability of Am/P as a collagen predictor.146

Figure 5.4Q 2" derivative spectra of the angid band (c. 160A700 cmt) showing the disappearance of
amide | components (black boxes) that accompany loss of collagen in archaeological bone (KAS8: b;
Figure 5.41 The high endgenous DNA yields in petrous compared to other skeletal elements.150

Figure 5.42 The differences in the biomechanical properties between the three petrous bone tissue areas.
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Figure543 The |l ogarithmic relationship between Vicke
crystallinity values). Stiffer and harder bones exhibit lower crystallinity values (green circle), whereas
brittle and softer bones generally display higher crystallinity (red Circle)......c....c.o s seeeemmnmeeeeennn. 183
Figure544The |l ogarithmic relationship between hardne:s
yields). Stiffer and harder bones contain higher amounts of collagen (red circle), whereas brittle and softer
bones generally display low collagen yields (gre€n CitCle)............c.e cmmmmmereeeeeeessesnes ommmmmmnm e eeee s LD

Figure 5.45 Endogenous DNA pservation in poorly preserved petrous and long bones from prehistoric
OPERAIN SILES IN GIBEC R ... i eeveeeeee e commmmmmer e e e e e e e ssss s s s 522t s s 2422« smmmmmmmns 2222244110015 s 55151+ LLIDED

Figure 5.46 Endogenous DNArystallinity relationship. (aLorrelation of crystallinitywith erdogenous

DNA vyields. Line at 3.7 IRSF represents the proposed threshold. (b) Distribution of samples with well
(>10%), moderateky(1-10%), and poorlpreserved (<1%) endogenous DNA in categories based on

Lo 1725 7= 1 1 17O 1o ¥ 4

Figure 5.47. Endogenous DN#&arbonate content relationship. @@rrelation of the relative carbonate
contentwith endogenous DNA yield&ine represents the proposed C/P=0.150époint. (b) Distribution

of samples with wél (>10%), moderately(1-10%), and poorhpreserved (<1%) endogenous DNA in
categories based 0N CarboNate CONLENL..................ccummmmmm e e s cmmmmmmmms s s e LD,

Figure 5.48 Endogenous DN4ollagen content relationship. (a) EndogenousApiXeservation indicates

that collagen wt. % is not a reliable indicator for successful aDNA recovery. The vertical line represents a
possible cubff point. (b) Distribution of samples with wel(>10%), moderately(1-10%), and poorly

preserved (<1%) emdienous DNA in categories based on collagen yield.................cccecmmue....... 159

Appendix B

Figure B1. Microcracking in petrous bone. (a) MEC44 Longitudinal PPL 40Gsingle burial,

no coffin.(b) MEC79 Longitudinal PPL 400xsingle burial, no coffin. (c) MEC59 Longitudinal
PPL 400x- single burial, coffin (d) MEC25 Longitudinal PPL 400xsingle burial, coffin. (e)
MECG64 Longitudinal PPL 400% multiple burial, no coffin (f) DEN1 LongitudinaPPL 100x.
Figure B2. Petrous bone staining and inclusions due to interaction with groundwater. (a) MAR1
PPL 100x, (b) MEC15 Longitudinal PPL 400x, (c) DEN2 Longitudinal PPL and (d) KRQOXx.
Figure B3. MFD in Kastrouli human femora. (a) KAS3 Transverse PPL 400x; (b) KAS4

Transverse PPL 400x (black arrows: lindangitudinal MFD; dashed black arrows: budded

Figure B4. Microcracking in human femora. (a) SAR13, (b) MAN3, (c) KAS12, and (d) MEC2
TrANSVEISE PPL AO0Xu i . cciiiiuureeeesmmmmmmmms et e e e e e s mmmmmmmm 111+ emmmmmns 442222210 s 11000 2L 2

Figure B5. Inter-site variations irmpetrous bone histological preservation. DEN4 Transverse (a)
PPL 40x and (b) XPL 40x: generalized destruction across a wide area of endosteal and inner
periosteal tissue and wepireserved outer periosteal tissue that can in areas extend towards the
mid-cortical area. Except for the wefireserved tissue, small islands of mddrtical tissue

retain their microarchitectural characteristics and collagen birefringence. KAS16 Longitudinal
(a) PPL 40x and (b) XPL 40x: degraded outer periosteal and endosteahtatnia with well
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preserved miecortical bone. Collagen birefringence can be seen only in-coidical region.
MEC93 Longitudinal (a) PPL 40x and (b) XPL 40x: generalized destruction observed only in
the outer periosteal tissue, while the inner periostaad andosteal regions exhibit good
TES (o] [ Yo [Tok= L o1 =TT =1 V7= €0 PSSR~
Figure B6. Intra-site variations in petrous bone histological preservation. KAZ1 Transverse (a)
PPL 40x and (b) XPL 40x: poor prasation with only a small endosteal/inner periosteal area
surviving. Note the absence of birefringence and the inclusions in XPL. KAZ2 Transverse (a)
PPL 40x and (b) XPL 40x: welpreserved micrarchitecture and collagen birefringence with

NOo signs of ge@ralized deStrUCTION.........coiuiiiii it emmmmnr et mmmmne e e o0 20
Figure B7. Intra-site variations in petrous bone histological preservation. MEC69 Transverse
(a) PPL 40x and (b) XPL 40x: generalized destruction across the entire rsevitio a mid
cortical zone retaining its histological integrity and collagen birefringence. MEC74
Longitudinal (c) PPL 40x and (d) XPL 40x: interchanging areas ofedlserved and degraded
bone tissue. The degraded areas are characterized by loss foinigieace..............cccoevveee 215
Figure B8. Intra-site variations in histological preservation of Mamika long bones. (a) MANS8
Transverse PPL 100X Humam humerus (proximal diaphysis): excellet microscopic
preservaion with signs of fossilization. (b) MAN3 Transverse PPL 1G0Mumam femur (mid
diaphysis): poor preservation characterized by an almost complete loss of its histological
LEST2 0= O PP PO PRRRRD2d I o
Figure B9. Excellent histological preservation of individual no.5 from St. Rombout. MEC22
Transverse (a) PPL 100x and (b) XPL 1G0xuman humerus and MEC24 Transverse (c) PPL
100x and (d) XPL 100% Human radius: the only individual from a single coffined burial i
this assemblage that displays excellent histological preservation...............ccoeeeme......... 217
Figure B10. Degradation pattern similar to Cladh Hall an a
femora. MEC52 Transverse (a) PRDx, (b) XPL 40x, (c) PPL 100x, (d) XPL 100x........ 218
Figure B11. Intra-bone variations in histological preservation of long bones. (a) MEC6
Transverse PPL 40k Human humerus (proximal diaphysis) afi MEC7 Transverse PPL 40x

I Human humerus (distal diaphysis): samples display similar histological preservation. (c)
MECS55 Transverse PPL 40xHuman femur (proximal diaphysis) and (b) MEC56 Transverse
PPL 40xi7 Human femur (distal diaphysis) samplesoshdistinct differences in histological

[T =TST= Y 7= 1 1o ] o PSPPSR L)
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CHAPTER 1: INTRODUCTION

The information that can be extracted from the analysis of histology, bioapatite (BAp), collagen,
and ancient DNA (aDNA) preserved within archaeological bone has shaped the way we interpret
the past (e.g. Bentle3006; Brown and Barnes 2015; Buckley et al. 2009; Cappellini et al. 2018;
Colonese et al. 2015; Hendy et al. 2018; Katzenberg 2008 e 2008; Orlando and Cooper
2014). Bone histology can be used for the study of theabdeath, pathology and tosdinguish
between human and ndruman or burned and unburned bone (e.g. ASsistos and Keenleyside
2016; Cattaneo et al. 1999; Cuijpers 2006; De Bdan, der Merwe and Maat 2013; Dominguez

and Crowder 2012; Hanson and Cain 2007; Mulhern and UbelaRé&r 3fout and Teitelbaum
1976). Bioapatite is important in archaeological research for the study of past human and animal
movement (phosphate), dietary habits (carbonate) and environments (phosphate and carbonate)
(e.g. Hedges 2003; Kingayles and GordoR011; LeeThorp and van der Merwe 1991; Wright

and Schwarcz 1996). Bone collagen is used to determine chronological ag€ @ating), past
lifeways (e.g. palaeodietary reconstruction, weaning practices), taxonomic identification, and
occasionally foscreening (e.g. amino acid racemization) (e.g. Ambrose 1991; Asara et al. 2007,
Buckley et al. 2009; Collins et al. 2009; DeNiro and Weiner 1988; Douka et al. 2017; Poinar et
al. 1996; Van Klinken 1999), while aDNA can offer unique insights into the igecleange
through time for the study of evolutionary and ecological processes (e.g. Orlando and Cooper
2014).

The postmortem preservation of bone is affected by the complexity of diagenesis, a universal
phenomenon controlled by the interplay between giokd, chemical and physical processes (e.g.
Kendall et al. 2018). The microbial attack of the composite, the chemical deterioration of the
inorganic matter (dissolution/recrystallization), and the chemical and biological deterioration of
the organic mattealter the microstructure and the biogenic chemical signals of bonepasim

(Collins et al. 2002; Kendall et al. 2018). Microbial activity can modify bone microstructure (Bell
2012; Hackett 1981; Hedgeblillard and Pike 1995; TurnéWValker and Jans®8) and in
addition to the apparent modifications in bone histology, microbial attack can also enzymatically
degrade collagen using collagenases. Temperature also has a profound effect on collagen
degradation (Collins et al. 2002; Kendall et al. 2018 #igAny collagen preserved in
archaeological bone can be protected by the bioapatite crystals (BAp) (Grupe 1995), however,
postmortem changes of the mineral phase can expose collagen to chemical hydrolysis (Collins
et al. 2002; High et al. 2015).

Such areorganization or growth of BAp crystals occurs through dissolution and recrystallization

when the conditions of the burial environment are greatly usateirated, primarily due to active
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hydrology (recharging with fresh water) or pH (Berdatthews andVeiner 2004; Hedges 2002;
Hedges and Millard 1995; High et al. 2015; Piepenbrink 1989) and it leads to a considerable loss
of DNA (Allentoft et al. 2012; Gétherstrom et al. 2002; Lindahl 1993; Parsons and Weedn 2006).
Identifying the diagenetic pathway éabone has followed postortem can therefore offer a
unique insight into the preservation potential of archaeological bone, in different burial
environments and across timescales which are of great importance to archaeological,

anthropological and forertsiresearch.

The recent discovery that the petrous bone (a massive portion of the endocranial aspect of the
temporal bone) is an excellent repository for long term DNA survival (Gamba et al. 2014; Hansen
et al. 2017; Pinhasi et al. 20X&presents a majbreakthrough in aDNA research, as the expense

of genome sequencing can often be prohibitive due to the low abundance of endogenous DNA
(e.g. Green et al. 2010). Collagen extracted from petrous bone has also been identified as a
potential indicator of fetahnd early years diet (JgrkoMeinemeier and Lynnerup 2009), as
ossification of the petrous pyramid is mainly completedutero (Jeffery and Spoor 2004;
Sarensen 199Richard et al. 2020 Similarly, through strontium isotope analysis, petrous bone
canpotentially provide information on the geographic area in which iddals had spent their
childhood(Harvig et al. 2014)complementing strontium analyses of teeth. However, although
the informationextracted by the biochemical analyses of petrous bone can be valuable, the
processes are destructive, expensive and-c¢mnsuming, while excessive and uncontrolled

sampling could result in loss of this valuable resource for future research.

This thesis isthe first study to present evidence on the micromorphological and diagenetic

characteristics of archaeological petrous bone. This research projtutdegsimary aims:

1. to understand to what extent petrous bone can constitute a reservoir of surviving
biomolecules,

2. to provide new data for the successful screening of archaeological bone prior to collagen and
DNA analysesand

3. to providea foundation for future investigations to further explore bone diagenesis.

To achieve this, the following objectives warndertaken:

1. Examination othe micromorphological characteristics of the petrous bone, as one of the
least accessible areas of the skull and possibly densest part of the skeleton.

2. Comparison of the diagenetic characteristicghaf petrous bone compardd other
skeletal elements, in order to unveiltife petrous bone is the most effective skeletal

element for sampling for collagen and DNA analyses.
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3. Assessment of intasite, intrasite, intraindividual and intrebone variations to reveal the
preservatia potential of archaeological bone in different environments and micro
environment conditions.

4. Assessment of the relationship between different diagenetic parameters and the survival
of collagen and DNA in archaeological bone, in order to identify reliabteening

techniques for collagen and aDNA.

The thesis consists of six chapters #m@eappendicegtables, figures, anpgapergproducecdby

this PhD researchiChapter 2 provides the background information on bone biology from the
micro- to the nandevel that is necessary for an understanding of bone diagenesis. A thorough
synthesis of the different diagenetic pathways in which bone can be changedopesh,
highlighting the research that has attempted to explain bone diagenetic processes usingfa rang
analytical techniques is outlined @hapter 3. Sections of this chapter have been published in
Kendall C., Eriksen AM., Kontopoulos I., Collins M.J., and TurneWalker G. (2018).
Diagenesis of archaeological bone and toofhalaeogeography, palaetmatology,
palaeoecology491, pp.2137. [Online]. Available at: doi:10.1016/j.palae0.2017.11.041.

Chapter 4 provides some general information on the samples that were drawn from several
geographic regions (Belgium, Britain, Central Asia, Denmark, Geym@areece, Jordan) and a
variety of depositional environments (coastal and inland -ajiresites, caves) ranging from the
Mesolithic (~10000 BC) to postmedieval assemblages (1850 AD). The details on the technigues
and methodological approaches appliedhis study, and a practical guide to petrous bone
sampling are also provided. This research employs analytical techniques which have been
commonly used in past studies (histology, collagen analysis, elemental analysis, endogenous
DNA content), new develapents building upon existing knowledge (FFARR using a newly
developed protocol byontopoulos I., Presslee S., Penkman K., and Collins M.J. (2018).
Preparation of bone powder for FFEIRIR analysis: The particle size effed¥ibrational
spectroscopy99, pp.167 177), and novel approaches to bone diagenesis which can potentially
provide useful additional data "(2derivative analysis of miR spectra, nanidentation,

synchrotron micreCT).

Chapter 5 builds on the work developed in this study and publisim the following papers:

1 Kontopoulos I., Presslee S., Penkman K., and Collins M.J. (2018). Preparation of bone
powder for FTIRATR analysis: The particle size effedtibrational spectroscopy99,
pp.167177. [Online]. Available at: doi:10.1016/j.vibsp2018.09.004.

i Kontopoulos, I., Penkman, K., McAllister, G. D., Lynnerup, N., Damgaard, P. B.,
Hansen, H. B., Allentoft, M. E., and Collins, NI. 019. Petrous bone diagenesis: A
multi-analytical approachRalaeogeography, palaeoclimatology, palacoeggl Special

issue: Advances in the study of diagenesis of fossil and subfossil bones and teeth.
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1 Kontopoulos, I., Penkman, K., Liritzis, I., and Collins M. J. (under review). Bone
diagenesis in a Mycenaean secondary burial (Kastrouli, Gregad)aeologial and

Anthropological Sciences

It is divided into subsections that present the results and discuss the preservation of bone
histology, bioapatite (BAp), collagen, and DNA in petrous versus other bones. New data-on inter
site, intrasite, intraindividud, and intrabone variability is also explored and put into context,
while new screening methods for collagen and DNA are prop&wapter 6 summarizes the

key findings of this research project, with a focus on the petrous bone micromorphological and
diagenetic characteristics, and the relationship between histological modifications, bioapatite
recrystallization/dissolution, collagen degradation, and DNA decay. The limitations of the current
techniques are highlighted and potential routes for future Ksasae proposed.






CHAPTER 2: BONE BIOLOGY

Mammalian bone is a highly specialized, complex tissue with a hierarchical striatunes (2.1)

and its function in all vertebrates is the mechanical support, locomairotection and activity

as a metabolic reservoir. The formation of the skeleton initistagtero via two different
processes: a) endochondral and b) intramembranous ossification, while postnatally bone
remodelling and resorption occur by the colleetiction of three main types of cells (osteoblasts,

osteocytes, and osteoclasts).

Bone nanostructure contains both inorganic and organic components. The organic matter/osteoid
(approximately 2680 % by dry weight or 3@5 % by volume) is consisted of 90 @6llagen

(mainly type | collagen), while the remaining is type V collagen, trace amounts of collagen types
1, 111, X1, XIll, and non-collagenous proteins. The inorganic content (bioapatite crystals) covers
approximately 6670 % by dry weight or 3@5 % Ly volume, while the remaining is water, lipids

and other complex macromolecules.

At the next hierarchical level (microstructure), the production of a colhigepatite composite
structure (biomineralization) resultstwo histological types of bone, theven or immature and

the lamellar or mature bone that display distinct structural motifs. Morphologically (i.e.
macrostructure), bones exhibit two different types of tissue: a) cortical and b) cancellous, and are
distinguished in long (e.g. humerus, fadshort (e.g. metacarpals), flat (e.g. scapula, parietal),

and irregular (e.g. vertebrae) bones with different physical characteristics.

This chapter deals with bone formation and structural characteristics, with the sections being
arranged accordinglyg o mmenci ng with ossification processes

hierarchical structure from the nano (collagen and bioapatite) to the macro (whole bone) level.
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2.1. FORMATION

2.1.1. BONECELLS

OSTEOBLASTS

Osteoblasts are the bof@ming cells that synthesize the organic components of the bone and
contribute to the composition of the inorganic component during bonafiormand remodelling
(Ortner and TurneWalker 2002; Ross and Pawlina 2011). They are mononuclear cells that
differentiate from the osteoprogenitor cells which derive from the primitive mesenchymal stem
cells (MSC) found in bone marrowi@ure 2.2; Ducy, Schinke and Karsenty 2000; Stevens and
Lowe 2005). They are typical protein producing cells that secrete the osteoid, the initial
unmineralized bone consisted of type | collagen embedded ineotlagenous, calaim-binding

gel (Ross and Pawlina 2011; Stevens and Lowe 2005). When fully active, osteoblasts are
recognized by their cuboidal or polygonal shapigire 2.2) and they live for about 6 months
(Ortner and TurneWalker 2002; Ross and Pawlina 2011; Stevens and Lowe 2005). When active
bone formation ceases, osteoblasts turn into bone lining Edlsré 2.2) that enclose the bone
surface and prevent bone resorption (OrtnerfanderWalker 2002).

LINEAGE PROLIFERATION MATRIX MINERALIZATION
COMMITMENT MATURATION

PTH
—
MSC

OSTEOPROGENITOR PRE-OSTEOBLAST By
<5
N3

IGF1,

PGE2
—

BMP2
—_—

MATURE
OSTEOBLASTS

OSTEOCYTES LINING CELLS

Figure 2.2. Osteoblast formation, maturation, and transformation into osteocytes and bone lining cells
(Titorencu et al. 2014).

OSTEOCYTES

Osteocytes are inactive osteoblasts that have completed theipgpdithe osteoid (Stevens and

Lowe 2005; WhiteBlack and Folkens 2012). They are trapped within the mineralized matrix
(Figure 2.2) and comprise about the 90% of bone cells (Ortner and Fuvadicer 2002). They

are smaller than osteoblasts and they reside in oval shape depressions in the bone matrix called

lacunae Figure 2.3; Ortner and TurnewWalker 2002; Ross and Pawlina 2011). Their cytoplasmic
8



extensions travel thumh very fine channels called canaliculi that allow osteocytes to
communicate with each otheFigure 2.3), with each osteocyte having around-AD such
channels (Ortner and Turn@falker 2002; Ross and Pawlina 201 Canaliculi are generally
aligned perpendicular to the lamellar boundary plane (Rezn&bahar and Weiner 2014a).
Osteocytes are involved in the physiological activities of bone (e.g. mineralization/mineral
control) and the secondary mineralizationiethis a much slower process than primary
mineralization due to the smaller number of cells present in the tissue (Ortner aneVWakker

2002; Teti and Zallone 2009). Osteocytes also regulate the flow of calcium and phosphorus and

can live for severalgars (Ortner and Turn&¥alker 2002).

Canaliculi in
lamellar bone

V Central or Haversian

Osteocytes in lacunae canal

Figure 2.3. Osteocyte lacunae and canaliculi in human compact bone (magnification x{Qeéjont,
Lalli and BencsatiMakkai 2013).

They have a flattened, almotiile appearance and theiverage size differs between species (e.g.

in human cortical tissue is about 18.9 N 4.9
in depth) (Ardizzoni 2001; Dong et al. 2014; Hannah et al. 2010; Noble 2008). The lacunar size
and number decreassignificantly towards the Haversian canal in osteons and with increasing
age, while the lacunar shape and density can also vary within the same skeletal element (Ardizzoni
2001; Busse et al. 2010; Carter et al. 2013; Hannah et al. 2010). More spgcificalétudy by

Carter et al. (2013) the anterior and posterior regions exhibited a lower number and more
elongated lacunae comparing to lateral and medial tissues in normal human femora (Carter et al.
2013). However, no volume or orientation relatededdhces between the different regions have

been identified (Carter et al. 2013).



OSTEOCLASTS

Osteoclasts are tissigpecific macrophage polykaryons that derive from the merging of blood
borne mononuclear macrophage precursors that derive from haematogteieticells Kigure

2 4; Boyle,Simonet and Lacey 2003; Ortner and Tuiélker 2002). They are very large, bene
resorbing cells, identified on surfaces when calcified bone tissue is being remodelled or removed
(Ortner and TurneWalker 2002). When osteoclast activity is triggered (e.g. receptor activator
nuclear factor/RANKinduced signalling, hormonal control), osteoclasts often cluster together
and create resorption cavities called Howship lacunae (Asagifigkayanagi 2007; Ortner and
TurnerWalker 2002).

Macrophage colony Receptor activator of Receptor activator of
stimulating factor NF-xB ligand (RANKL) NF-«B ligand (RANKL)
(M-CSF)
IL-1

00
; O
- - 80 OO

. ; Osteoclast Osteoclast
colony forming unit precursor

(CFU-GM)

® (&

Fusion

Granulocyte-macrophage

Activated osteoclast

Figure 2.4. Osteoclast formation and activi{genbaKawai and Mori 2012)

Osteoclasts have developed a very efficierdhaism to dissolve bioapatite crystals and degrade
the organic phase in bone (Vaananen et al. 2000). Bone resorption requires migration of the
osteoclast to the site of interest, its attachment to bone, polarization and formation of new
membrane domainglissolution of bioapatite and degradation of organic matrix, removal of
degradation products from the Howship lacunae, followed either by the apoptosis of the
osteoclasts or their return to the r@sorbing stage (Asagiri and Takayanagi 2007; Vaéanéanen et
al. 2000).

2.12. OSSIFICATION

Ossification (osteogenesis or simply bone formation) is the process of formation of new bone by
osteoblasts. Most bones in the human skeleton develop by endochondral ossification in which a
cartilage that precedes bone radually ossified (Mackie et al. 2008; Ross and Pawlina 2011,
Schwartz 2007). Bone formation occurs from primary and secondary ossification centres that
transform cartilage into bone after osteoid secretion and mineralization (Mackie et al. 2008;
Stevens ad Lowe 2005). A hyaline cartilage is formed in the shape of the desired bone through
condensation of mesenchymal cells (Schwartz 2007). Once formed, the mesenchymal cells

differentiate into chondrocytes and after proliferation, round proliferating choytésobecome
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flattened, undergo hypertrophy (a dramatic increase in their volume accompanied by extracellular
matrix secretion) and eventually die (apoptosis or autoph&iguire 2.5; Gerber and Ferrara
2000; Macle et al. 2008).

Cartilage is gradually invaded first at its centre and later at its ends by a mixture of cells that
establish the primary and secondary ossification centres, respectiglye( 2.5; Kini and
Nandeesh 2012; Mackie et al. 2008). It is progressively eroded by osteoclasts and bone is laid
down by osteoblasts to replace the lost cartilage in the embryonic and foetal life (Scheuer and
Black 2000). Endochondral ossification, thus, requires a tempodadzatial balance between
extracellular matrix deposition and degradation, chondrocyte proliferation and apoptosis plus
vascularisation and mineralisation. Disruption of any part of this chain can lead to a spectrum of
skeletal defects that ranges from dnilo lethal and from rare to common pathologies (e.g.

osteogenesis imperfecta).

(A) (=) (©) (D) (E)

Periosteal
bone collar
l
s

Epiphysis

Metaphysis

centre of
ossification

Secondary
centres of
ossification

blood vessels

Bone

resting chondrocytes marrow

proliferative chondrocytes
®  prehypertrophic chondrocyte
® hypertrophic chondrocyte
B Dbone tissue

Figure 2.5. Endochondral ossification. Ossification initiates with a cartilage model (A) that ends with
the fusion of the epiphyseal and metapégksbone in adult bone (EMackie et al. 2008).

Intramembranous ossification occurs by apposition of tissues within an embryonic connective
tissue membrane in the formation of the cranial vault, vertebrae, mandible and clavicle (Kini and
Nandeesh 2012; Re and Pawlina 2011; Stevens and Lowe 2005). Unlike endochondral
ossification, bone tissue is directly laid down into the primitive connective tissue without any
intermediate step (no cartilage present). During this process, the mesenchymal cells commence
bone formation when they replicate and cluster together (Scheuer and Black 2000). After this
phase, mesenchymal cells differentiate into osteoprogenitor cells which then turn into osteoblasts
(Kini and Nandeesh 2012; Scheuer and Black 2000). Then thélasitsocreate an extracellular
matrix which is later mineralized. The only difference between the two types of osteogenesis is
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the environment in which the development occurs and not the type of tissue as the outcome is the
same (Scheuer and Black 2000).

Bone is a dynamic tissue and it remodels in response to the mechanical demands placed upon it
as well as hormonal factors (e.g. parathyroid hormone, leptin) (CRadyinke and Karsenty

2000). Bone remodelling is, thus, the dynamic physiologic process hwone mass is
maintained constant throughout adult life in vertebrates (DBclginke and Karsenty 2000).

consists of two phases that occur simultaneously at multiple locations in the skElgtoe (

2.6): @) resorption (i.e. osteoclast activity) and b) synthesis (i.e. osteoblast activity) of tissue that
continue throughout life but at a much slower rate (D8chinke and Karsenty 2000; Ortner and
TurnerWalker 2002). Thus, bone remodelling (or turnover)ussmn a continuous basis to
replace dead cells or repair damaged cells associated with ageing, pathology, fracture, or to cope
with increased physical activiOrtner and TurneWalker 2002) Nevertteless, while skeletal

mass increases rapidly during the growth period, it decreases slowly throughout the rest of life.
Therefore there is a reduction in the amount of cancellous bone and a decrease in the thickness of

cortical bone which clearly affectoine 6 s densi ty, struecenodeme and subs

survival.

osteoprogenitor
cell

Figure 2.6. Histological section of bony trabecw@®f adult male goat showing bone remodelling. The
osteoprogenitor cells turn into piesteoblasts and thesato osteoblasts. Osteoblasts trapped in bone
matrix are now osteocytes residing in lacunae. Notice the simultaneous osteoclast activity at the surface
of bone(Moussa and Nasr 2012).
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2.2.HIERARCHICAL STRUCTURE

2.2.1. NANOSTRUCTURE

ORGANIC COMPONENT

The ollagen family (28 types) represents the most abundant proteins in bone extracellular matrix.
The shape and mechanical properties of bone depend upon the collagen framework which is
mainly (c. 90 %) constituted by type | collagen (Currey 2003; G&8sch and Aigner 2003;

Keene and Sakai 1991). Each collagen | molecule (tropocollagen) is characterized by a right
handed triple helix of three polypeptide U c
by one residue relative to each other (Hofmdfiatzek and Kihn 1978; Petruska and Hodge
1964) . This triple helix consists of two id
di stinct U2(1) chain (polyproline I helice
(Figure 2.7; Hofmann,Fietzek and Kiihn 1978; van der Rest and Garrone 1991).

T h echdihs are comprised of ldtanded hel i ces and in the U1
acids consist of triplets of residues (Petruska and Hodge P¥&.and Miller 1974). Glycine,

which is the smallest amino acid, is found every third position of the polypeptide chains resulting

in a GlyXaaYaa motif that is characteristic of all collagens (Petruska and Hodge 1964;
Hofmann,Fietzek and Kithn 1978).bbut 30 % of the X and Y positions are occupied by proline

and hydroxyproline (van der Rest adldins@ar r one
always positioned in the centre of the triple helix, while the side chains of the X and Y amino
acids ocupy the outer (surface) positions of the protein that allows a close packing of the
molecule along the central axis (GelBéschl and Aigner 2003; van der Rest and Garrone 1991).

The other amino acids are not considered critical to the molecular straciusually, they are
available for the interactions that direct molecular packing (Piez and Miller 1974). The residue
to-residue axial distance is c. 0.28 nm at an angular separation of 108° (Ottani et al. 2002; Piez
and Miller 1974).

T h echdihs are initially bordered by carbexgnd amineterminal propeptides (procollagen
molecule) which are followed by-Gnd Ntelopeptides that are crucial in the formation of the
intermolecular crosiinks, stabilize the fibrils and increase thtnsile strength (RicarBlum

and Ruggiero 2005; RicaBlum 2011; Veis 1997). The-drminal has 16 residues and the C
terminal has 25 residues with a different kind of sequence (Piez and Miller 1974). These
procollagen molecules are secreted from this aethe extracellular matrix and peptidases cleave

off the terminal propeptides during maturation to leave tropocollagen, a single collagen molecule
(RicardBlum and Ruggiero 2005; Ricaiglum 2011).

Tropocollagen molecules, which are 300 nm in lengthabout 1.5 nm in diameter, are staggered

every 67 nm D-band periodicity) with a gap region of c. 40 nm between two consecutive
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molecules to form the highly ordered fibrils with their axes parallel to the fibril diredtignre

2.7, Gautieri et al. 2011; Petruska and Hodge 1964; Piez and Miller 1974). Fibrils can have a
length of up to c. 1 mm and a diameter of -B0® nm (Gautieri et al. 2011). At the next
hierarchical level collagen fibrils form collagen fibrevith the aid of crosknking molecules
(Figure 2.7).

Collagen I
300nm
Molecule 1-5""”1 ‘
a, helices T .
Collagen { ) (A ) )
Microfibrils ] __J (0 ) [ ) [ )
| I I ) )
crosslinks T ) T — a0 )
] ) ) C )
( ) ] ) )
] —JC ) JC———)

collagen ——————————— . 1
Fibrils )

e I

I

Multiple microns

Figure 2.7. The supramolecular assembly of the collagen fibrils in the characteristic qisiaggered
form. The collagen moleules aggregate both in lateral and longitudinal directions to form fifCiseldn
and Wallace 2016).

The characteristics of collagen are in part controlled by-fpasslational modifications (PTMs)
such as hydroxylation, oxidation, glycosylation, anaselinking (Ottani et al. 2002; Saito and
Marumo 2015). Collagen crotisks in bone (crostinks are tissuepecific) are covalent linkages
formed at specific telopeptide and helical residues (e.g. lysine, hydroxylysine and histidine)
between the nehdical domains and the helical domain of adjacent collagen molecules (Ricard
Blum 2011; Saito and Marumo 2015). The specific chemistry of the -tnés$ormed is
dependent on the location and hydroxylation of lysine residues. In newly synthesized cpllagens
crosslinks (aldimines and ketamines) are reducible and bifunctional, and they quickly mature
into nonreducible trifunctional crosknks (pyridinoline, deoxypyridinoline, pyrrole in bone)
(RicardBlum 2011). Bone and dentin have two major bifunctidthd aldehydederived cross

links, dehydredihydroxylysinonorleucine (det®HLNL) and dehydrehydroxylysinonorleucine
(deHHLNL) and their trifunctional mature forms, pyridinoline (Pyr) and pyrrole clos

(Saito and Marumo 2015; Veis 1997), with oth@jor crosdinks found in type | collagen being
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the (4) dehydrohistidinohydroxymerodesmosine (@#HVD), (5) deoxypyridinoline (lysyl
analog of Pyr, éPyr), and (6) histidinohydroxylysinonorleucine (HHL) (Eyre 1987, 1995; Light
and Bailey 1985).

Enzymatic crosslinking i The Jmmatu@ . . The maturs' )
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Intracellular deH-DHLNL | — o]
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Tslo:;[:tldyl 7 —' Hydroxyallysine ' v
+ H lical L isi
clioalbvs + Hydroxyallisine I Deoxy—pyridinoline (DPD) I
Lysine Lys,](d oxidase deH HLNL
Lo, > | i
Hydroxylase + Allome | Deoxy—pyrrololine (DPL) |
+ Helical Hyl
Telopeptidyl
Lys — Allysine deH LNL
+ Hellcal Lys
The senescent
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Hyl Glycation f?_msyl I:rs Amadori product (Carboxyl methyl lysine CML)
in helical idati ys or Arg
domain g::;::l’\’.: ;::ess Intermolecular crosslinking

(pentosidine, glucosepane, vesperlysine)

Advanced glycation end products
(AGEs)

Figure 2.8. The enzymatic (immature and mature) and femzymatic cross link formation in collagen
(Saito and Marumo 2015).

Collagen crosdinking can be divided into a) enzymatic (lysyl hydroxylaaed lysyl oxidase
mediated) crosinks and b) norenzymatic (glycationor oxidatiorinduced) croséinks (Figure

2.8; (Saito and Marumo 2015). Enzymatic and +eorzymatic crosslinks are determinants of the
tensile strength, toughness, and pgstd properties in bone (Saito and Marumo 2015). Divalent
immature (enzymatic) crodmking, which is the predominant type of crds in bone collagen,
seems to maintain the mechanical properties of bone (Saito and Marumo 2010). Aging and
pathological onditions (e.g. osteoporosis) have been found to have significant effects on the
biomechanical properties (i.e. elastic modulus and tensile strength) of collagen (Burr 2002; Leng
et al. 2013; Wang et al. 2002) primarily accompanied by a decrease in eozfimatature)
divalent crosdinks (Nyman et al. 2006; Oxlundylosekilde and Ortoft 1996). Advanced
glycation end products (AGEs, nemzymatic crosinks) are generally thought to deteriorate

the biological and mechanical functions of bone, althougtetfeets of AGEs on osteoclastic
bone resorption remain controversial (Saito and Marumo 2010). While AGEs are formed
spontaneously by neanzymatic glycation or oxidation, there are numerous sources of AGEs and

unknown pathways leading to AGEs formatiorvivo (Saito and Marumo 2010).
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INORGANIC COMPONENT

Biologic apatite (BAp) is a neatoichiometric, disordered, nanocrystalline analogue of geologic
bioapatite (ChoWu and Ackerman 2003; Meneghini et al. 2003). It is a carbonated calcium
deficient phosphat mineral and it is represented by the formula? (¢a, Mg?, [])10 (POSE

HPQ°E COBs (OHE FE CIE COE O, []): that accounts for the possible inclusion of various
ions (Skinner 2013). Bone mineral is mainly consisted &f(@@ wt. %), PGPE(18 wt. %), CGE

(47 7 wt. %), minor elements such as Mgr Na, and various trace elements (e.¢., B, F,

Cl), although its composition may vary depending on species, age, pathology, etc. (Antonakos,
Liarokapis and Leventouri 2007; Balgarlay and Boivin 2013; Boskey 2003; LeGeros et al.
1967, 1969; Skinner 2013; Posner 1985).

The firstformed mineral phase of the mature crystalline mineral is an amorphous (or spherical)

calcium phosphate (ACP) phase (Mahamid et al. 2008, 2010). A recentettisby Mahamid et

al. (2011) of a nowrystalline calcium phosphate precursor phase with a low Ca/P ratio

concentrated in intracellular vesicles within bdiméng cells revealed the existence of
intracellul ar O6reser voi r siatioo fshows thahiduriegrbmde pr ecur s
formation the continuous layers of osteoblasts possibly prevent direct access of ions from the

body fluids to the mineralizing bone surface (G@ilman and Sugiyama 2000). As a result, the

amorphous calcium phosphate (AGBHase utilizes the bodming cells as an intermediate

(Mahamid et al. 2010, 2011). However, the translocation process of the intracellular ACP phase

into the extracellular mineralizing matrix and its transformation through osteoblast activity is still
unclear (GayGilman and Sugiyama 2000; Mahamid et al. 2010, 2011).

Figure 2.9. (a) Hydroxyapatite crystal hexagonal morphology, and (b) distribution of atoms in the unit
cell (adapted from Skinner 20(&8 andGreeves 2018)).

BAp has a hexagonal (E'61) crystal systemHigure 2.9) with a longer eaxis perpendicular to
t hr ee e gauxiivsay @@ angldd 120° to each other (LeGeros 1981; Weiner and Traub

1992). The size of the platike crystals is assumed to be around500nm x 525 nm x 210

nm; thus, they have a higurface area/mass ratio and high degree of lattice strain (Burger et al.
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2008; Dalconi et al. 2003; Rubin et al. 2003; Weiner and Price 1986; Weiner and Traub 1992;
Yerramshetty and Akkus 2008). Crystals are also comprised of two components: a) the apati
core, and b) the hydrated layer that surrounds the Eagearé 2.10a; Bala, Farlay and Boivin

2013; Neuman and Neuman 1953). BAp crystals can increase in size by secondary nucleation
(i.e. each crystal can senas a branch point for nucleation of additional crystalgivo), by
merging of crystals, and/or by ionic exchange with the surrounding environkigatg 2.10b;

Boskey 2003; Rey et al. 2007).
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Figure 2.10. (a) The two components of the BAp crystals that inteiactivo (adapted from Duer and
Veis, 2013), and (b) the apatite cehgdrated layersurrounding environment ionic exchangmdapted
from Rey et al. 2007).

The high BAp crysdl surface area (c. 10200 n#/g) allows the interaction between the ions of

the fragile hydrated layer and these of the apatite core, while the hydration layer seeks to reach
equilibrium with its surrounding mediunfigure 2.10b) (Boivin and Meunier 2003; Rey et al.

2007; Wang et al. 2013; Weiner and Price 1986). The ionic exchanges can be distinguished into
two different groups: a) the isonic, and b) the hetefionic (Boivin and Meunier 2003; Neuman

and Neuman953). The former (istnic) take place when ions from the hydrated layer substitute
similar ones inside the core of the crystal (Boivin and Meunier 2003; Neuman and Neuman 1953).
The heteraonic substitutions occur when ions on the crystal surfaceeptaaed by different

ions from the surrounding environment that are normally absent from bone mineral (Boivin and
Meunier 2003; Neuman and Neuman 1953). Thus, interaction with water is an essential
component of the miner al s;Wangietlali 2018). ( Boi vi n an
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Because of the differences in size (ionic radius) between the different ions, these ionic exchanges
may lead to changes in shape, size, unit cell levels, and structure of the crystal (Boivin and
Meunier 2003). For instance, the carb@nans may substitute either the hydroxyl sitetype)

or the phosphate tetrahedron-t{pe), and vice versa (Antonakdsarokapis and Leventouri

2007; LeGeros 1981; Rey et al. 1989). Type B substitutions predominate in bone as type A
substitutions reqte high temperatures (i.e. 92@00° C) and exclusion of water (Antonakos,
Liarokapis and Leventouri 2007; LeGeros 1965; LeGeros et al. 1969; Rey et al. 1989).
Additionally, the incorporation of Cf£E into the bone apatite crystal limits the OH
concentrions (Pasteris et al. 2004; Rey et al. 198%wever, hese modes of carbonate
substitution and the edree of hydroxylatiorhave been debated for several decades (e.g.
Antonakos Liarokapis and Leventouri 2007; LeGeros 1965; LeGeros et al. 1967; Pasi#ris
2004; Rey et al. 1989The exact location of the carbonate ions in the crystal structure (e.g. vacant
phosphate ion site, phosphate tetrahedron mirror pillafedtis still unknown (Leventouri 2006),

while the BAp crystals are also considered#odeficient in or devoid of OHPasteris et al.

2004; Wopenka and Pasteris 2005).

The ionic substitutions affect the s-lairmpe and si ze
axes, and subsequently, the physicochemical properties of the ¢bys@&dros 1965, 1981,
LeGeros et al. 1967, 1969). ¢Bto POPEsubstitution leads to a contraction of the unit cell as
carbonate is smaller than phosphate, whereas a carldiorgtéroxyl substitution results to an
expansion of the unit cell as G@is larger than OH(LeGeros et al. 1969 he level of ionic
substitutions is also strongly related to formation, growth, maturation and
dissolution/recrystallization (Baldtarlay and Boivin 2013; Menegtii et al. 2003). During
normal mineralization of bone, crystallinity and maturity usually evolve concomitantly and are
well-correlated (BalaFarlay and Boivin 2013). Crystallinity reflects the size and perfection of
the crystal lattice (i.e., atomic ordeisorder) which are affected by both extrinsic and intrinsic
factors (e.g. organic matrix, distribution of nonllagenous proteins acting in the formation and
growth of the crystals, environment, diet, aging, bone remodelling, pathologies, and medication
(Bala, Farlay and Boivin 2013; Boskey 2003). Mineral maturity, on the other hand, reflects the
conversion of non apatitic precursors into apatitic mineral (Hedalay and Boivin 2013).
Reduction of the hydrated layer and a more stoichiometric strustrgkated to maturation of the
inorganic content in bone and maturity of the mineral phase is also related with the number of

carbonate substitutions in bioapatite crystals (Figueir@dmelas and Martins 2012).

ORGANIC-INORGANIC COMPOSITE

The productn of a collagefbioapatite composite structure is a complex phenomenon of high
interest that has been extensively studied using various techniques which can provide insights
into bone structure and organization at different length scales (for a reviewhoiques see

Georgiadis, Mller and Schneider 2016). Bone mineralization includes thenwddliated
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deposition of crystalline material between the collagen fibrils (iilbeitlar spaces) or on the
surfaces of collagen fibrils (intigorillar spaces) Figure 2.11), with the orientation (crystalc

axis aligned with fibril long axis) and size of BAp crystals controlled by the fibril structure and
organization (Boskey 2003; Reznikdshahar and Weiner 2014b; Suakt 2003; Weiner and

Price 1986; Weiner and Traub 1992). Although bioapatite crystals probably are initially deposited
in the intrafibrillar regions (i.e. gap zones) of collagen (Nair et al. 2013) and then in the inter
fibrillar spaces Figure 2.11) the exact mechani sms of bi omi
arrangement are still unclear (Duer and Veis 2013; Landis 1995; Rubin et al. 2003; Stock 2015;
Wang and NilsefHamilton 2013).
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Figure 2.11. (a) Mineralization of closely packed collagen molecules by bioapatite crystals (b; blue) that
nucleate mainly in the collagen gaps (c) and grow preferentially in their crystal axis directifrafdjs
and Jacquet 2013).

Mineralization of the awly deposited organic matrix by secondary nucleation (i.e., the crystals

act as nucleation sites for the newer ones) initiatd® Blays after deposition and resuittsa

mineral content of 5070 % of the maximum level (Bal&arlay and Boivin 2013). Aftethis

stage that lasts for a few days or weeks until mineralization rate decreases considerably, secondary
mineralization begins (Baldarlay and Boivin 2013; Boivin and Meunier 2008uring this

phasethere is a slow increase in crystal number, sird/a perfection until mineralization is
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complete (i.e. 9095% of the expected maximum level) (Bdakarlay and Boivin 2013; Boivin
and Meunier 2003).

In mammalian skeletal tissues the relative amounts of the mineral, organic and water fractions
can varybetween species (Currey 1999; Zioup@srrey and Casinos 2000). When the organic
matrix is reinforced with mineral particles, the resulting composite increases in strength and
becomes capable of bearing weight (i.e. tenstmmpression and shear forc€sjrrey 1999).

Bone mineral gives strength and stiffness, while collagen gives toughness (Burr 2002). The
mechanical properties of bone are related to this bond between the mineral (degree of
mineralization) and organic phases (Currey 1999; Posner 198%&)ugth the collagemineral

relationship is still uncleare(g.Weiner and Price 1986).
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Figure 2.12. The three elements of the DNA nucleotide subunits composed of acéitkeon sugar
deoxyribose, a phosphate group, anduaine (bicycle adenine and guanine) or pyrimidine (monocyclic
cytosine and thymine) nitrogenous bgadapted from Klug et al. 2012).

DNA (deoxyribonucleic acid) is a linear polymer made up of a fixed backbone that is built of

repeating sugar (deoxyribpgsehos phate wunits cova-posiiomdfgne bound bet
sugar amasitthieom gof t h ephosphodiester boradFigurd 2112 Watsorn3 o , 5 a

and Crick 1953). The four planar bases (i.e. adgiihecytosine (C), guanine (G), and thymine

(T)) are heterocyclic (carbeand nitrogercontaining) aromatic rings covalently bind (glycosidic

or gl ycosyl i-positioroaf @ deoxyrimosetrihgeo fdrny nucleosideggre 2.12

Turner et al. 2005). When a nucleoside is bound covalently with one or more phosphate groups

t o t,h-pdsnBonitis called nucleotide, and if the sugar is deoxyribose, then the compound is
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termed deoxynucleotide (Turner etl. a2005).
Therefore, a nucleotide in DNA consists of a sugar

(deoxyribose), one of four bases (cytosine (C), thymine
(T), adenine (A), guanine (G)), and a phosphate
(Figure 2.12).

The base pairs (bp) attach teetl -position of each
sugar Figure 2.12) in any order along a DNA strand
with a 0.34 nm space between them (Raven et al. 2016;
Turner et al. 2005). They are held together by hydrogen
bonds (Watson and Crick 1953) h are much

weaker than covalent bonds (e.g. carbarbon or

carbonnitrogen bonds) that define the structures of the

bases themselves (Berg et al. 2015). Hydrogen bonds
are weak enough to be reversibly broken in biochemical

processes, yet they are stgomnough when form

simultaneously to help stabilize specific structures such
as the double helix (Berg et al. 2015). This Aghhded
double helix of 2 nm diameter is formed when two

intertwined single strands of DNA are combined with

the sugaiphosphateébackbone on the outside and the
groove s bases on the insidd-igure 2.13; Watson and Crick
1953). One chain of the DNA molecule may have any

conceivable base sequence, but this sequence

|= ) completely determines the sequentispartner in the

Minor duplex (adenine pairs with thymine {B) and guanine
groove
pairs with cytosine (&) (Watson and Crick 1953).

The exact sequence of bases (i.e. gene) along a DNA

strand constitutes the genetic information, hence the
3 5
instructions for assemiolg proteins that compose the

Figure 2.13. The 3D structure of DN

(Raven et al. 2016) synthesis of other biomolecules that form cells and

ultimately organisms (Berg et al. 2015; Cooper 2011).

DNA was initially considered as an extremely stable molecule due to this valuable genetic
information that must be retagd in cells. However, DNA chemical stability and decay of primary
structure are affecteith vivo by hydrolysis, temperature, pH and active oxydeigyre 2.14;

Lindahl 1993). DNA molecules are prone to depurinaggan under physiological conditions

(i.e. c. 37° C and c. 7.4 pH) as the labile glycosidic bonds break and release the purine residues

adenine and guanine, followed by chain rupture at the weakened abasic sites, rather than by direct
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cleavage of phosphashiter bonds between two intact nucleotides (Lindahl and Nyberg 1972;
Lindahl 1993). The rate of depurination is temperature sensitive and increases with increasing
temperature, while there is no repair system (Lindahl 1996). Hydrolytic deamination aheytos

to uracil has also been shown to occur at a significant rate in DNA under similar conditions, while
deamination of purines is a minor reaction (Lindahl 1993, 1996). In strong acid and elevated
temperatures (e.g. 100 °C) nucleic acids are completeholyged to their components (bases,
sugar and phosphate) (Turner et al. 2005). Alkaline environments have less severe effects on DNA
structure such as denaturing of DNA due to cleavage of hydrogen bonding between the base pairs
that can result to the breal of the doublestranded structure of DNA (Turner et al. 2005).
Ultraviolet light and ionizing radiation can also damage intracellular DNA, while oxidatively
generated base lesioriddure 2.14) can occur by acte oxygen during normal metabolism with

DNA pyrimidines being particularly sensitive to ring saturation, fragmentation, and condensation
(Cadet and Wagner 2013; 1996).
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Figure 2.14. Major sites of hydrolytic attack indicated lack arrows(adapted from Lindahl 1993).




2.2.2. MICROSTRUCTUR

Bone exhibits two varieties of tissue with distinct microstructural characteristics: a) woven,
primary, or immature; and b) lamellar, secondary, or mateigu(e 2.15, Smith 1960), while
fibrolamellar tissue (i.e. plexiform) is a combination of lamellar and parallel fibred tissue
(Reznikov,Shahar and Weiner 2014a; Weiner and Wagner 1998) typically found in long bones
of large and mediurized mammalge.g. cow, pig and sheeptartiniakovéa et al. 20062007,

Mulhern and Ubelaker 2001). During the formation of the skeletal tissues woven bone appears
first. It is a temporary, premature form of bone tissue which is prodoegdroduring the initial

growth of foetuses and infants and it is later replaced by lamellar tissue (Currey 2002; White,
Black and Folkens 2012). Woven bone also appears in sites of fracture repair and in bone tumours
as a response to trauma or pathologies in adult individuals, ekjdtains why it is formed more

rapidly than lamellar bone (Currey 2002; Ross and Pawlina 2011; Viitek and Folkens

2012). It has a fibrous appearance without lamellae and more osteocytes per unit area which are
randomly arranged compared to lameliane Figure 2.15; Ross and Pawlina 2011; Weiner and
Wagner 1998; WhiteBlack and Folkens 2012)
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Figure 2.15. Transvese histological sections of human bone. (a) Woven tissue with amorphous
appearance and several osteocytes; (b) lamellar tissue (x300 magnification) with parallel (outer
circumferential and interstitial lamellae) or concentric layers (Haversian systensteons) containing
osteocyte lacunae. Notice the cement line at the periphery of ostedazed from Memorang 2018 (a) and
Clermont, Lalli and Bencsatilakkai 2013 (b)).

Mammalian adult bone is primarily lamellar with collagen fibres arranged in didengtes
(lamellae) either parallel to each other (interstitial and circumferential lamellae) or concentrically
organized (osteons or Haversian systems) around vascular daigaise (2.15; Smith 1960)
Circumferential lamellae are a series of lamellae which are found in periosteal and endosteal
regions with a large radius of curvature parallel to the forming surfaces of bignee(2.15b;
Crescimanno and Stout 2012; ReznikBhahar and Weiner 2014a). Osteons have a series of
concentric lamellae and cover roughly half the area of mesosteatémidal) bone with the
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other half filled by interstitial lamellag={gure 2.15b; Burr, Schaffler and Frederickson 1988;
Crescimanno and Stout 2012; Ross and Pawlina 2011; SchBfilerand Frederickson 1987,
Schwartz 2007; Skedros et al. 2005). They are distinguished into primary amdiasg with
primary osteons appearing as islands with lamellar bone surrounding them and a lack of distinct
mineralized interface at the omeost lamella (i.e. cement lin8chwartz 2007). During the first

stage of their formatigriubular cavities withi the bone are created by the absorption of the tissue

surrounding preexisting vascular canals in primary osteons (Smith 1960). Next, an appositional

growth of new bone occurs at the walls of the cavities until a canal (Haversian) of definitive size
is reformed (Smith 1960).

The secondary (mature) osteons
have an average diameter of
about 2063 0 0 em and an
average length of -3 mm,
although their size and number
can vary between and within
skeletal elements as well as
species (Cattaneo et al. 1999;
Martiniakova et al. 2006, 2007;
Mulhern and Ubelaker 2001;
Van Oers et al. 2008; Urbanova
and Novotny 2004; White,
Black and Folkens 2012;
Lander, Brits and Hosie 2014).
These units are demarcated by
the cement line that
distinguishes them from the

surrounding tissues [igure

215b; Smith 1960). Any
Figure 2.16. The four most common collagen fibril organizat
patterns. (a) parallel collagen fibrils commonly found in bo subsequent secondary osteons
(mineralized turkey tendon); (b) woven fibres with fibril bunc are developed in relation to the
showing different orientations (human foetus femur); (c) plyw
like structure of lamellar bone (baboon tibia); (d) radial fibril arr  vascular canals of similar pre
with collagen fibrils in one plane (flman dentin) (Weiner ar o
Wagner1998). existing secondary osteons

(Smith 1960). As more and

more secondary osteons doemed the amount of woveibred bone, primary osteons and

surface bone is progressively reduced (Smith 1960). Additional transverse/oblique canals (i.e.
Vol kmanndéds canals) link the Haversian canal s
thecells (Schwartz 2007; Whit&lack and Folkens 2012).
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While the circumferential and osteonal lamellar structures are the products of different processes,
modelling and remodelling, no differences have been observed in their structures (Reznikov,
Shahar andVeiner 2014b). All lamellae in mature bone contain regularly arranged osteocyte
lacunae Figure 2.15b) interconnected with a wedirganized canalicular network compared to
randomly and denser organized lacunaergtnnected with more sparse and irregular canaliculi

in woven tissueHigure 2.15a; Kollmannsberger et al. 2017; Ross and Pawlina 2011). Lamellae
have an average widthof8 e m (al though it can vary betwe
collagen fibres parallel to each other but in successive lamellae the collagen fibres are oriented in
different directions (plywood appearance) giving strengthecsthucturgFigure 2.16; Aimany

Magal et al. 2014; GirauGuille 1988; ReznikovShahar and Weiner 2014a; Weiner and Wagner
1998). Fibrils parallel to the bone long axis are laid down first, whereas in trableocokathe

collagen fibril orientation is characterized by only two alternating components. In the first one,
the collagen fibrils are aligned with the long axis of the trabecula, whereas in the second fibrils
are oblique to the long axis of the trabecuthesi at 6070° or 3040° (Reznikov et al. 2015;
Weiner,Traub and Wagner 1999). The collagen fibrils in woven tissue are arranged into bundles
with up to 30 em diameter t hd&igure2d6), partcolale | v p
in the case of the smaliameter bundles (Ross and Pawlina 2011; Weiner and Wagner 1998;
White,Black and Folkens 2012). The collagen microfibres are irregular in thickness and do not
have the linear orientation observed in der stages of formation (Ortner and Turkéalker

2002).

2.23. MACROSTRUCTURE

Cortical or compact bonesi{bstantia compac}ds an anisotropic, dense, hard, solid, mass, and
represents approximately the 80% of the skeletal mass. It forms a rigiavallten the shafts of

long bones (thinner in articular regions than 4idphysis) and external surfaces that resists
deformations Eigure 2.17; White, Black and Folkens 2012). Trabecular or cancellous bone is
spagy bone gubstantia spongio3dhat represents the remaining 20% of the skeletal mass. It
consists of thin plates that form a loose mesh in the inner parts of Eignes(2.17; Martin et

al. 2015). It is more ligtweight, and it is found in flat bones sandwiched between compact bone,
in the ends of long bones and in irregular bones (White, Black and Folkens 2012). In living bone,
the pores are filled with red marrow which is gradually replaced by the yellow mariater

stages of growth and adulthood (Ross and Pawlina 2011; White, Black and Folkens 2012). The
trabecul ae are about 200 em thick and they h
cortical and trabecular human bone are composed of Emtisbue, with the unidirectional fibril
bundles showing a variety of alternating orientations in lamellae and a generally aligned
orientation with the long axis of the individual strut in trabecular lamellae (Reznikov, Shahar and
Weiner 2014a).

25



subchondral bone (cortical)

I Cortical bone
nutrient foramen -

e medullary cavity
diaphysis [

Y rabecular bone

distal metaphysis e
st epiphysial fusion ~——

distal epiphysis

Figure 2.17. Bone macrostructur@dapted from WhiteBlack and Folkens 2012).
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2.3. PETROUSBONE

The human petrous bone is a pyrassithped, massive portion of the endocranial aspect of the
temporal boneRigure 2.18) and projects antenmedially to separate the temporal and occipital
lobes of the brain (WhitdBlack and Folkens 2012). It is comprised of the middle and inner ear,
with the outer ear partly located out of the skull (pinna) perdly penetrating the skull for2

cm, i.e. external auditory meatuBidure 2.19a; Green 1976; Luce 2013; Moller 2000; Yost
1994). The middle ear is a bony cavity of around 2 wolume that contains the tympani
membrane and the ear ossicles (malleus, incus, stapes) which transport vibrations from the cone
shaped tympanic membrane to the oval windBigyre 2.19a; Green 1976; Moller 2000; Yost
1994).
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Figure 2.18. Right temporal bone. (a) lateral view with the anterior towards the right and superior up;
(b) medial view with the anterior towards the left and superiarEfM: external auditory meatus; IAM:
internal auditory meatug@dapted om Bohne and Militchin 2012).

The inner ear cavityFHigure 2.19) is approximately 2 cm long and houses the three main
components of the bony labyrinth: (a) the cochlea which is a coiled bony tube resembling a snalil
shell; (b) the vestibule; and (c) the three semgular canals (Green 1976; Yost 1994; Moller
2000). The cochlea is situated at the antareral extension of the internal auditory caaaldif
uncoiled, it would bearound 3.5 cm in length-{gure 2.1%; Green 1976). The vestibule is
approximately 4 mm in diameter and connects the cochlea with thecseutar canalsKigure

2.19%) which are orthogonaltpriented and &h of them (i.e. lateral, posterior, superior) is

around 1 mm in diameter (Moller 2000).

Blood and nervous supply to the inner ear is carried out through the internal auditory canal that
carries the facial and cochlear nerviegy(re 2.19a) as well as the internal auditory artery (IAA)

that branches to the antcrior vestibular, cochlear and vestibulocochlear (Mazzoni 1972). Blood
supply to the inner ear comes only from the I1AA artery with no collateral supply (G85&n
Mazzoni 1972). The internal carotid artery, the middle meningeal artery (internally) and the
middle temporal artery (externally) contribute to the blood supply of the petrous Figoes(

2.1%).
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Figure 2.19. Anterior (a) and superior (b) view of the petrous b¢agdapted from Bohne and Militchin 2012
(a) and Sun et al. 2@ (b))

The bony capsule surrounding the membranous labyrinth develops predominantly by
endochondral ossification similarly to long bones, but unlike long bones the petrous bone reaches
adult sizein utero(Eby and Nadol 1986; Nemzek et al. 1996; Rictedrdl. 2010). Development
begins at 21 to 24 days of gestation and each part follows distinct growtfJedtesy and Spoor
2004) Formation of the membranous semicircular canals begin8 gegational weeks with the
superior developing first, followed by the posterior and the lateral (Nemzek et al. 1996). The
semicircular canals have attained adult size eé234veeks or earlier (Jeffery and Spoor 2004
Richard et al. 2010). A progressive torsiof each semicircular canal was also observed during
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fetal development (Richard et al. 2010). The cochlea has achieved about half of its side at 8
weeks, and the full adult configuration has been completed ur2ib 2deeks (Jeffery and Spoor
2004; Nerzek et al. 1996; Richard et al. 2010). The oval window and the vestibule develop until
gestational weeks 35 and 39, respectively (Richard et al. 2010). Although the subcomponents of
the inner ear have attained their adult size #dyfsenatal months (e.geffery and Spoor 2004),

an increase in the overall size of petrous bone throughout fetal life and infaguase(2.20) has

been reported by other researcher (Fazekas and Késa 1978; Nagaoka and Kawakubo 2015)
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Figure 2.20. Age related changes to the right petrous pyra@ithpted from Nagaoka and Kawakubo 2015 (a) and
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—i 1 mm

Figure 2.21. Longitudinal section of the left petus bone of a 74earold man within the area of the
cochlea microradiogram (top) and schematic distribution of the different tissue layers (bottom). The
arrows mark the borders of the endosteal layer. EO=endosteal, POL=inner periosteal layer, POF=outer
periosteal layer, COC=cochlea, MAl=internal acoustic medadapted from Doden and Halves 1984).

A lack of remodelling in petrous bone has been noted both in humans (Doden and Halves 1984;
Frisch et al. 2000; Jeffery and Spoor 2004) and cetaceans (Bugfiémil, Dabin and Zylberberg

2004). The high number of viable osteocytes in the inner ear possibly inhibits osteoclast
maturation and activation through the secretion of therastirptive osteoprotegerin (OPG) and

seems to serve as a pool throughdfet (Bloch and Sgrensen 2010; Bloch, Kristensen and
30



SBrensen 2012 kuigerkegtature is also Imanifest@ddy three tissue zones that
differ compared to long bones (Doden and Halves 1984). These include: a) an outer periosteal; b)
an endostdahat surrounds the canals and cochlear surfaces; and c¢) an inner periosteal that can
replace both the outer periosteal and endosteal tisSigesd 2.21).

The outer periosteal tissue is considered less migeddiln vivo and has its collagen fibres
arranged parall el to the bonebs surface (D

periosteal tissue has randomly oriented collagen fibres and two different degrees of mineralization

(Doden and Halves 1984)kne d t o di fferent concentrations

1991). In dolphins, the collagen matrix is composed of very thin fibrils €01lAm diameter,
arranged in a dramatically reduced network compared to normal bone that gives plenty of room
to bioapatite crystals, thus increases hardness (de Buffrenil, Dabin and Zylberberg 2004). Such a
scenario has been also confirmed by Zioupos et al. (1997) who found increased hardness and
Youngbs modulus in whaledbds tymmpadbyilowbdandingl a (
strength. As seen iRigure 2.22, only the extreme case of the Mesoplodon rostrum (c. 96 %
mineral) which is near the endpoint of mineralization process and tooth enamel present higher

hardness (\&ters 1980). Unfortunately, the mechanical properties of the human petrous bone are
still unknown.
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2018).
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CHAPTER 3: BONE DIAGENESIS -
A REVIEW OF CURRENT RESEARCH

The preservation of biomolecules into archaeological and geological timescales within bone has
been the focus of a great number of studies over the past few decades. Howeveorigost
degradation of bone is a very complex process and while some bones can-pecsaived,

others can rapidly degrade. This chapter reviews the main diagenetic pathways responsible for
the postdepositional modifications in bone, a process known as diagersesisons of this
chapter have been published in Kendall, C., Eriksen, A. M., Kontopoulos, I., Collins, M. J., and
TurnerWalker, G. (2018), Diagenesis of archaeological bone and t®atlacogeography,
palaeoclimatology, alaeoecology491, 2137. 10.106/j.palae0.2017.11.041.

3.1. PRESERVATION OF MICROSTRUCTURE

The use of histology for the study of archaeological bone has changed the way archaeologists and
anthropologists interpret osteological data. Histological analysis of thin or thick bone seations
provide valuable information on the agkdeath, pathology, past human lifestyles (e.g. socio
economic groups), distinction between human andmonan and/or burned and unburned bone,

and diagenesis (AssiSantos and Keenleyside 2016; B8kjnnerand Jones 1996; Blumenschine

et al. 2007; Cattaneo et al. 1999; Cuijpers and Lauwerier 2008; De Boer and Maat 2012;
DominguezRodrigo and Barba 2006; Garland 1989; Grupe and Garland 1993; Hanson and Cain
2007; Mulhern and Ubelaker 2001; Miszkiewicz and bfady 2016; Stout 1978; Stout and
Teitelbaum 1976; TurnéValker and Mays 2008).

Histotaphonomy is the investigation of bone diagenesis at the microstructural level and it is
widely applied for the study of the microstructural changes caused by vari@isghhghemical

and biological processes paabrtem(Bell 1990, 2012; Bell and Elkerton 2008; TurWalker

and Jans 2008) hese histomorphological modifications #re product of the attack by bacteria,
fungi, presence of algae, collagen degradation, and deterioration of bioapatite (Collins et al. 2002;
Hedges 2002). For that reason, bone histology is currently a fundamental method used for the
better understandingf ahe diagenetic histories of skeletal remains (Booth 2016; Booth,
Chamberlain anéarkerPearson 2015; Hedgedillard and Pike 1995; Hollund et al. 2012; Jans

et al. 2004; TurnewWalker 2008).

The usefulness of histology for the investigation of micrastiral changes present in skeletal
remains has been attested by the study of samples from many different environments across the
world (Booth 2016; Hollund et al. 2012; Jans et al. 2004; Nieldarsh and Hedges 2080

Smith et al. 2007). The applicatiaf optical microscopy and scanning electron microscopy
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(SEM)/backscattered electron (BSE) can provide a wealth of information for the better
understanding of histotaphonomy, while transmission electron microscopy (TEM), confocal
microscopy and synchrotromicro-computed tomography have been occasionally applied
(Ascenzi and Silvestrini 1984; Booth 2016; Fernand@zo et al. 2010; Hollund et al. 2012;
Koon, Nicholson and Collins 2003; 2010; Maggiano et al. 2006; Pesquero et al. 2015; Reiche et
al. 2011).

Depending on the nature of the study, preparation of thin sections is usually required (Garland
1989; Grupe and Garland 1993; Turéalker and Mays 2008). Preparation of thin sections of
embedded specimens in synthetic resin using a microtome or gtm@dehieve the desired
thickness is the most common methods used in palaeohistology (Booth 2016; Garland 1989;
TurnerWalker and Jans 2008). However, some of the reasons palaeohistology remained
underdeveloped for severaladeles is its destructive natumad the fragility of archaeological

and fossil bone that make thin sectioning very challenging (ASargps and Keenleyside 2016).

Methodological approaches have significantly improved throughout the last decades and
improvements in instrumentation noalows thin sectioning of undecalcified specimens of
archaeological origins without embedding them in resins (De Boer and Maat 2012; Kontopoulos,
Nystrom and White 2016). Recently, mietomputed tomography (micit©T) has been proposed

as a nordestructivealternative to histology for the examination of posirtem microstructural
changes in archaeological bone (Bod®edfern and Gowland 2016; Dal Sasso et al. 2014).
Nevertheless, micr€T can be less suitable for the study of bone diagenesis as sangulds ne

be around 1 cm in diameter (ledsstructive but not nedestructive) to visualize diagenetic
alterations, while there is also a lack of information regarding staining and inclusions (Booth,
Redfern and Gowland 2016).

3.11. MICROBIAL ACTIVITY, GENERALIZED DESTRUCTION, CRACKING,
INCLUSIONS

Microbial activity is commonly identified in archaeological bone (Jans et al. 2004) and it is
manifested by microscopic focal destruction (MFD) sites consisted of foci either rounded,
branched or interlinked thaiary from few microns to hundreds of microns in diameter (Bell
1990; Garland 1989; Hackett 1981). The different types of microbial attack have been
successfully presented by Hackett (1981) who provided the first description of MFD and
introduced a qualitate method for the evaluation and classification of the microstructural
alterations observed in borfeégure 3.1). These include one type of fungal tunnelling (i.e. Wedl),

and three types of bacterial tunnellinge(inonWedl): a) linear longitudinal; b) budded; and c)
lamellate) based on the shape, size, abundance, distribution, demineralization, and mineral
redeposition/cuffing (Hackett 1981). Although distinction between the different types of bacterial

tunnelling is often possible, occasionally categorizing tunnels can be challenging due to the
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gradual progression of modifications (Hackett 1981; Pesquero et al. 2015) and similarities with
pathological modifications in bone microstructure (Bell 1990; Piepenb@8K).

Fungal Tunnelling (Wedl) Bacterial Tunnelling (non-Wedl)

Lamellate

Figure 3.1. Types of microbial tunnelling Schematic representation of MFD at the transverse
(semicircle) and longitudinal (rectangle) levétslapted from Hackett 1981).

Wedl tunnels are considered to be producedhbitic action of fungi (Bell 1990; Hackett 1981,
MarchiafavaBonucci and Ascenzi 1974; Wedl 1864). Although the way fungi produce tunnelling

is not clear, the attack of the inorganic and organic content of bone by enzymes located inside and
outside thefungus membrane is the most likely scenario (MarchiafBemucci and Ascenzi

1974). In transverse bone sections, these appear as branched, almost empty cdn@ls o€5mn i n
diameter Figure 3.1; Hackett 1981). Fungal action is not accompanied by remineralization
around he edges of the foci (i.e. no cuffing) and it often hasléfined outline under plane
polarized light Figure 3.2; Hackett 1981).

The histological analysis of fragments of human vertebrae, autoclaved fragneerit8Q or 200

for 20 min.) of human vertebrae and rat bone fragments buried in flower pots with garden soil for
45 days at 20° C, has shown that fungi ofrthecorspecies can be responsible for microboring

of bone to utilize the tissue for energy (Maedhva,Bonucci and Ascenzi 1974). The process

that Marchiafava et al. (1974) followed, however, may have altered the npmetain bond and
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may have resulted in a bone more susceptible to microbial attack (‘Welker 2012).
Furthermore, it is not ck which specimens displayed these modifications and there are no
accompanying images to show their appearance and characteristics {Watker 2012).
Further studies have also identified other species sucAsaemycota,Chytridiomycota
StachybotrysCrysosporium and Cladosporiumthat can dissolve and degrade the bone tissue

(Keenangngel and Elsey 2013; Piepenbrink 1989), although their amount can vary significantly

in different skeletal elements (Keen&mgel and Elsey 2013).

Figure 3.2. Fungal tunnellingi Left: Thin section of a human femur exhibiting Wedl tunnelling after
inoculation withStachybotrygPiepenbrink, 1989)Right: SEM microphotograph showing fungal attack
(black arrow) with tunnels penetrating the leoftom the periosteal surfagEernandezlalvo et al2010).

Regarding bacterial (newedl) tunnelling in transverse sections, the majority of the MFD are

usually in the form of linear longitudinal and budded tunnelling, and only a small number

demonstrate lamellate (Jans et al. 2004). Linear longitudinal tunnels appear as small rounded

opaque foci rangingfrom-50 em t o 50 em in diameter, while bud
frondl i ke tunnel s arFRgurel3; Hadkett4981).Ahypevmirteralized (issue

(or cuffing) characterized by increased Ca and P concentrations (Pesquero et al. 2015) usually

surrounds these focF{gure 3.3). This is formed through redegition of mineral and waste

products by the microrganisms which create these foci (Hackett 1981; Garland 1988dtly

ranges from 3 to 6 &m, s tifedl MEEDn @hd whgn presesttitl y t he sm
usually inhibits further expansion of the MFD (Hackett 1981).

Linearlongitudinal and budded tunnels are usually found inside osteons and their expansion
outside the osteon is also hindered by the presence of the cement line (Hackett 1981). Cement
lines usually remain distinct, except in cases where degradation is very advanced (Hanson and
Buikstra 1987). Although small areas of unaltered bone can be fouhtbrigacterial degraded

areas that are surrounded by hypeneralized rimsKigure 3.3), tunnels do not enter the area of
another tunnel, regardless the density of MFD which can vary even within small regiame of b
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tissue (Hackett 1981; Jackes et al. 2001; Piepenbrink 1986). Both types create branched tunnels
parallel to each other that travel for few hundreds of microns along the longitudinal axis of bone
(Figure 3.3; Jakes et al. 2001; Kontopoulddystrom and White 2016), and this indicates that

bacteria follow the orientation of the collagen fibres in different parts of the bone to exploit weak,

less mineralized tissues (Turpéfalker 2008).

Figure 3.3. Left image - NonnWedl MFD and hypermineralizedrims Bact er i al colonies i
tibia characterized by small poresof 1 e m i n di ameter sur r-dendedBblack by cu
arrows) next to unaffected bone (uB). Black é@white asterisks) represent Agfedl MFD (Fernandez

Jalvo et al. 2010).

Right image- Linear Longitudinal and Budded fo€iLongitudinal section ofus scrofabone with linear
longitudinal (black arrow) and budded (dotted black arrows) tunnels tragetliong the longitudinal

axis in the periosteal/superiosteal area. Some dark inclusions within the tunnels obs€Kadopoulos,

Nystrom and White 2016).

Lamell ate foci are | arge tunnels that can e
sections, and contrary to the other two Wgadl tunnels they can cross the cement lines of the
osteongHacket 1981) They are produced by denaturing alternate lamellae which often makes
difficult the distinction of different foc{Hackett 1981)They are visible in plane polarized light
mainly as bright fatures, whereas in crepslarized images the birefringent rims surrounding
the lamellate foci can be seen due to the survival of collagen fibigaer¢ 3.4, Hackett 1981).

The rims usually disappear when the fiocrease in size from modamellate to polyamellate,
although cuffing may be displayed in some specimens (Hackett 1981). Lamellate tunnelling is
usually observed in samples that come from large and densely occupied cerfizages al.

2004) and they frequently demonstrate a mosaic patteigue 3.4) when packed (Hackett
1981). In longitudinal sections, a similar to transverse rectangylanegnce isbserved outlined

by the rims (Hackett 1981).

The inoculation and incubation of bone specimens with different bacterial coloni€Ba@lys
subtilis Pseudomonas fluorescens, Clostridium sporogens, pefringens and s pidsupnoved

that MFD are theroduct of the activity of certain bacterial species (Balzer et al. 1997; Jackes et
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al. 2001). Specimens incubated withintermediaC. perfringensandC. septicundemonstrated

no histological changes, contrariwise to specimens @itbporogensr C. histolyticum(Dixon,
Dawson and Taylor 2008; Jackes et al. 2001), vitritleeobacterig20-35%),Actinobacteria(2-

11%), Bacteroideteg2-11%) andFirmicutes (1-10%) have been recognized in the bacterial
communities, although many intiadividual variatios may exist (Keenan, Engel and Elsey
2013). The different bacterial species cause different modifications, but they all excrete

collagenases to digest the bone organic matter (Jackes et al. 2001).

Figure 3.4. Lamellate focii The characteristic mosaic pattern observed in plane polarized light (left)
and survival of birefringence in some areas of the section (rigltpted from Hackett 1981).

Figure 3.5. Generalized destructioil Bone micremorphology displays an amorphous appearance and
cracks with no features such as lamellae and osteocyte lacunae refgjeleidn et al. 2018).
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Generalized destructionFigure 35) is opposed to focal destruction and represents the
degradation of extended areas of bone tissue that do not retain any histological features (Garland
1989). Bone appears amorphous (e.g. no lamellae) and the sections as disintegrated, dark areas
under plane polarized light, even though some morphologicairésamight be still recognized
(Garland 1989). In crossed polarized light, there is considerable reduction in birefringence in the
amorphous areas (Garland 1989). This loss of the histological features and the reduced
birefringence in generalized destiioct areas is assumed to be caused due to the loss of the
organic content (Collins et al. 2002; Jackes et al. 2001; Tjelldén et al. 2018).

Other features can be classified into inclusions and infiltrations (Garland 1989). Archaeological
bone may be filledwnith detrital or other exogenous material that penetrates the pores and
trabecular spaces (Bodzioch and Kowadka 2012). Inclusions are described as exogenous
material incorporated into the bone spaces (Haversian canals, osteocyte lacunae, canaliculi or
trabecular boneand are distinguishedto biological (e.g. fungi, hyphae, bacteria) and mineral
inclusions (Garland 1989). Similarly, infiltrations may replace osseous material, and these can be
identified as stained sites with granular appearance (@®h1889). Generally, stained bone
tissues from humic acids or other exogenous material are considered resistant to microbial attack,

although they usually display reduced birefringence (Hedges 2002; Hollund et al. 2012).

Figure 3.6. Inclusionsi SEM images of framboidal pyrite in pore spadét; TurnerWalker 2008) and
magnesium phosphate inclusions in Haversian canals (right; Zangarini, Trombino and Cattaneo 2016).

Iron-rich inclusions (e.g. framboidal pyrite) have beesuimented inboneasl1l0 e m spher i
aggregates that gradually develop to massive, crystalline plyigteré 3.6; Hollund et al. 2012;
Pesquero et al. 2015; Pfretzschner 2004; Tevialker 1999). They primarily fill up osteotey

lacunae and canaliculi without damaging the bone, while at the same time they can block the path
to other exogenous substances (Pfretzschner 2004; Twiadker 1999). Early diagenetic pyrite

can be also found in Haversian canals but usually, it daedIribe whole cross section due to
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the larger volume of these cavities (Pfretzschner 2004). Iron oxides are also probably responsible
for the orange/brown staining observed in the surrounding areas (Bodzioch andLidwal
2012; Hollund et al. 2012).

Magnesium phosphate crystallizations can be observed within bone Haversian canals or fissures
(Figure 3.6) as early as few weeks pasbrtem probably due to the permeation of the soft tissue
decomposition fluids (Zangarini, Tromlmnand Cattaneo 2016). Metal oxides and sulphur
trioxide may also be noticed in subsequent early diagenetic stages following soft tissue
decomposition (Zangarini, Trombino and Cattaneo 2016). This inclusion may colour bone tissues

violet-blue and are conséded as evidence of early vivianite formation in bone buried in anoxic

or organic rich environments (Zangarini, Trombino and Cattaneo 2016).

Figure 3.7. Crackingi SEM microphotographs of bone sections mounted inresinand p s h e d . Sheepods
tibia showing micrecracking (left) and radiailna displaying cracking and mictoracking (right). The
latter specimen was covered by moss and lichen that penetrated th¢Heomendezlalvo et al. 2010).

Manganese oxides can also occthm®yopen spaces (i.e. canaliculi, osteocyte lacunae and cracks)

in bone since early diagenetic stages, while calcite usually precipitates in later diagenetic stages
(Dal Sasso et al. 2014; Hollund et al. 2012; Pfretzschner 2004). This assumption wasnbased
observations which shows manganese oxides adhering to the surfaces of the spaces and calcite
filling the remaining areas, although pyrolusite (Mh®as also been recognized in fossilized
dinosaur bones from China (Dal Sasso et al. 2014, Pfretzscrth@titiien 2011).

Cracks and micr@racks play an important role in bone diagenesis by opening new pathways
through the bone matri¥{gure 3.7) that increase the leaching of the already degraded collagen

and enhance the exchangeoofs between water and bioapatite crystals (Pfretzschner 2004). They
can be observed in samples covered by moss, algae or lichens as they use microstructural features
to penetrate the bone tissue (Fernariidyo et al. 2010). Cracking close or withineusts relate

to changes in density, collagen degradation and mineral dissolution, and they may appear even in
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early diagenetic stages (Bell 1990; Pfretzschner and Tiitken 2011). Radiatraicke Figure
3.8B) that cross the ostedboundaries due to water uptake and swelling can be observed in

secondary osteons of specimens buried in aquatic environments (Pfretzschner and Tltken 2011).

Figure 3.8. Microcracking typesi Schematic representation of thaifferent microcracking types
observed in archaeological and fossil bone: (A) normal bone, (B) radial, (C) central, and (D) peripheral
microcracks(Pfretzschner and Tutken 2011).

Desiccation can also lead to cracking as collagen loses water which resultslime decrease

that causes shrinkage and eventually cracking (Pfretzschner and Tiitken 2011). Cracks may appear
on the walls of Haversian canals and radiate outwards for short distances (i.e. central cracks) or
they might be observed at the inner sadecement lines in secondary osteons (i.e. peripheral
cracks) without spreading outside osteonal margins thoiglureé 3.8C-D; Pfretzschner and

Tutken 2011). Cracking can also be attributed to physical stresses during sangriatiomrepe.g.

grinding, thinsectioning, high vacuum of the SEM or even storage (Dal Sasso et al. 2014; Turner
Walker 2012; Lander, Brits and Hosie 2014).

3.12. HISTOLOGICAL INDICES

The Oxford Histological Index (OHI) was coined by Hedgddlard and Pke (1995) for the
quantification of the histological changes in archaeological bone using optical microscopy (i.e.

plane polarized light) and/or SEM/BSE. It categorizes specimens into six giigpse(3.9)
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based on their percexge of intact histology and the presence of MFD (Hedd#isyrd and Pike
1995). Very wellpreserved bone should display microstructural features such as lamellae,
osteocytes, canaliculi and Haversian canals at least across 95% of a section to beas€gtied
value of 5 Figure 3.10; HedgesMillard and Pike 1995). Conversely, all these features should
be absent across the 95% of a sectiigure 3.10) to be characterized as poorly preserved and
receive an OHI value of 0 (HedgeMiillard and Pike 1995).

Millard (2001, p.640)

Index Approx. % of intact bone Description
0 <5 No original features identifiable, except that Haversian canals
be present
1 <15 Haversian canals present, small areawelf-preservecone, or
lamellar structure is preserved by the pattern of destructive fc
<50 Some lamellate structure is preserved between destructive fc
>50 Some osteocyte lacunae preserved
>85 Bone is fairly well preserved, with minor amounfsdestructive
foci
5 >95 Very well preserved, virtually indistinguishable from fresh bor

Figure 3.9. The OHI as modified by Millard (2001) to include the @3% range which was overlookedHtedges,
Millard and Pike(1995).

The OHI is the primary tool used for the quantitative assessment of histological sections for the
study of bone diagenesis (BoofRedfern and Gowland 2016; Jans et al. 2004; Nigléarsh

and Hedges 20@0 Smith et al. 2007)while the general histologicahdex (GHI) introduced by
Hollund et al. (2012) can be used as analogous to the OHI as described by Millard T2@01)
latter includes generalized destruction, cracking, and staining in the asses@r@luind et al.

2012) However, limitations of bothndices include the difficulty to estimate the degree of

alterations on a spatial scale larger than this of the field of view and thels@rver error
(HedgesMillard and Pike 1995).

Figure 3.10. OHI Classificationi Images of specimens showing an OHI value of 5 with very good
preservation, virtually indistinguishable from fresh bone (left) and an OHI value of 0 with no original
features identifiable (rightjHedges, Millard and Pike 1995).
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Additionally, although the untdred regions of bone with an OHI value of 4 or 5 are assumed to
contain wellpreserved collagen, specimens displaying extensive microbial attack may retain
variable quantities of collagen which makes OHI usually a poor predictor of collagen preservation
(e.g. Hedges, Millard and Pike 1995; Smith et al. 2007). Bone can preserve its histological
integrity without preserving its collagen content which is an indication of protein loss due to
hydrolysis (Collins et al. 2002; Hedges, Millard and Pike 1995). dh&pi gl i ano S
degradationdé is such an atypical diagenetic
collagen but no microbial attack accompanied by increased crystallinity, resembling fossilization
(Jans et al. 2004; Smith et al. 2002)eservation of small areas of bone within a peprserved

specimen could also potentially explain the often weak-GiHhgen relationship.

The relationship between histological and endogenous DNA preservation in archaeological bone
although claimedtsong by Hollund et al. (2016) the low number of samples examined in this
study hinders further assumptions. Additionally, the relationship betweeiD@HlIin the outer

and middle cortical areas within the same specimens was actually we@k3®j, and saples

that displayed an OHI of 5 had endogenous DNA percentages varying from 31.71 to 0.64. Thus,
it is obvious that there was neither strong relationship nor pattern identified by Hollund et al.
(2016).

A different approach for the assessment of collgg®servation in bone can be the collagen
birefringence Figure 3.11; Garland 1989). For the quantification of birefringence, Jans et al.
(2002) introduced the Birefringence Index (Bl) which classifies samples based on théjinfensi
birefringence into three categories (i.e. in normal=1, reduced=0.5 and absent=0). While
theoretically a combined use of the OHI and Bl can make histological data comparable, practically
Bl has little to offer as all samples that display collagenatiagion to some extent receive a Bl
value of 0.5. This issue does not allow an accurate evaluation of histological preservation and its
relationship with the surviving biomolecules. Further, it cannot be used to estimate the % collagen

retained and the dege of alterations of the bioapatite crystals as in Jans et al. (2002).

Jans et al. (2002) also introduced the Cracking Index (CI) for the quantification offiesznes

in bone sections under plane polarized images by counting the osteons withreod frigsures

(Jans et al. 2002). This approach has similar limitations with the OHI as it is difficult to assess the
changes on a spatial scale larger than this of the field of view. However, OHI shows linear
relationship with small porosity (0.6L. 1 andngracking, and inverse relationship with
medium porosity (0.:B8. 5 & m) are considered typical ef
Millard and Pike 1995; Smith et al. 2007), while it shows no correlation with macroscopic

preservation (e.g. KontopowpNystrom and White 2016).
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Figure 3.11. Collagen Birefringencei Cross polarized image of a thin section from a human tibia
displaying areas with normal (white) and reduced (dark) birefringence (taken by the author).

3.13. ORIGINS AND PROGRESSIONOF MICROBIAL ACTIVITY

One of the main problems in histotaphonomy is to understand if the microstructural alterations
are the result of one single, early diagenetic event or diachronic. Microbial attack is assumed to
start with few dscrete foci Figure 3.12 i.e. enlarged osteocyte lacunae) that gradually merge to
form larger foci, and in later stages MFD can cover even the entire cross sectioSKBekkr

and Jones 1996; Hanson and Buikstra 1987; KontopaNystrom and White 2016; White and
Booth 2014). Nevertheless, the origins of bacteria responsible for the histological alterations is
still on debate (Bell 2012; Kendall et al. 2018). Gut bacteria, which are probably formed at or
soon after birth, codlcertainly be the cause of those initial modifications as they can transmigrate
via the vascular network to all major internal organs within few hours after death depending on
the environment (BelGkinner and Jones 1996; Booth 2016; Booth and Madgwit&;2Hollund

et al. 2012; White and Booth 2014). In such case, bacterial attack in archaeological bone would
be predominantly related with soft tissue decomposition (Bell 2012; Booth 2016; White and
Booth 2014).

The presence of linear longitudinal and ded tunnels in a-1.5 Ma hominin mandible from a
palaeokarst cave in Swartkrans (South Africa) represents one of the earliest evidences of MFD
(Grine et al. 2015). The fact that MFD were mainly concentrated around Haversian canals closer
to the endostearea led Grine et al. (2015) to the assumption that it was at least partially intact
after death and microbial attack originated from the endogenous bacterial populations (Grine et
al. 2015). Booth, Redfern and Gowland (2016) have also argued that ttesl Ibioerosion in
approximately half of the Romasiritish neonatal femora examined should be considered as
evidence of undeveloped gut microbial communities and this evidence could be used for the
discrimination between stillborn from shédred infants.Indeed, this observation would be

important for the study of demography, funerary treatments and infanticide in the archaeological
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record (Booth, Redfern and Gowland 2016); however, the number of individuals examined in this
study is very small to allowngy further assumptions. Furthermore, only two neonatal specimens
displayed welpreserved histological structure with an OHI of 5 compared to three
stillborn/preterm infants, while one stillborn/preterm infant and one neonatal specimen exhibited
an OHI of0 (Booth, Redfern and Gowland 2016). Additional evidence on possible differences in
histological preservation between disarticulated and articulated skeletal remains that could
support a gut origin of microbial attack is poor as preservation can be ga(idbth and
Madgwick 2016).

100 Microns
et = s ]

Figure 3.12. Initiation of microbial attacki Plane polarized image of a human femoral thin section from
Riseholme at ongear postmortem displaying enlarged osteocyte lacunae (black arrow) apitaly
osteocyte lacunae (white arrow) that possibly shows early microbial ac(Wiyjte and Booth 2014).

Currently, only some differences between human and animal bones with respect to the presence
of bacterial activity (Jans et al. 2004) could be carrgid as an attestation of the relationship
between MFD and anaerobic gut bacteria. The rationale behind this relationship is that
dismemberment and/or defleshing can limit exposure of animal bones to putrefaction and prevent
them from the endogenous guttexia (Jans et al. 2004). However, the histological analysis of a
small number of animal specimens (goat, pig, bovine) from tfiel §3century site of Hotel de
Mongelas in Paris (France) which were probably food waste as suggested by the cut marks (i.e
no endogenous microbiota available for mibaring) clearly showed that the defleshed animal
bones can clearly contain MFD (Muller et al. 2011).

Therefore, a diametrically opposite theory to gut microbMED relationship supports an
initiation of microbial attack at the point of, or after skeletonization by soil microorganisms who

can access bone through the empty Haversian canals and attack its endosteal and periosteal areas
(Bell, Skinner and Jones 1996; Hackett 1981; Tukiatker 2008). Hedges (2@pargues that

there is little evidence to suggest a difference in histological preservation in fleshefleshdd

bone or cooked vs uncooked bone. A comparative study performed by Nvidssimand Hedges
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(200 on human and animal bones for the dfeaf differential treatment (e.g. fleshed human

vs defleshed animal bones, cooking) indicated that there is no significant variation in histological
preservation between those two groups oppositely to Jans et al. (2004) and Booth and Madgwick
(2016) argurants. Regarding boiling, it causes no alterations in microstructure although protein
loss and crystallinity increase have been noted (Roberts et al. 2002). The loss of organic content

could thus make animal remains less attractive to soil microbes (Rebalt2002).

Histological examination of bones from approximately 100 animal carcasses exposed on the
ground surface during a 3@ar long experiment in Neuadd (Wales) demonstrated that MFD,
when present, were mostly found across periosteal and endost&s (thus soil bacteria) but not
associated with vascular canals (Fernantidyzo et al. 2010). Recent experimental studies with

pig carcasses showed that there is a relationship between osteocyte lacunae, canaliculi, and
bacterial activity during earldiagenetic stages which could possibly explain such an appearance

of MFD in different areas of bone not close to Haversian canals (White and Booth 2014). Lastly,
the association between skeletal elements and their proximity to internal organs was only
observed for the ilium and the atlas (i.e. gut and brain ealy; Kontopoulos Nystrom and

White 2016).

With reference to chronological age, this seems not to be strongly related to histological
preservation as prehistoric samples can be better peeséman historical specimens, while
samples from the same chronological period and site may display highly variable diagenetic
alterations (Booth 2016; Jans et al. 2002, 2004; TuNedker 2008). This assumption is also
based on the analysis 0f4® ka otl specimens that showed no relationship between histological
preservation and time pestortem (HedgedMlillard and Pike 1995). Moreover, several forensic
specimens from terrestrial burial environments which were examined by Bell et al. (1996) ranging
from 1 to 83 years poshortem have shown no relationship between microbial attack and post
mortem intervals. Additional evidence from the microscopic examination of a set of human
skeletal remains from twenty court cases found in different places (opeurad, indoors) and

burial environments (inside metal boxes or bags, scattered or buried) by Cappella et al. (2015)
also supports the absence of such a relationship between histological integrity amdmperst
interval. The distinction between archaedtad) and forensic bones using microscopic analysis
was very challenging, even though the different cases were radiocarbon dated with dates ranging
from post1950 to around AD 1000 (Cappella et al. 2015).

Regarding the time span of microbial activity withbone, it is believed that probably most
microstructural modifications occur during the first 500 years-pmstem (Hedgedvlillard and

Pike 1995; Hedges 2002; Pfretzschner 2004). It is likely that microstructure is not further affected
in specimens of f& thousand years old, while histological alteration is also likely to go towards

completion when it starts (Hedgddijllard and Pike 1995; Hedges 2002). However, bacterial
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attack may just stop before affecting the whole bone as seen in experimentalq€erdia&ro et

al. 2010) and fossil bone (Grine et al. 2015). The histological examination of al01Ma
hominin mandible from a palaeokarst cave in Swartkrans, South Africa represents an important
example of MFD in the palaeontological record with dinngitudinal and budded tunnels that

did not expand throughout the bone (Grine et al. 2015). Trueman and Martill (2002) have also
argued that any skeletal remains attacked by microbes have limited or no chances to survive in
the fossil record. This arguent, however, has been discarded by lliopo(2684) who presented

some SEMBSE images of fossil bones from Greece (Upper Miocene) which were extensively

bioeroded but survived in the fossil record.

Overall, the initiation and expansion of microbiahakt depends upon the access to bone collagen
which requires increased porosity and demineralization of bone tissues (Hackett 1981; Hedges
2002; TurnetWalker 2008). The role of vascular canals, osteocyte lacunae and canaliculi in the
spread of bacteria aridngi during diagenesis is undeniable (Bell 1990; White and Booth 2014;
Yoshino et al. 1991). Experiments on the effects of body decomposition on bone histology have
revealed that a spread of bacteria (endogenous and/or exogenous) in early diagesgeticatiag
through vascular canals, canaliculi and osteocyte lacunae (Kontopblylstspom and White

2016; White and Booth 2014; Yoshino et al. 1991). These bacterial species merge osteocyte
lacunae to gradually create larger foci (i.e. linear longitudiaahls and budded). Identifying the
species responsible for each MFD type and distinguishing between soil and gut bacteria is not
possible at the moment (Bell 2012; Piepenbrink 1989). Consequently, as Garland (1989)
highlights, there is a need for furthewestigations of the unknown effects of soft tissue

decomposition, desiccation, and adipocere formation on bone degradation.

3.14. BURIAL ENVIRONMENT AND BURIAL PRACTICES

The effects of the burial environment (e.g. oxygen availability, temperaturendyvater, and

pH) on the histological integrity of archaeological bone has been noted by several researchers
(Bell, Skinner and Jones 1996; Fernanrdako et al. 2010; Jans et al. 2002; Niels&arsh and

Hedges 2008 TurnerWalker 1999). Thus, the begimg and progression of tunnelling may vary
significantly for each specimen, primarily because of the specific conditions of the burial
environment and the changes throughout the centuries caused by human or natural processes
(Hackett 1981; Turnewalker 20@; TurnerWalker and Jans 2008).

Skeletonised remains in the tropics degrade much more rapidly than those in temperate zones,
which in turn degrade more rapidly than those close to the arctic circle (Ferdahee2t al.

2010; Kendall et al. 2018). Sikarly, deeply buried bones tend to survive for longer than those

in shallow burial environments. Part of this is because of temperature but also because oxygen

availability, as the soil bacteria responsible for tunnelling in buried bones are evidenti aero
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in their metabolic pathways (Turn&alker 2008; TurneWalker and Jans 2008). Water
availability and movement within the soil hde mostsignificant effect on the preservation of

bone as it controls chemical reactions and microbial metabdHsuiges, Millard and Pike 1995;
TurnerWalker 2008). Specimens recovered from permanently waterlogged environments
(anoxic), cave sites and dry sandy deposits above water table demonstrate good histological
preservation with limited or no microbial activity (Btha2016; Hedges 2002; Nielséarsh and
Hedges 2008 TurnerWalker 2008). In contrast, specimens from sites with fluctuations in soll
water (e.g. limestone soils, floodplains, coastal sites and sites on river banks) usually display
histological modificatbns as wet and dry cycles in burial environments can damage bone

microstructure (Nielseiarsh and Hedges 20Q0TurnerWalker 2008).

Soil pH is another factor affecting histological preservation of archaeological bone, primarily
because it can lead to tdeterioration of the organic and inorganic contents, while it can also
favour or inhibit microbial activity (Collins et al. 2002; Hanson and Buikstra 198
examination of many thin sections (i.e. 119) from adult human femora from different shies at t
Lower lllinois Valley, USA (i.e. AD 180 to AD 1200) by Hanson and Buikstra (1987) supports
that histological changes depend on local soil chemistry. ildwdues, for example, can lead

to decreased bacterial activity (Jackes et al. 2@G01better preervation othe proteincontent

as seen in archaeological bones flaeidic soils (i.e. 5.1 pH) in Puerto Rico (Pestle and Colvard
2012).Additionally, a highly variable state of histological preservation observed in samples from
the same burial phases Khartoum, Sudan indicated that bone diageneslss strongly
influenced by the burial micrenvironment (Dal Sasso et al. 2014).

Except within site variations, intiadividual and within bone variations have been observed in
archaeological bone (Garld 1989). Although Booth (2016) and BooRedfernand Gowland

(2016) report an insignificant intiadividual and within bone variation along the femoral mid
shafts of adult and infant individuals, the presence of-inttevidual and within bone (proxiai

vs distal diaphysigtigure 3.13) variation has been confirmed this time in early diagenetic stages

in experimental studies that involved the buriabo$ scrofacarcasses (Kontopoulos, Nystrom

and White 2016). However, no tigct overall pattern was observed (Kontopoulos, Nystrom and
White 2016). The skeletal elements should also be expected to degrade at different rates
depending on the different sizes and biomechanical characteristics such as porosity and
remodelling (Hanso and Buikstra 1987). This should result in iftrdividual variations and the
microbial activity should be related to intrinsic to the tissue physical and chemical factors (Hanson
and Buikstra 1987). Consequently, identifying, quantifying, and compgatigrns of bone
degradation can be a very complex process, as each bone may follow a unique diagenetic

trajectory.
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Figure 3.13. Within bone variatiori Plane polarized image of the right ulna ofas scrofethat shows
the variable histological preservation in proximal (left) and distal (right) diaphg€istopoulos 2014).

The death history and the effects of various factors (e.g. season of death, clothing, burial depth,
diet and microbiome health) on body decomposition ted preservation of bone are often
disregarded in archaeology (Bell 2012; Turkéalker 2008). As Bell (2012) argues, correlation
between perimortem history of the body and its pesbrtem alterations manifested on the
skeletal remains is of major impomntze because diagenetic change is a matter of vijoalg
decomposition within its burial environment. Some researchers argue that microscopic evidence
can be used for the distinction between different funerary treatments as the alterations caused by
anthropgenic processes can be distinguished from those induced by the burial environment
(Booth 2016; Booth and Madgwick 2016; Smith et al. 2016). The basis of this assumption is that
the exposure of a corpse for longer or prolonged periods of time wouldtcesediced levels of

bone degradatio(Booth 2016; Smith et al. 2016). On the contrary, the immediate burial of the
bodies would delay skeletonization and would maximize bone degradation (Booth 2016; Smith
et al. 2016).

Later prehistoric and historical reples from the British Isles show variability in histological
preservation and this has been linked to the different forms of funerary treatments (Booth and
Madgwick 2016). Primary burial soon after death assumed to be the cause of low OHI scores
accompaning poor histological preservation, whereas good preservation and high OHI values
considered indicative of different burial practices (Booth 2016). Yoshino et al. (1991) have
reported very limited morphological changes in human bones exposed haiofenup to 15

years postnortem with changes mainly observed in periosteal areas. The earliest evidence of
MFD in samples buried in soil was 2.5 years posttem, although histological changes mainly
appeared at approximately 5 years pusttem and graduglispread to mesosteal areas of bone
(Yoshino et al. 1991). The presence of microbial modifications after complete skeletonization led

Yoshino et al. (1991) to the conclusion that bone probably degrades when soft tissues have
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completely decomposed which gaots TurneWa |l ker 6 s (1999) belief that

initially protect bones from microbial attack.

Figure 3.14. Mémmificatiordi Human femur from Cladh Hallan under plapelarized (left) and cross
polarized (righ} light (Parker Pearson et al. 2005).

Limited levels of bacterial activity in specimens from Chalcolithic and Bronze Age Britaé ha
been interpreted as the result of the elimination of the gut microbiota during the removal of the
internal organs of theddies for mummificationKigure 3.14; Booth, Chamberlain and Pearson

2015; Parker Pearson et al. 2005). This assumption was supported by the study of two mummified
remains from Yemen and Ireland with excellent preservation dfititelogical features (Booth,
Chamberlain an®arkerPearson 2015)ith the only modification observdokingthe enlarged
osteocyte lacunae which have been identified as a characteristic alteration during early diagenetic
stages (Kontopoulo$\ystrom and Wiite 2016; White and Booth 2014).

Figure 3.15. Textile effect$ Planepolarized images of three individuals covered with a) 100 % cotton textiles (left),
b) 79 % cotton textiles (middle), and ¢) 100 % nylon (right) disptayie variable preservation due to the presence of

textiles with different composition&ontopoulos, Nystrom and White 2016).

However, several researchers seem not to take into consideration the effects of the micro

environment and other forms of funergractices (e.g. wrapping) on the variation in bacterial

activity. The very tightly flexed position of the individuals from Cladh Hallan (Scotland), for
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example, could be also indicative of wrapping/bounding. Althd@mbth, Redfern and Gowland
(2016) argue that wrapping the bodies has no effect on bone degradation, it has been
experimentally proved that it affects histological integrijgre 3.15; KontopoulosNystrom

and White 2016). The qualitative data from the histological analysis of thin sections from the mid
diaphysis of the left humeri of threas scrofandividuals covered with different fabrics indicated
that the composition of the tibes clearly affects bone preservation during the early diagenetic
stages (i.e. 6 years peastortem;KontopoulosNystrom and White 2016). The individual covered
with 100% cotton textiles and the individual clothed with 79% cotton, 20% nylon, 1% elastane
showed good histological preservation, whereas the individual placed within auplézdpet of
100% nylon exhibited poor histological preservatieig(re 3.15; Kontopoulos Nystrom and
White 2016). It is likelythat cellulose in some textiles could be used by the soil microorganisms
as a source of energy (chemical assimilatory biodeterioration) which could delay or limit
microbial invasion into bone (Kontopouldsystrom and White 2016).
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3.2. PRESERVATION OBIOAPATITE

The preservation of bioapatite is important in archaeological research as it can offer valuable
information on the movement of past people and animals (phosphate), their dietary habits
(carbonate), their environments (phosphate and carbonatgjoanithly past funerary practices
(Hedges 2003; Kinglayles and Gordon 2011; L-ddorp and van der Merwe 1991; Scorrano et

al. 2016; Wright and Schwarcz 1996). BAp crystals can survive for long periods of time, however
postmortem changes of biogenic chieal signals have long been recognized as a key issuk (Lee
Thorp 2002; Leelhorp and van der Merwe 1991; Shin and Hedges 2012; Stiner et al. 2001;
Wright and Schwarcz 1996).

Reorganization or growth through dissolution (loss of less stable components) and
recrystallization (formation of more stable structure) is necessary for its survivahpasm
(NielsenMarsh et al. 2000a; Trueman 2013). Dissolution occurs when conditions are greatly
undersaturated, primarily due to active hydrology (recharging ‘iréish water) or due to a
reduction in pH (Hedges 2002; Hedges and Millard 1995; High et al. 2015; Nidish et al.

2000a; Piepenbrink 1989). When the skeletal remains are close to the ground surface (rainwater
not yet equilibrated with soil hydroxyaiita), or in highly conductive soils (e.g. sands and
gravels, floodplains, etc. with wet and dry cycles) that water never becomes saturatecfwith Ca
and PGE water leaches out the mineral phase (Hedges 2002; Nidisesh et al. 2000a; Turner
Walker 2008).

Soil pH controls the fate of bioapatite as it also dissolves in acidic soils (i.e. incredsems)H
whereas it becomes more stable in enoasic soil environments (High et al. 2015; Nielstarsh

et al. 2000a). A dissolution of bioapatite in slightly acidic soils can lead to a rise of the soil pH
(buffer), while in very acidic environments dissolution leads to a consumptiohiofklwhich

does not affect soil pH and results to a significant loss of mass (High et al. 2015; iNialstn

et al. 2000a). Microbial activity may also lead to mineral dissolution and redistribution of
phosphate (Trueman et al. 2004). In such a case, phosphdie uskkd for the growth of adjacent

bioapatite crystals (Trueman et al. 2004).

Recrystallization (isomorphic or heteromorphic) is heavilygapendent as bioapatite is more
stable in pH around 7-8, displays low solubility in slightly alkaline and nearutral
environments but gives way to dissolution in pH environments below 6 or over 9 (Berna,
Matthews and Weiner 2004; Hedges and Millard 1995; Keenan and Engel 2017; IMalstn
et al. 2000a; TurnéWalker 2008). Thus, in alkaline to neutral soil pHpé@patite will undergo
recrystallization with bioapatite being recrystallized into authigenic apatite (Béattdnews and
Weiner 2004). This pH range is callekdh e &ér ecr y st a(Bdmi, Matheiwoand wi ndowb
Weiner 2004). The pH of the groundwatehi@h can vary from 2.8 to 10, also controls the ions
available for exchange with bioapatite (Nielddarsh et al. 2000a; Turn&/alker 2008).
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Recrystallization of bone also depends on the hydrological conditions of the burial environment
(Hedges and Milled 1995; Piepenbrink 1989; Trueman et al. 2008). The thin nature of the crystals
makes them unstable as many atoms can be disordered because of their proximity to the surface
(Berna,Matthews and Weiner 2004; Stathopoulou et al. 2008)o&atincorporatednto the
bonewater system during passage of pore waters may be either adsorbed onto exposed bone
crystallites (i.e. labile) or incorporated into authigenic minerals (i.e. structural) (Trueman et al.
2004). Thus, the interaction of the groundwater withhtdrated layer leads to the incorporation

of diverse labile and reactive ions (e.g. HEOPQSE COE C&, Mg?), which may in turn
substitute other ions into the core domatig(re 3.16; FigueiredoGamelas and Martins 2@;
Lee-Thorp and van der Merwe 1991; Stathopoulou et al. 2008; Trudmiaat and Field 2008;
Trueman 2013). The longer the bone is exposed on the conditions of the burial environment, the
greater is its dependency on external sources of phosphasathgenic minerals) to fill in the

pore space initially occupied by the organic component (Trueman et al. 2004). This means that
the newly formed crystals may incorporate any ions present in pore waters. For instaace, Na

Mg? may substitute Caions, HPQ?Eions may substitute PEFions, while halides (e.g.Hand

CIB may substitute OR(FigueiredoGamelas and Martins 2012; Stathopoulou et al. 2008).
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Figure 3.16. Bioapatite crystali lonic exchange between the crystal and its surrounding environment.
(Figueiredo,Gamelas and Martins 2012).

Identification of the changes in the bioapatite crystals can, therefore, provide evidence for the
preservation state of bone and the reasons that letltese modifications in the inorganic
component of bone (Kingiayles and Gordon 2011). Until today, no reliable method has been
recommended for screening archaeological bones to predict the likely preservatiovivaf
biochemical signatures of bioapatifTrueman et al. 2004, 2008). Consequently, understanding
the nature of alterations can provide valuable information for the immediate depositional

environment or important biological and archaeological information.
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3.2.1. CRYSTALLINITY

Bone recrystallizthon increases crystallinity (i.e. crystal size and lattice perfection) and promotes
the formation of a more stable mineral phase usually characterized by lower carbonate content
(Salesse et al. 2014). The increase in average and maximum crystal lendble ohag to an
increase the size of the larger crystals at the expense of the smaller ones (i.e. Ostwald ripening),
dissolution of the smaller crystals, or both (Nielddarsh et al. 2000a; Reich¥jgnaud and

Menu 2002; Stiner et al. 2001; Trueman 2013iefnan et al. 2004, 2008; Weiner and-Basef

1990; Wright and Schwarcz 1996). The high degree of disorder is responsible for the promotion
of diagenetic modifications in bioapatite (Trueman 2013). Thus, BAp crystals become more
ordered posimortem as thelisordered phases are less energetically stable (Asscher et al. 2011;
Trueman 2013). Although there is a loss of the smaller, less ordered phasesnest, it is not

clear if there is a loss of the more disordered phases that results to a more oydEak@oueman

2013).

FOURIER TRANSFORM INFRARED (FTIR) SPECTRSCOPY

The infrared splitting factor (IRSF) can be used as a-geanmtitative index to assess bone
mineral preservation (Hollund et al. 2013; Nielddarsh et al. 2000a; Surovell and Stine020
Trueman et al. 2004; 2008; Weiner and -Basef 1990; Wright and Schwarcz 1996). It is a
measure of the structural order (i.e. homogeneity) within the crystal lattice and the increase in
their size (Termine and Posner 1966; Surovell and Stiner 200&mBn Privat and Field 2008).

The larger and/or more ordered the crystals, the higher the IRSF value (Surovell and Stiner 2001;
Trueman et al. 2004; Weiner and Béwsef 1990). Therefore, IRSF can be used as a proxy for
diagenetic changes in bioapatitg/sials and it can provide a sound estimate of the degree of
diagenesis (Bernéatthews and Weiner 2004; Trueman et al. 2004; 2008).

To estimate the IRSF, the summing heights of the peaks at c. 605 and c.5&&® ctivided by

this at ¢590 cmt at thetriply degenerate asymmetigPQSE b e rFigurend3d 7; Weiner and
Bar-Yosef 1990). Baseline correction is also necessary to measure the height of the peaks at
around 605 cmand 565 cm, and this of the trough between them at about 590 (&feiner

and BarYosef 1990). The equation of the IRSF is expressed as:

IRSF= (565+605,)/590 (Weiner and BaiY osef 1990).

AlthoughIRSF has been used to measure indirectly the mean crystal length (Trueman et al. 2004)
some studies argue that there is no clear relatiobsitvpeen IRSF and mean crystal size (Reiche,
Vignaud and Menu 2002). Weiner and Bérsef (1990) and Lebon et al. (2010) also argue that
IRSF cannot be used as an indisputable means for the assessment of bone preservation. The
distinction betweeen exoger(i.e. authigenic) and mildly altered biogenic bioapatite cannot be

achieved as they often exhibit similar IRSF values (Trueman, Privat and Field 2008). Thomspon

54



et al. (2009) have also reported that IRSF values greatly vary depending on the regiom of bon
examined, while it is not a reliable method to screen bone mineral for isotopic studies (Trueman,
Privat and Field 2008)
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Figure 3.17. FTIR Spectrai Graph with the midiIR spectra of archaeological bone (black) and modern
bone (light grey) showing the phosphate, carbonate and amide fpakSasso et al. 2016).

Besides the changes in crystal size, diagenesis also alters the atomic disorder of the bone mineral
(Asscher et al. 201hich is also affected bgrindingduring smple preparation thahanges

the distribution of different crystal particle sizes within the samp{emtopoulos et al. 2018;
Trueman 2013). Past studies have tried to investigate the effect of sample preparation methods on
bone IRSF values, with a dease in IRSF reported with more intensive pulverization (Surovell

and Stiner 2001). Surrovel and Stiner (2001) argue that grinding may introduce variations in
crystallinity that may mask the original signal due to structural changes caused to the BAp
crysils. They propose two possibilities that could explain the phenomenon: a) changes are
primarily caused by the particle separation of bone mineral of differing crystallinity (separation
hypothesis), or b) grinding affects the bioapatite crystal structestr(gttion hypothesis), and

subsequently, the milR spectra.

Overall, it has been argued that there seems to be a destruction of BAp crystals during grinding,
although when there is no control, or grinding is excessive, it is difficult to differentbtedn

the actual bone crystallinity from that introduced during sample preparation (Surovell and Stiner
2001). Hollund et al. (2013) also observed significant preparaased differences (i.e. drilling

and grinding with and without sieving) between IREAP and Am/P values. The grinding effect

was more evident in samples of higher crystallinity, so Hollund et al. (2013) proposed drilling

bone without sieving as an alternative to the Surovell and Stiner (2001) preparation method.
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Asscher et al(2011) an AsscherWeiner and Boarett¢2011) tried to explore the effects of
grinding on bone and tooth, and decouple it from the atomic disorder, ¢fféettter assess the
preservation state of archaeological/fossil bone. They compared the IRSF values ek sampl
repeatedly ground for variable amounts of time and plotted them against the full width at half
maximum (FWHM) of the maims phosphate asymmetric stretching mode at c. 1035 Amthe
narrower the FWHM, the smaller the particle size, from the rekstiprobserved, it was shown

that grinding (i.e. particle size) affects both the short (IRSF) and long (FWHM at 16 0acige

order of bone Kigure 3.18). Thus, the use of the grinding curve approach can increase the
sensitivity of FTIR for monitoring diagenesis (slopes of the grinding curves are steeper and
shorter with poorer preservation), as compared to the IRSF alone, and it can also allow the
identification of differences in crystal size/atomic order of different animatiepeand hard

tissuesi(e. bone, dentine and enamel minefégure 3.18).
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Figure 3.18. Grinding curvei Diferrent crystal disorder between modern and archaeological bovine
enamel, dentine and bosamples(Asscher et al. 2011).

While this trendline method partly shows the importance of particle size (still uncontrolled) on
the midIR spectrum, it requires regrinding and measuring the same sample repeatedly for several
times. Furthermore, the powdexgre analysed in KBr pellets, requiring significant amounts of
material mixed with KBr. Excessive grinding can also lead to a contamination of bone powder or
even damage surviving biomolecules in samples that could be also used for DNA (e.g. Adler et

al. 2011) or protein analysis (e.g. Collins and Galley 1998), making FTIR KBr and grinding
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curves a destructive method and wasting precious material, in lieu of additional information on

crystalline order.

Fluorine is also very important as its presence nfgciathe IRSF values (Lebon et al. 2010;
Pleshko,Boskey and Mendelsohn 1991). Archaeological and fossil bones displaying increased
crystallinity (i.e. larger crystal size), usually exhibit higher F content than modern bones due to
diagenesis (Keenan et 2015; Trueman et al. 2008). Incorporation ofifto the crystal is
consistent with the formation of authigenic apatite, and it is assumed to increase its size and
stability of the mineral phase, while it shifts dissolution towards more acidic corsd{Bamnna,
Matthews and Weiner 2004; Pleshik®gskey and Mendelsohn 1991; Wright and Schwarcz
1996). F is assumed to substitute Olih bioapatite crystals. The OHons in BAp are
characterized by a stretching mode at 3606 eamd a libration band at 63! (Antonakos,
Liarokapis and Leventouri 2007). When there is fluorine uptake, a discrete peak at around 1092
cm! appears and this might also be related with the unit cell volumeUands length
(Stathopoulou et al. 2008). The ratio of the peaks&@%.cm'to c. 565 cm! have been used for

the assessment of the presence of F in bone bioapatite, asctimtafing apatites display
modified intensities at c. 605 ands65 cm' (Lebon et al. 2010; Truemarivat and Field 2008).
Apatites containig F (e.g. francolites) display more intense vibrations at c. 605 winilst ~
deficient apatites exhibit more intense vibrations at 565 (@rueman Privat and Field 2008).
Hence, the latter has relatively lower ratio values. Nonetheless, the relatibeshieen IRSF

and F is complex as samples with the sameéntent may exhibit very different IRSF values
(Lebon et al. 2010).

A few other indices have been proposed for measuring crystallinity of the mineral component of
bone in an effort to acquire accurate as possible IR data. Specifically, based on previous
observations by Pleshko et al. (1991) that the peak at 10860denreases when there is an
increase in the-axis length of the apatite crystal and the c. 1020 component increases with
increasing crystal size, Lebon et al. (2010) proposed the use of the 1030/1d2hdrthe
1060/1075 cmratios. Both indices have been found to correlate with the IRSF values, although
the 1060/1075 crhratio is in better agreement with IRSF values (lrebbal. 2011). Thus, it is
possible to use these ratios to assess bone crystallinity (Lebon et al. 2010). Pleshko et al. (1991)
and Lebon et al2010)also argue that the use of thePQ Earea at 960 cm' can be used to
assess the crystal size and perfection (i.e, maturation) ag Hi®sorbance decreases with

increasing crystallinity.

Acetic acid treatmenhas been used prior to isotopic investigationo remove most of the
exogenos contaminants from bioapatite crystéBarvieLok, Varney and Katzenberg 2004).
However, treatmerinduced recrystallization and excessive sample loss has been observed by

GarvielLok, Varney and Katzenber@004). Treatment with acetic acid has been nteploto
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affect IRSF values as the FPBpeak splitting at 60565 cm! appears greater probably due to the
dissolution of smaller crystals (Wright and Schwarcz 1996; Nidiéarsh and Hedges 2000b).

In longer treatments and/or more concentrated solutions there is an incorporation of exogenous
minerals into the crystal lattice (e.g. formation of brushite) and crystal characteristics (e.qg.
maturity) may also play a significant role in that phenomena (GaokeVarney and Katzenberg

2004). More dilute solutions (e.g. 0.1 M acetic acid) and leeéution acidity are considered

more appropriate for the removal of the exogenous sources and avoid recrystallization (Shin and
Hedges 2012). Acetic acid may also significantly raise the IRSF values of modern bone as well
as those of archaeological bonighapoor histological preservation, while longer treatments with
acetic acid can lead to complete recrystallization to brushiteTheep and van der Merwe 1991;
NielsenMarsh and Hedges 2000b; Shin and Hedges 2012; Wright and Schwarcz 1996).

X-RAY DIFFRACTION (XRD) AND TRANSMISSION ELECTRON MCROSCOPY
(TEM)

Many studies have also examined bone mirasastallinity using other techniques (Kingayles

and Gordon 2011; Person et al. 1995; Reivignaud and Menu 2002; Stathopoulou et al. 2008).
Person etl. (1995) applied XRD to search if crystallinity index (Cl) can be used as a semi
guantitative way to assess archaeological and fossil bone preservation. Their results indicated that
the 211, 112, 300 and 202 reflections are related with high crydtaldnid they defined
crystallinity as Cl= [h(202) + h(300) + h(112)/ h(21Bidure 3.19). It was observed that the
intensity of each of these peaks decreases in the same order, and when crystallinity increases there
is usually a dcrease in the organic matter ands@EpdPerson et al. 1995). Such a negative
correlation between crystallinity and organic content, though not strong, was also observed by
Gotherstrom et al. (2002). As a result, XRD can be used to estimate crystalknisize and
homogeneity) and assess bone preservation (Person et al. 1995; Quattropani et al. 1999).
Bartsiokas and Middleton (1992) who used a different crystallinity index [Cl=10(a/b)] argue that
the progressive increase of crystallinity in archaeckgind fossil bone can be possibly used as

a dating tool, although some of the youngest samples examined in this study displayed similar
crystallinity with others 10 ky120 ky olderNo correlation between Cl and chronological age has
been observed by PEm et al. (1995).

TEM can provide important information on crystallinity of archaeological bone as demonstrated
in a study that successfully identified three distinct BAp crystal morphologies in archaeological
bone that differ from modern bonEigure 3.20; Reiche, Vignaud and Menu 2002). Type | BAp
crystals are thin irregular platelets and they are the most common crystals observed in
archaeological bone (Reiche, Vignaud and Menu 2002). Their shape is similar to the bioapatite
crystals in modern bone; however, they afetimes larger than the former (Reiche, Vignaud and
Menu 2002). Type Il crystals are needleaped (or acicular crystals) with a length of up to 200
nm (Reiche, Vignaud and Menu 2002). Type Il crystals are laegagonal single platelets of
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80-150 nm diameter (Reiche, Vignaud and Menu 2002). The first two crystal types often coexist
within a sample, whereas the third crystal type is mainly observed in heated bone (Reiche,
Vignaud and Menu 2002).
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Figure 3.19. XRD spectra Crystallinity between 24 and 38daf bioapatite(Person et al. 1995).

10 nm

Figure 3.20. Types of bioapatite crystals Type | (left), type Il (centre), and type Il (righ(adapted
from ReicheVignaud and Menu 2002).

3.2.2. CARBONATE CONENT

Postmortem exchange of G€Echanges BAp composition and preservation potential (Wright
and Schwarcz 1996). Changes in the carbonate environment of bioapatite may occur via different
processes tlhiamake it challenging to distinguish how the exogenous carbonate has been
incorporated into the crystal lattice (Nielsktarsh and Hedges 2000b). Carbonate uptake may
take place either via absorption in the mineral surface, substitution in the minécal ktd
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exchange with the original carbonate content and/or crystallization of the calcite into the pore
spaces (NielseMarsh and Hedges 2000b). lonic exchanges can alter the dewricbond
spacings and orientations (Keenan et al. 2015). Shiftsii®@ ®ands following C& substitution,

for example, and substitution and occupancy at ongEpOsition within the lattice can cause

bond shortening in another FBGposition (Keenan et al. 2015).

Type B

CO;? Ca?*
PO Na‘
Mg?*

Type A
OH

CO;?

Figure 3.21. Carbonate substittionsi Type A and type B types in BAp crystalslamede et al. 2018).

Indices based on the carbonate stretching bands account for the structEal GOo nt ent i n apat i
and its distribution among the-£carbonate ions replace hydroxide) andits (cabonate ions

replace phosphate iongrigure 3.21). The carbonatéo-phosphate (C/P) ratio expressed as

1415/1035 cnusing FTIR that is commonly applied as a measure to assess the changes in the

carbonate environment of the biagipe crystals is such an example (Wright and Schwarcz 1996).

Absorption band at c. 1415 chis typical ofvsCOE asy mmetri c stretching vibr
apatite (Figueiredo, Gamelas and Martins 2012; Gowkismuaud, West and Boskey 2008), as

diagenetically altered bone primarily exhibits carbonate-B/gabstitutions (Keenan et al. 2015;

Stathopoulou et aR008; Wright and Schwarcz 1996). Theype substitutions are not common

in archaeological studies as conditions of high temperatures (i.e. 1000° C; LeGeros 1965) are not

expected in common environmental conditi@Btathopoulou et al. 2008)

Wright and Schwarcz (1996) have reported a negative correlation between C/P and IRSF values
in samples from the ancient Mayan site of Dos Pilas, Guatemala. In view of that, they argue that

the amount of CE pr esent in bioapatite affetgpps i ts cry
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substitutions) result in smaller crystals (Wright and Schwarcz 1996). However, even if a strong
inverse relationship between C/P and IRSF has been reported in several othgtasidigiany
researchers employ this technique to assess bone preservation, it is still debated if these indices
accurately reflect diagenetic modifications in bone (Beasley et al. 2014; Dal Sasso et al. 2016;
NielsenrMarsh and Hedges 2000a; Trueman et D42 2008; Weiner and Bafosef 1990;

Wright and Schwarcz 1996).

Assessment ofhe carbonate content might be difficult sometimes due to overprinting of
carbonate bands by unknown bands (e-§1)CTrueman, Privat and Field 2008), while changes

in the IR absorption bands may be related with the anatomical position, age, and/or disease
(GouriortArsiquaud, West and Boskey 2008). Variations in C/P may also mirror the different
taphonomic histories (e.g. microbially attacked vs microbially undamaged boheke
specimens (Garvikok, Varney and Katzenberg 2004; Nielsddarsh and Hedges 2000a).
Carbonate content distribution has been found heterogeneous in archaeological bone with areas
around the osteons exhibiting higher£® cont ent, while in interst
COE were |l ow (Lebon et al. 2011).

Stiner et al. (1995) have used an alternative ratio (i.e. 870/56pasthe 1415 crhabsorbance

peak is affected by the presence of organic content in ®atixell-preserved bones. However,

the major disadvantage of using theCOs?Evibrations is that it reflects three different carbonate
sites that appear atc. 878tmor t ype A1 ( i'dartypk B,arntio.Be6chdor 87 1
type A2 -syféice)adrhionate fFleet 2009; Fleet and Liu 2004; Paschalis et al. 1996).
Among these components, the c. 871'dgpe B carbonate is the more prominent, though the
most important observation is the absence of the 866 @smponent from archaeological
speci mens (Kontopoulos et al. 2018) . This ol
surface carbonate and shows that a possible removal of ions (e.g. carbonate) from the crystal
surface during grinding of bone and its effect on Stiner et189%) C/P ratio cannot be
overlooked. Additionally, the peak at c. 870 ‘tivand can reflect C£E which might be
incorporated into the apatite crystal structures (Pledbdskey and Mendelsohn 1991) as it may
contain norapatitic carbonate signal fromisoontaminants (Figueiredé&;amelas and Martins

2012; Wright and Schwarcz 1996).

Indices reflecting the amount of type B carbortatphosphate (BPI, 1415/605 dipthe amount

of type A carbonat¢éo-phosphate (API, 1540/605 ¢y and the relative amotiof B- to A-site
carbonate (BAI, 1415/1540 chhhave been proposed by Sponheimer andTlesp (1999).
Variations in type A carbonate contents have also been identified between modern and
archaeological bone, with IRSF and API exhibiting a reciprocaltiogiship for specimens
containing more than 10 wt. % organic content (TruerRanat and Field 2008). Samples from

Cuddie Springs exhibited decreasing proportions of type A carbonate content with increasing
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IRSF and decreasing organic content (Truenkaivat and Field 2008). This redistribution of

carbonate ions with a reduction in type A carbonate in the early diagenetic stages (i.e. 10 years

postmortem) hasbeennos i dered as indicative ofPrvatrandexchange w
Field 2008). Thus, a decrease in type A carbonate might indicate an exchange infith &

fluorapatites exhibit lower solubility and greater stability in soils (TruerRaivat andField

2008).

On the other hand, assessing carbonate content of modern, historical and fossil bones from Cuddie
Springs by BPI values indicated that this can be problematic due to an overlap or contribution to
the 1415 cm band (TruemanPrivat and Field2008). Although a strong inverse relationship
(R>=0.72) between BPI and IRSFasv reported by Kontopoulos et al. (2018), this was
significantly lower than this between C/P and IRSF=@R90) which is probably an indication

that using the triply degeneratePQOPEband results to a less accurate picture.

Variations in unit cell volumes can be attributed to the presence of carbonates and the substitution
i n OHype, larde volume) and RE(B-type, low volume) sites (Stathopoulou et al. 2008).
Analysis d the carbonate absorbance band by cfittiag may reveal if there is type A or type

B substitution in the apatite crystals (Gouriarsiqguaud,West and Boskey 2008; Trueman,
Privat and Field 2008). Authigenic mineral apatites such as calcite, balititedarandallite,
sepiolite and trona are usually identified in diagenetically altered bone by FTIR analysis
(Stathopoulou et al. 2008; Trueman et al. 2004). Calcite, for example, can be found in limestone,
chalk, marble, travertine, even in wibdrne(loess) and cemented sediments (Regev et al. 2010).

It has three characteristic absorption bandsz a} ¢. 1420 cm; b) vs at ¢. 712 cm; and ¢) a
weakerv; at 874 crmt (Regev et al. 2010)

Anomdously high absorbance at c. 1415%or the presence of a weak absorbance peak at c.
710 cmt can be indicative of CaGQwithin the pore spaces (Nielstarsh and Hedges 2000a;
Trueman et al. 2004; 2008). A detection limit of-2.%t. % has been repoddy Dal Sasso et

al. (2016) and NielseMarsh and Hedges (2000a), and this Ca@D% has been found to
correlate with the Cal/P{Qcalcite to phosphateftio as calculated by dividing c. 710 drby

the c. 1035 cit (Dal Sasso et al. 2016). This carhta absorption peak at ¢. 710 tis, thus,
characteristic of CaC{and can be used to detect absorbed Gato@taminants (Thompson,
Gauthier and Islam 2009). The presence of calcite in sediments, however, stpHili#esound

8.0, hence minimizesineral dissolution (Stiner et al. 2001).

Treatment of diagenetically altered samples with acetic acid to remove exogenous (i.e. labile)
carbonates in bone has been used to obtain biogenic signals and spectra @kak@eney and
Katzenberg 2004; Le€horpand van der Merwe 1991; Niels&farsh and Hedges 2000b; Pate,
Hutton and Norrish 1989; Wright and Schwarcz 1996). This acid treatment usually leads to a

decrease of the height of the €Epeak at 1415 crhresulting in a lower C/P ratio close to their
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pristine values (Led horp and van der Merwe 1991; Nieldglarsh and Hedges 2000b). It also
sharpens the shoulder at 1096'@m the 1035 crhPQ Epeak (LeeThorp and van der Merwe

1991; Wright and Schwarcz 1996). The former is probably indicative o$sadb secondary
carbonates as there is no loss of phosphate, while the latter might be fluoride substitutions in
hydroxyl sites (Le€Thorp and van der Merwe 1991; Wright and Schwarcz 1996). Furthermore,
calcite peak at around 710 2pif present, often dappears after acetic acid treatments (Garvie
Lok, Varney and Katzenberg 2004; -&@aorp and van der Merwe 1991).
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3.3.PRESERVATION OFPROTEINS

Preservation of ancient proteins is of great interest to the archaeologist and archaeological
scientist as thy can provide valuable information on the chronological g2 dating, amino

acid racemization, e.g. Deviese et al. 2018; Penkman et al. 2011), past lifalsgadietary
reconstructior{e.g. Van KlinkenRichards and Hedges 2002), and taxonomic itieation (e.g.

Asara et al. 2007; Bucklegollins and Thoma®ates 2008; 2009). Although collagen type |,
which is the most abundant protein in bone, is considered the ldivgestprotein in the
archaeological record (Buckley et al. 2009; Demarchi.€2@6; Tuross 2002; Wadsworth and
Buckley 2014), an extensive loss of the organic content may even lead to the complete destruction
of bone. Understanding how collagen degrades in bone through the different pathways, i.e. a)
microbial attack of the compibs, b) chemical hydrolysis of collagen; and/or c)
dissolution/recrystallization of BAp crystals (Collins et al. 2002) is thus of major importance.

c anmD ¢ 500nm

Figure 3.22. Types of alteration to collagen fibrils(A) &é Un a | t een &bdiléwvithcfibrilsl ohegual

diameter throughoutB) 6 Beadedd6 coll agen fibril with one or more | oc
the fibril and at the end@ o6 Dumbbel | coll agen fibril (typically <3 Om)
at both endsi(e. more advanced state of degradatiod)) ( 6 Amor phous material 0, fully

collagen fibrils(Koon, Nicholson and Collins 2003).

Postmortem modifications in BAp crystals are closely related to the decomposition of collagen
(Susini,Baud and Lacott 1988; Trueman et al. 2004), hence clearly affecting itsrmpodem
preservation potentiaF{gure 3.22). Collagen may suffer from microbial attack, which means it

can be enzymatically degraded by collagenases (i.e. enzymaisailsiced primarily by bacteria
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but also by other soil microorganisms (Balzer et al. 1997; GBedeer and Turbadust 2002).
Microorganisms use extracellular proteolytic enzymes to break the collagen molecule into smaller
peptides that can be assimildtey bacteria and fungi (Turn&Valker 2008). BAp crystals can
delay such fragmentation of the polypeptide chains from microbial collagenolytic enzymes
(Brandt,Wiechmann and Grupe 2002; Grupe 1995; Nielglamnsh et al. 2000a, 2000b), however,
postmortemdissolution and/or recrystallisation of BAp crystals can expose collagen fibrils to
collagenasesHgure 3.23; Collins et al. 1995). On the other hand, a slow loss of the organic
matter through hydrolysis can lead to fossilizatigrieaving behind only the mineral component
and secodary minerals to fill the poreggollins et al. 2002). Collagen fills about the 1/3 of the
volume of bone matriin vivoand in a fully recrystallized bone this can be replaced by calcium
phosphate thds entirely exogenous or secondary minerals until all ieitgstallite porosity has
been filled (Trueman et al. 2008).

O collagen
o gelatin

%a

» bicapatite

- recrystallized apatite

collagenase

protease

Figure 3.23. Collagen degradationi (a) Bioapatite crystals protect collagen from enzymolysis by
physicd exclusion of enzymes. (b) Collagenases attack any collagen exposed, followed by less specific
proteases. No insoluble collagen remains in the exposed fraction. (c) Any insoluble collagen in the bone
that survives microbial attack is assumed to remaimdhtand only degrades by slow and predictable
chemical decompositiofNielserrMarsh et al. 2000b).

Collagen hydrolysis is heavily dependent on temperature, pH, hydrology and time (Collins et al.
2002; Koon,Nicholson and Collins 2003; 2010; Pestle and @alv2012; GrupeBalzer and
TurbanJust 2002). Peptide bond hydrolysis and gelatinization activation energies are very
temperaturesensitive (Collins and Galley 1998) with collagen loss increasing with increasing
temperatureRigure 3.24; Kendall et al. 2018). As a result, collagen degrades at higher rates in
tropical/subtropical comparing to temperate environments (Pestle and Colvard 2012), and even

more rapidly in arid environments (Van Klinken 1999; Weiner and¥®amef 1990).

Collins et al. (1995) developed a temperatsgasitive simulation for nemineralized type |
collagen degradation to provide a theoretical framework for the better understanding of collagen
chemical hydrolysis due to the presence of excess water. tthsasved that chemical hydrolysis
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leads to a depolymerisation of the peptide bonds and dissolution of the fragments and at the same
time reduces the tensile strength of archaeological bone (Collins et al. 1995). Tiohairer
hydrogen bonds were found pday a key role in collagen degradation rates as once fragments
melt free, they cannot form hydrogen bonds again (Collins et al. 1995). The differences between
mineralized and nemineralized collagen, however, suggest a more complex process for the

former due to its much higher gelatinizing temperature (Collins et al. 1995).
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Figure 3.24. Thermal age- Radiocarbon dates of charcoal and bone apatite (left), and bone collagen
(right) against temperature of burial environmenheTblue line (thermal age) indicates the theoretical
limit for collagen survival(Kendall et al. 2018).

Protein hydrolysis in acidic or alkaline aqueous environments can also cause fragmentation to
collagen and may allow the more soluble components teduhiéd out as activation energies are

also pHdependent (AjieHauschka and Kaplan 1991; Collins and Galley 1998; TuVedker

2008). Deamidation of asparagine (Asp) and glutamine (GIn) residues is known to occur in
proteins by hydrolytic cleavage of thamide side chain, particularly at low pH and high
temperatures, although deamidation of GIn occurs at much slower rates than that of asparagine
(Van Doorn et al. 2012). Deamidation of Asp and GlIn to aspartic and glutamic acid, respectively,
cause structully and biologically important alterations in peptide and protein structures
(Robinson and Robinson 2001).

Local hydrology can also play a significant role in the survival of collagen (i.e. soluble fraction)

as samples with higher thermal age (Begire 3.24) may have better preserved organic content

than samples of similar chronological age and lower thermal age, coming from areas with more

active hydrology (Van Doorn et al. 2012). Water movement from topsoil to subsurfaceslagers

evaporation from the subsoil to the soil surface the chances of collagen to survive are minimal

(Grupe 1995). Grupe (1995) confirmed this relationship when she studied the preservation of

collagen in archaeological human bones from Egypt buried ilysswil. Collagen was poorly

preserved in these samples as the sandy soil was not capable of absorbing and retaining water
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(Grupe 1995). Evaporation caused a water flux from the deeper soil layers to the surface which
led to a recrystallization of the s@hs within bone (Grupe 1995). This process commonly results

in fissures in bone that are responsible for accelerating the loss of collagen (brittleness) in such
arid areas (Grupe 1995). In such samples, directcsida hydrolysis will be the dominant

mechanism for deamidation (Van Doorn et al. 2012).

3.3.1.QUALITATIVE ASSESSMENT

COLLAGEN YIELD, COLLAGEN C/N RATIO,NITROGEN OF WHOLE BONE

Efforts have been made to understand and characterize the preservation of the original collagen
biological signal tavoid misinterpretations due to diagenetic signals (Collins et al. 1995, 2002;
Dobberstein et al. 2009; Grupe 1995; Harbeck and Grupe 2009; Van Doorn et al. 2012; Van
Klinken 1999). Collagen yield (wt.%) is the most widely used quality indicator to gissin
well-preserved from pooripreserved collagen. Ambrose (1990) suggested a 3.5% threshold for
problematic samples, DeNiro and Weiner (1988) proposed a 2%ffcwthile van Klinken

(1999) suggested a 1%. Currently, 1 wt.% is considered a suitaldkdlt-&elow which samples
should not be used for isotopic and/or radiocarbon dating studies (Btigtlam and Ramsey

2010; 2012; Dobberstein et al. 2009; Van Klinken 1999) and the exact reason is that when

collagen content drops below 1% it is difficidtriemove contamination (Van Klinken 1999).

A distinction between 6goodbé and O6baddé coll a
in an inclusion of O6badé coll agen samples in
1988). For that reson, collagen C/N ratio is used to improve screening practices. C/N values
similar to modern bone (i.e. 2.9 to 3.6) are considered representative of good quality collagen,
whereas much higher C/N ratios are linked to diagenesis (Ambrose 1990; DeNir®&8B

and Weiner 1988). This range has been selected as samples exhibiting values outside this range
may have either lost a considerable amount of nitrogen or gained exogenous carbon (Tuross
2002). The alterations of the carbon and nitrogen contentsrotém involve more than one
mechanism that proceed simultaneously, and they are responsible for the gradual loss of collagen
and the differential loss of amino acids (Turkéalker 2008; Tuross 2002). For instance, specific
bacterial species may metabeligpecific amino acids to utilize carbon as a source of energy
(TurbanrJust and Schramm 1998; GruBaJzer and Turbadust 2002). This means that the larger
amino acids such as histidine and phenylalanine are preferred as they contain more carbon atoms
to satisfy bacterial demand (Balzer et al. 1997; Grupe 1995; Harbeck and Grupe 2009: Turban
Just and Schramm 1998; Grugajzer and Turbatdust 2002). The smaller amino acids such as
glycine and alanine which have fewer carbon atoms are less attractiveet&notrophic
decomposers as they would have to metabolize larger amounts of small amino acids (Balzer et al.
1997; Grupe 1995; Turbajust and Schramm 1998; Gruga)zer and Turbadust 2002).
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Microbial attack is usually followed by hydrolysis by otlpgoteases which can give access to
nitrogen (Balzer et al. 1997; GrupBalzer and Turbadust 2002). Chemical hydrolysis of
mineralized collagen requires the removal of the mineral and it usually leads to a further change
to amino acid composition (Balzet al. 1997; Masters 1987; TurA@talker 2008; Tuross 2002;
Grupe,Balzer and Turbadust 2002). A loss of proline, for example, can be the result of collagen
cleaving during autolysis, followed mon-specificprotease activity which is capable of funthe
destroying the collagen molecule after collagenase attack (Grupe 1995). Therefore, due to the
different C/N ratios of the individual amino acids, a preferential loss of the hydrophobic amino
acids (hydrolysis) and/or those with a higher number of carfjitsobial attack) would affect

the C/N ratio (Harbeck and Grupe 2009; Masters 1987).

There are researchers, however, who claim that C/N ratio is an inadequate collagen quality
indicator as good quality collagen can display higher than 3.6 C/N ratio 6&mtb©90; Harbeck

and Grupe 2009). Further to this argument, many archaeological bone samples that display an
acceptable C/N ratio can have shifted stable isotope ratios due to poor collagen preservation
(Harbeck and Grupe 2009). Thus, it is apparenttti@asimultaneous or successive degradation

of collagen by microbial attack (decreased C/N ratio) and chemical degradation or contamination
(increased C/N ratio) may result to an acceptable C/N ratio (Harbeck and Grupe 2009), and in
such occasions C/N ratican be a less reliable indicator for assessing collagen preservation
(Ambrose 1990). Possible solutions that have been proposed include the widening of the C/N
ratio range from 2.8 to 4.0 (Harbeck and Grupe 2009), or the use of C/N ratio of whole bone
powder as an alternative solution, but currently they have not gained ground (Brock et al. 2012;
Lebon et al. 2016).

The use of the %l of whole bone is assumed to significantly increase the successful screening

of collagen (BrockHigham and Ramsey 2010; &) Harbeck and Grupe 2009; Nielggiarsh

et al. 2000b). Itis c. 3:5.5 wt.% in modern bone (BakdButterworth and Langley 1946; Eastoe

and Eastoe 1954) and gradually decreases in archaeological specimens. Bocherens et al. (2005)
claim that %N can beeffectively used to discriminate between welhd poorlypreserved
samples, with a 9% over 0.4 proposed as a threshold for samples to be further examined for
stable isotopes and/or radiocarbon dating. Brock et al. (2012) similarly argue thatffapoirt

of 0.7% has a successful prediction rate abou/@ over. Nonetheless, when samples contain
>0.7% ? and gi ve col%, thg mtogery mag hadesbeen presant as -short
chain/degraded collagen or polypeptides, NCPs, soil contaminants, or conservation treatments
(Brock et al. 2012; Lebon et al. 2016). Unfortunately, th&l %ontent of wholédone powder

cannot differentiate between nitrogen from collagen, NCPs and soil (Bt@ghiam and Ramsey

2010; 2012), therefore collagen assessment of highly contaminated and/or degraded bones can be
problematic (Brock et al. 2012).
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AMINO ACID RACEMIZATION

Racemization involves the formation of one enantiomer -Sugerimposable mirror images)
from the other (Eto D- form) due to the thermodynamically unstable configuration of amino
acids posmortem (Johnson and Miller 1997).stops when the solution racemic, thus when

D- and L-enantiomers reach an equilibrium value near 1 and theslDratio in a sample enables
one to estimate how long ago the specimen diggu(e 3.25; Johnson and Miller 1997).
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Figure 3.25. Collagen degradation and racemizatidnPeptide bond hydrolysis leading to a release of
amino acids which are lost to the environment. Exogenous components may enter the bone tissue and
may affect the racemization rates of the variousraomacids(Bada,Wang and Hamilton 1999).

The application of amino acid racemization for the study of archaeological bone is controversial
and its success is widely affected by the preservation state of the sample (Johnson and Miller
1997). The racemizatiorates increase with increasing temperatures and time, while they vary
depending on the position of the amino acids in the peptide chain (Johnson and Miller 1997).
Collagen might not be hydratgd, thus it might not be displayed in the amino acid profiles
(Harbeck and Grupe 2009) making amino acid racemization relatively unhelpful as a quality
indicator because it is applicable only to the hydrolysable fraction of the collgigemeg 3.25;

Van Klinken 1999). Although it can be uk#or the assessment of contamination to verify the
absence of other proteinaceous substances, erroneous assessment of collagen preservation due tc
condensation reactions, diagenesis and the insensitivity of the method to other molecular species
(e.g. hume acids) may occur (Van Klinken 1999). The extent of racemization can be a measure
of overall collagen preservation as the relative rates of racemization of the various amino acids
should follow a predictable sequence but only if no contaminants havenb@seluced into the

bone matrix (Badayang and Hamilton 1999). Consequently, amino acid analysis seems not to
accurately depict the preservation state of collagen, as no gradual alterations are usually observed

in amino acid compositions (Van Klinken 1999
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A good example is the use of aspartic acid (Asx) racemization as an indicator of collagen integrity
(Collins et al. 1999, 2009; Tuross 2002). Specimens with poor collagen preservation should have
higher D/L Asx values and samples with good collagenepvesion should have low D/L Asx
values (Ambrose 1990; Harbeck and Grupe 2009). However, Collins et al. (1999) support that
Asx racemization is not likely to occur in triple helical collagen below its denaturation
temperature (i.eT,= 150 C for mi neralized colAsaxgeing . Ther €
archaeological bones is probably caused by the racemization of the solukdellagenous
proteins (NCPs) and the complete racemization of Asp in the telopeptides (Collins et al. 1999).
Over archaeological timescales, the D:L ratio will increase due to the decreasing proportion of
triple helical collagen and will feect the rate of loss of helix (dependent on time and temperature)
and leaching of soluble peptides (dependent on buridétamment) (Collins et al. 1999). Thus,

the atypical kinetics of Asx racemization in bone are complex and potentially unpredictable
(Collins et al. 1999; Tuross 2002).

AMIDE -TO-PHOSPHATERATIO (Am/P)

Fourier transform infrared (FTIR) spectroscopy can bemtially used for the assessment of

collagen preservation for the distinction between walid poorlypreserved collagen (DeNiro

and Weiner 1988). Amide | at c. 1640 ¢mnd amide Il bands at c. 1540 ‘tmare considered

characteristic of proteins anemides Figure 3.26; Chalmers 2010; FigueiredGamelas and

Martins 2012; GouriofArsiquaud,West and Boskey 2008). The former is attributed mainly to

C=0 stretching, whilst the latter involvesHNbending and €N stretching vibations (Chalmers

2010). 6Goodo6 col |l agen di'Gmpided)ws c.4456dh(amideg peak at
I I/ proline), whereas 6badd col | agmecraliegions har act er i
(DeNiro and Weiner 1988).

The 1640 cm/1035 cnt* ratio of thev; amide ands PQ2Evibrational modes, respectivelyas
beenused for the assessment of collagen in beng Trueman et al. 2004; Lebon et al. 2016).
Lebon et al. (2016has alsgroposed an equation using the artidgphosphate ratio (Am/P) for

the estimation of the remming collagen wt. % in archaeological bone (i.e. collagen wt.% =
113.13 x Am/P + 1.69) with a standamdor of estimation £ 1.21 wt%. Howevengtpresence of
overtones (e.g. @ stretch at 1640660 cmt related with structural wateand N contaminadin

can lead taan overestimation of the collagen content (Lebon et al. 2016). Lebon et al. (2016)
observed sucN contamination in several samples from catacombs due to exogenous organics
(humic and/or fulvic acids) and/or minerals (ammonium and/or rératessibly due tothe
accumulation of bodida the mass burials whiatan promote the activity of microorganisms and

the release of fluids that can contaminate bones (Lebon et al. 2016). The presence of humic (or
fulvic) acids caralsobe observed at 191500 cmt and 11061000 cm' absorption bandgith

the peaks at c. 1715 ctrand c¢. 1602 crhassigned to humic acids that contain nitrojegbon

et al. 2016)Nonethelesghere is a limitation in distinguishing between humic acids, amide | and
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phosphge domains as they all overlap (Lebon et al. 2016). Treatment of bone with NaOH may
also result in increased Am/P ratios due to the absorption of water by bioapatite crystals (Lebon
et al. 2016).
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Figure 3.26. Collagen type Imid-IR spectrai Curvefitted spectrum of the 1480780 cm! spectral
region displaying the absorption bands and their-samponentgBobroff et al. 2016).

Chadefaux et al. (2009) have also applied FTIR microspectroscopy to examine the diagenetic
effects on the secondary structure of collagen preserved in the archaeological bone.

Decomposition and reconstruction of the amide | band, and the position of the amide Il band

component were combined with cusfiting to quantitatively estimate the relative poofion of

each component representing a type of secondary struetgued 3.26; Chadefaux et al. 2009).

The general feature of amide | -lelixenpthatefthe s pr

random coils) seems to reflect a disorganisation in the collagen secondary structure; thus, the
shape of the amide | band is regeptative of the collagen secondary structure (Chadefaux et al.
2009).

I n archaeol ogi c ahelix emanp theermjor campoment itis lreindidation that

the collagen secondary structure is still quite well preserved (Chadefaux et al.F20@8yer,

its relative area often decreases, while there is an increase in the fraction of the random coils (i.e.
unordered structure¢Chadefaux etal. 2009) T h e d e c rheliaadtheontaase df the U
unordered structures are probably indicative of postr t em modi fi cati on i
(Chadefaux et al. 2009). The amide Il absorption peak appears at around 1548 e

archaeological bone, a shift that seems to be related wigltexation in the collagen structure
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(Chadefaux et al. 2009). Therefore, FIARR mapping can bpotentiallyused for the selection
of the besjpreserved parts of archaeological bone.

CHEMICAL PRE-TREATMENT EFFECTS

Collagen yields, C/N ratios, N% and C%yareatly depending on the extraction method used
(e.g. sample preparation, acid or EDTA demineralization processes, NaOH treatment) (Ambrose
1990; JarkovHeinemeier and Lynnerup 2007; Semal and Orban 1995; Van Klinken 1999). Some
extraction protocols calead to a more extensive degradation of large collagen peptide chains
resulting to smaller fragments (Semal and Orban 1995). Thus, when assessing collagen
preservation researchers should be aware that different extraction procedures affect collagen
yields (JarkovHeinemeier and Lynnerup 2007).

Treatment of bone with a strong acid, for instance, can cause catalysis of amino acid residues (e.g.
asparagine, glutamine) (Collins and Galley 1998). Grinding may also dramatically affect collagen
extraction, espcially in wellpreserved samples where collagen fibres are long (Collins and
Galley 1998). Although it seems that pulverization affects less the archaeological bone,
especially, the pooripreserved samples because collagen is already damaged, aggkipi®he

to chain scission, grinding samples should be avoided in the acid treatment method (Collins and
Galley 1998). On the contrary, in the EDTA treatment where the surface area exposed to EDTA
needs to be increased, grinding could improve deminetializéCollins and Galley 1998).

Collagen easily reacts with charged contaminant molecules but the interaction with the
contaminants remains unclear (Van Klinken and Hedges 1995). Humic substances, for instance,
may penetrate archaeological bone eithemftbe soil and/or bin situhumification of collagen

through Maillard reactions and irreversibly bound to the collagen molecules (Van Klinken and
Hedges 1995). Uptake of humic acids by collagen has been found to be almost instantaneous as
it initiates ony few hours after first contact and the saturation levels have been found to reach
even c.25 wt. % (Van Klinken and Hedges 199BJthough NaOH treatment and gelatinization
indicate that humicollagen linkages are mainly in the form of hydrogen bpitds unknown

what types of linkages might be involved (e.g. ionic, covalent, Van der Waals) and the effects of

different reactions on those linkages (Van Klinken and Hedges .1995)

As a considerable amount of collagen can be broken down into productsesfrmiecular
weight and sample clearp chemistries usually do not remove all the humic acids present,
ultrafiltration of samples is used to separate high molecular weight (i.e. >30 kDa) fractions of the
gelatinized collagen from low molecular weight coments (i.e. <30 kDa) (Highardacobi and
Ramsey 2006; Sealy et al. 2014; Van Klinken and Hedges 1995). Ultrafiltration is considered
advantageous for the removal of environmental contaminants and it improves the quality of the
extracted collagen as largeotecular weight proteins retained are more likely to originate from

the original bone collagen (Ramsey et al. 2004). Ultrafiltering samples that have low collagen
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yields allows purification by removing the degraded collagen fragments, contaminated carbon
from bones, soitlerived amino acids, salts, etc. (Highaacobi and Ramsey 2006). It has been
evidenced that this process improves the C/N ratios and other parameters which is an indication
that it provides more reliable data by recovering collagen dicgrft quality (HighamJacobi

and Ramsey 2006; Sealy et al. 2014).

One important limitation of ultrafiltration, however, is that it resinttower collagen yields to

an unknown extent (Brock et al. 2012; Ramsey et al. 2004; Highaeopi and Ramsey0Q6;

Sealy et al. 2014). Moreover, ultrafiltration cannot remove contaminants of higher molecular
weights such as crog¢isked humic substances (Highadacobi and Ramsey 2006; Sealy et al.
2014). This makes ultrafiltration not very useful for assessimg loollagen preservation and it
might have implications for the study of recent material with low collagen yields, especially for
radiocarbon dating (Ramsey et al. 2004; Highdatobi and Ramsey 2006; Sealy et al. 2014).
Accordingly, wellpreserved archatogical bone is not necessary to follow more stringent

protocols that include the ultrafiltration step (Sealy et al. 2014).

3.3.2.PRESERVATION OANON-COLLAGENOUSPROTEINS (NCR)

The major diagenetic alterations that often result to pgudgerved catigen in archaeological
bones has led researchers on the quest for othercallagenous proteins preserved in
archaeological and fossil specimens (Afilguschka and Kaplan 19%jie et al. 1992; Buckley

et al. 2008 Masters 1987; Nielselarsh et al. 208). Several studies have explored the chances

of NCPs being better preserved than collagen, as a potential recovery of NCPs may provide
valuable information on palaeopathology, species identification, distribution patterns of some
NCPs (i.e. polymorphisnih past populations (Brandtyiechmann and Grupe 2002; Collins et

al. 2000; Grupe 1995; Masters 1987; Smith et al. 2005). Some researchers have even supported
that some NCPs (i.e. osteocalcin) are superior to collagen for palaeodietary studies and
radiocabon dating, especially for poorfyreserved or fossilized specimergi€¢, Hauschka and
Kaplan 1991Ajie et al. 1990; 1992).

Osteocalcin (i.e. gamrglutamic acid or Gla protein) is the second most abundant protein in
bone after collagen (Ajie et al. 1990t controls calcium deposition and removal that regulate
mineralzation and crystal growth; therefore, the more mineralized the bone, the higher the
osteocalcin content would be (Ajie et al. 1992). Its significant role for the stabilization of the
mineral component of bone may protect osteocalcin from the biological and physicochemical
processes that denature collagen (Ajie et al. 1990; Collins et al. 2002). Ajie et al. (1990) who first
reported a set of data on osteocalcin from a series of modernchiagaogical bones argue that
when bound tightly to bioapatite, osteocalcin is vpelitected from biochemical degradation as

bioapatite acts as a buffer (Ajie et al. 1992).
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However, quite often assumptions for the ldagn survival of osteocalcin arerdgoadictory as

not much is known about its preservation (Collins et al. 2000; Buckley et al. 2008; Smith et al.
2005). The amount of osteocalcin that remains intact in archaeological samples depends on
diagenesis (AjieHauschka and Kaplan 1991). Thusgeos@alcin is not likely to survive in bones

that display microbial attack, collagen hydrolysis, and/or mineral recrystallization (Smith et al.
2005). It islogically argued that the amount of osteocalcin decreases with increasing crystallinity
of the bioaptite crystals, decreasing histological preservation and increasing collagen
degradation (Smith et al. 2005).

Regarding crystallinity, it is believed that it affects the survival of osteocalcin as it limits the sites
available for adsorption, hence it leao its desorption (Smith et al. 2005). Although osteocalcin
seems to decrease with increasing bone crystallinity, the exact relationship between mineral
recrystallization and osteocalcin survival requires further investigation to better understand the
redk ati onship between the natur al Apackagingodo and
Osteocalcin also seems not to be preserved in bones with OHI va8y&smith et al. 2005). The

in vivoassociation between osteocalcin and collagen is adsoresl to be strong, and osteocalcin
would be expected to follow similar diagenetic pathways with collagen as they are both proteins
(Smith et al. 2005). Although samples containing low amounts of collagen usually contain low
amounts of osteocalcin, the anmis of osteocalcin in samples with wptkeserved collagen are
variable (Smith et al. 2005). With respect to radiocarbon dating of bones of similar age,
osteocalcin may provide dates that are much older than those of collagen as a result of diagenesis
(Ajie et al. 1990).

Using a kinetic approach for the stunfythe individual decomposition rates of the @lzh mid-

region, Nterminus and @erminus of osteocalcin, Collins et al. (2000) demonstrated that the Gla
rich mid-region is more stable, and thet&minus is the least stable epitope. A loss of the mid
region with increasing temperatures also showed how tempessiuséive is this region of
osteocalcin (Collins et al. 2000). As a result, although residual amounts of osteocalcin or certain
epitopegnay be preserved in diagenetically altered bone, they might be insufficient for isotopic
or radiocarbon studies (Smith et al. 2005). While this observation could mean that trace amounts
of osteocalcin survive in archaeological bone, the situation is fae momplex and their
application to archaeology remains dubious (Brawiechmann and Grupe 2002; Smith et al.
2005).

Wadsworth and Buckley (2014) used proteomics techniques (i.e. liquid chromatography/tandem
mass spectromettyC/MS/MS) to explore the coplex protein mixtures in archaeological and
fossil bones to determine an approximate temporal limit for the survival of NCPs in comparison
to collagen and also to understand if NCPs are more useful for constructing phylogenies and

species identification aincient organisms than collagen (Wadsworth and Buckley 2014). In the
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aggregate, 44 NCPs were identified in total, whilst 6 type | collagen chains were present in every
sample (Wadsworth and Buckley 2014). Most of the NCPs were blood/serum proteins, with

extracellular matrix, intracellular and boseecific proteins following in numbers (Wadsworth

and Buckley 2014). Among these, the most common were serum albumin, A2HSG, biglycan,

chondroadherin, pigment epithelitaherived factor, lumican and prothrombinhile it was also

found that, under favourable conditions, specific NCPs (e.g. albumin) can be recovered even from

Early Pleistocene bone (Wadsworth and Buckley 2014).

Immunological methods have been used for the examination of polymorphic serum proteins in
archaeological bones, but only the acidic groups of the NCPs were frequently preserved probably
due to binding to calcium sites of the bioapatite crystals (Bravidichmann and Grupe 2002).

A loss of specific side chains, thus, makes the identificafitimecepitopes during immunological
assays problematic (Brandftiechmann and Grupe 2002). ELISA may permit the identification
and quantification of some NCPs; however, it is not clear if the information is false positive due
to considerable charge altaaats of the identified proteins due to diagenesis (Bralfdichmann

and Grupe 2002). Microbial attack can also introduce exogenous substances which may

contribute to nosspecific immunological reactions (Brantitjechmann and Grupe 2002).

Collagen can ab mask the presence of NCPs, hence the selection of an appropriate extraction
method (e.g. enzymatic digestion of collagen) seems to be vital for the identification of the low
abundance NCPs (Brand@iechmann and Grupe 2002; Wadsworth and Buckley 2014).
Currently, it seems difficult to remove collagen via conventional means due to its diverse range
in biochemical properties when hydrolysed (Wadsworth and Buckley 2014). Overall, it can be
assumed that only wefireserved archaeological bone may retaincastiein and other NCPs in
significant amounts that can be used for radiocarbon, isotopic investigations or other purposes
(Brandt,Wiechmann and Grupe 2002; Smith et al. 2005; Wadsworth and Buckley 2014)
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3.4.PRESERVATIONOF DNA

Obtaining DNA from skelal remains has revolutionized the way we understand our past as DNA
can provide unique information on human evolution, migration events, sex, kinship, pathology,
phylogenetics, and domestication of plants and animals (Gupta et al. 2015; Paabo et.al. 2004)
aDNA is a relatively new field of research, and as such, there are several problems mainly related
to its contamination and preservation (Gilbert et al. 2005; Lindahl 1993; Linderholm 2016;
Mitchell, Willerslev and Hansen 2005; Pruvost et al. 2008). iPatidbn of norauthentic results

(e.g. exogenous DNA of microbial or human contaminants) has been a major problem despite the
successful recovery of endogenous aDNA in a remarkable number of studies (Gilbert et al. 2005;
Lindahl 1993; Mitchell,Willerslev and Hansen 2005; Willerslev and Cooper 2005). Thus,
understanding its degradation pasbrtem is an imperative necessity in aDNA research.

3.4.1.POSTMORTEM DECAY

DNA is a relatively unstable biomolecule as it undergoes progressive fragmentatiomopiest

due to a wide range of biological and environmental factors (Adler et al. 2011; Lindahl 1993;
Parsons and Weedn 2006). DNA degradation commences with the autolysis which takes place
only few hours after the death of an organism (Burger et al. 199%rRaasid Weedn 2006;
Pruvost et al. 2007). It is rapidly degraded by endonucleases such as lysosomes that cut DNA
strands at internal sites, while bacteria and other external microorganisms also proliferate and
digest DNA with exonucleases from the endsf(eiter et al. 2001; Paébo et al. 2004; Parsons
and Weedn 2006; Pruvost et al. 2007).

Hydrolytic breakage of the polynucleotide stranéigre 3.27a) is considered the main long

term reaction in aDNA degradation followed by ehareakage into shorter fragments usually
between 10600 bp in length (BadayWang and Hamilton 1999; Brown and Brown 2011;
Hofreiter et al. 2001; Lindahl 1993; Paabo et al. 2004; Parsons and Weedn 2006). The DNA
molecule is particularly prone to this, asat er a t IN-algcksglic hohds and/or the
phosphodiester bonds (Brown and Brown 2011; Lindahl 1993; Parsons and Weedn 2006). The
attack on the phosphodiester bond leads to ssigdmded nicks, whilst the attack on the

glycosidic bond releases thecleotides (Paabo et al. 2004).

Hydrolysis predominantly releases the purines (i.e. depurindtigare 3.28) as the purines are

more susceptible to hydrolysis than pyrimidines (Brown and Brown 2011; Lindahl 1993). This
releag generates apurinic sites in the DNA strand (Bedlng and Hamilton 1999; Brown and
Brown 2011) . At these abasic sites, the free
i n-ea ibmi nati on reaction whi ch r-phosphbdiestertboned a k s
of the apurinic sugar (Bad#/ang and Hamilton 1999). A release of a base, however, does not

automatically leads to a cleavage of the strand, as this requires the removal of several bases at

76

t

al de'l

he

D



adjacent positions (Brown and Brown 2011). When that happens, hydrolysis results in gradual

fragmentation of polynucleotide strands (Brown and Brown 2011; Lindahl 1993).
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Figure 3.27. Postmortem DNA degradatioih Damaged patterns in red. (a) Hydrolytic damage that leads
in the formation of strand breaks (singdéranded nicks) with (i) the cleavage of the phosphodiester bond
(A) followed by (ii) depurination (abasic siteB) and breakage of the sugar backbone (C). (b) Gross
linking formation: (i) interstrand crosslink by alkylation and (ii) intermolecular crosssiriy Maillard
reaction. (c¢) Oxidation/hydrolysis of bases that results to (i) blocking lesions or (ii) miscoding lesions

(Willerslev and Cooper 2005).
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Hydrolysis can also cause the loss of the amiNbi{) group (i.e. deaminatiofffigure 3.28) with

pyrimidines being more susceptible to such damage (Brown and Brown 2011; Lindahl 1993;

Paabo 1989)The deamination of cytosine to thymine is very common in aDNA and it generates

a CYT sequence er r ofrFiguei327),as unacis(deaniriatedgcytdsieey i on s ;

binds to adenine (Brown and Brown 2011; Paabo et al. 2004). The mé&tHy) roup attached

t o car bon -nethyl cytgsine in many cytdsine bases-80%6 in nuclear DNA and

much less iMmtDNA) makes them more susceptible to deamination (Brown and Brown 2011;

Hansen etal. 2001) GYA sequence errors should be also anti

should be expected for each distinct miscoding le@itamsen et al. 2001).
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Figure 3.28. DNA degradation’ Sites of chemical alteration in DNfSchweizer 2004).

Apart from thymine that cannot be deaminated (no amino group), adenine and guanine also

undergo deamination, although their effects are not very significant (Brown and Brown 2011).

An example would be the deamination of adenine to hypoxantRigare 3.27c) that binds to

cytosine rather than thymi r{BrowndneBrotvin 2011). The AY G mi sc
rate of this deamination is probabh8%2 that of cytosine (Brown and Brown 2011). Deamination

of guanine to xanthine, however, does not lead tar@agoding as this base still binds to cytosine

(Brown and Brown 2011). Mi scoding | esions in mtDN
the hypervariable region 1 possibly due to bisthvivo mutations and poshortem damage

(Gilbert et al. 2003; Willetev and Cooper 2005). Thus, the presence of miscoding lesions in

aDNA complicates its correct determination (Brown and Brown 2011; Paabo et al. 2004).

A different type of lesions called blocking lesiofggure 3.27c) also prevenDNA polymerase
to replicate the DNA (Brown and Brown 2011). The most important blocking lesions are those
caused by oxidation of the bases and include hydrogen peroxideosigesrand free hydroxyl

radicals mainly from ionizing radiation (i.e. cosmays and geological radiation) (Brown and
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Brown 2011; Parsons and Weedn 2006). Oxidative damage occurs through the strand scission
and ring fragmentation ofthé8a car bon bond of the deoxyribo
where oxidative attack is obsed isthe 56 ¢ C=C doubl e bonds of bot
imidazole ring in purines, which lead to a ring fragmentation (Paabo et al. 2004; Poinar 2003).
The oxidation of the purines and/or pyrimidines, therefore, leads to a replacement of one or more
double bonds with single bonds which can lead to the breakage of their rings (Brown and Brown
2011).

Another blocking lesion that can be caused by ultraviolet radiation via oxidation is the
dimerization of purines on opposite strands (Brown and Brown)28&ptides attached to DNA
strands can also be observed and may act as blocking lesions (Brown and Brown 2011). DNA
fragmentation may also be the effect of denaturation when DNA molecules of several kilobases
in length contain nicks in both strands (Broand Brown 2011). Denaturation of DNA (i.e.
separation of the double helix) is affectedlow pH and high temperatuf(Parsons and Weedn
2006), as low temperature inhibits these processes, and if DNA withstands degradation in the

early postmortem phased, may survive for long timgeriods (Parsons and Weedn 2006).

Therefore, environmental conditions play a key role in the preservation of endogenous DNA
(Poinar 2003). DNA decay is very temperatdependent (Allentoft et al. 2012; Lindahl 1993;
Lindahl and Nyberg 1972). Low temperatures have an advantageous effect on the survival of
DNA, whereas high temperatures result in a significant loss of DNA (Burger et al. 1999; Poinar
2003). DNA yields are much higher in permafrost areas than in moderate tengmeiednments,

while the latter better preserve DNA comparing to warmer areas such as the Mediterranean
(Pruvost et al. 2008). A norgputh decline in endogenous DNA yields has been reported by
Bollongino et al. (2008), with a 67% success rate for thexdo compared to only a 7% for the
Near Eastern opeair sites. Caves also undisputedly better preserve DNA as they have stable low
temperatures all yeaound and the soil environment usually protects bioapatite (Bollongino,
Tresset and Vigne 2008).

BAp crystals are assumed to protect DNA from further degradation as it adsorbs onto the crystal
surface (Gotherstrom et al. 2002; Lindahl 1993; Parsons and Weedn 2006). Its preservation has
been linked to the survival of DNA in bone, while its dissolution aoedystallization are related

with considerable loss of DNA archaeological specimens (Allentoft et al. 2012; Gétherstrom et
al. 2002). The adsorption of DNA is controlled by environmental conditions (e.g. temperature,
pH) according to data from an experirtarstudy using biomimetic apatite (Grunenwald et al.
2014). More specifically, in lower temperatures (i.e. 4 °C) the amount of DNA adsorbed onto
BAp crystals is significantly lower than in higher temperatures (i.e. 22 or 37 °C), with adsorption
increasingin acidic environments and decreasing in alkaline contrary to what was previously
believed (Gotherstrém et al. 2002; Grunenwald et al. 2014; Lindahl 1993; Parsons and Weedn
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2006). It was revealed that there is a loss of DNA when phosphate is addedsoiutien
probably due to a competition for the available sites between DNA phosphate and inorganic
phosphate (Grunenwald et al. 2014). Except for the evidence of the relationship between
bioapatite and DNA, these studies also support that DNA cannotdtedda osteocyte lacunae

as it would be exposed to microbiological attack and the relationship crystallinity would be

weaker (Go6therstrom et al. 2002).

Regarding collagen, it is generally assumed to play an important role in DNA degradation as its
survival is considered crucial for the survival of DNA. However, recent studies on thermally
treated specimens have demonstrated that this is not true (Gétherstrom et al. 2002; Ottoni et al.
2009). In fact, there is no relationship between collagen and DNArpatisa as the survival of

the latter appears variable (Ottoni et al. 2009; Poinar and Stankiewicz 1999).
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Figure 3.29. Endogenous DNA in petrous vs other skeletal eleméntBercentage of ncolonal
endogenous DNA recoveredtaf shotgun sequencing. The sampled area is marked witfGadba et al.
2014).

A correlation between porosity and DNA preservation which has been linked to microbial activity
has been observed by Gilbert et (@005. Archaeological bones with high deggetic micre
porosity because of microbial reworking of bone apatite, would be expected to preserve much
lower biomolecular information than bones with no diagenetic porosity (Tuviadter et al.

2002). Staining of samples, especially dark colouratiors, &lso been linked to loss of
endogenous DNA (Hollund et al. 2016). This observation can have an impact on the selection of
samples for aDNA studies as these often come from org@hiclow oxygen environments that

are considered good for DNA preservatitlollund et al. 2016). Hollund et al. (2016) argue that

the more diagenetically altered samples display IRSF, C/P and Am/P values indicative of these

modifications. Hence, these diagenetic parameters can be used for the discrimination between
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well- and morly-preserved areas within the same specimens as they can be linked both to

bioapatite and collagen degradation (Hollund et al. 2016).

Intra-individual and within bone variations have also been reported (Gamba et al. 2014; Pinhasi
et al. 2015; Pruvost @l. 2008). A higher endogenous content in skeletal elements surrounded by
more muscle mass has been observed by Pruvost et al. (2008). Particularly, DNA in limb bones,
pelvis, ribs and scapula was better preserved than in skull, vertebrae, metatdrpalglamges
(Pruvost et al. 2008). Endogenous DNA yields from the petrous pyramid of the temporal bone
(Figure 3.29) also exceed those from teeth byt@ 16fold and up to 183old those from other

bones (Gamba et al. 2014; Hangt al. 2017). Although yields of endogenous DNA from the

petrous bone are exceptionally and consistently high, variation in endogenous DNA yields have

also been observed with higher yields mainly obtained from the inner part of this skeletal element
(Figure 3.30; (Pinhasi et al. 2015).

Figure 3.30. Petrous bond Variations in endogenous DNA yields from parts a, b and c. The ieaer
bone (part c) usually preserves DNA in higher amounts than ther divo areagPinhasi et al. 2015).

High-throughput sequencing data can also be potentially used to estimate DNA decay rates as the
amount of amplifiable template should decline exponentially with increasing fragment size
(Allentoft et al. 2012). Hence)lahese data generated may provide an excellent source for the
study of DNA decay (Allentoft et al. 2012). However, it is extremely difficult to predict the
survival of DNA based on the time since deposition of a specimen (i.e. decay rate) as physical,
chemical and biological factors affecting its preservation vary considerably (Allentoft et al. 2012).
Allentoft et al., (2012) argue that endogenous bone DNA fragments may resist decay for more
than 1 Myr after deposition in deéqmzen environments but & highly unlikely to survive deeper
in time. At present, no relationship between the chronological age of the specimens and DNA
decay has been recognized (Poinar 2003). Therefore, careful consideration of the samples needs
to be taken as the rate of fragmetion varies (Allentoft et al. 2012).
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3.42. POSTEXCAVATION DECAY

Postexcavation treatment of samples affects DNA preservation and may further damage it
(Hofreiter et al. 2001; Pruvost et al. 2007, 2008). After the removal of the skeletal remains from
the solil, specimens are mainly stored in conditions that allow DNA decay to continue (Burger et
al. 1999). Maintaining similar micrenvironmental conditions for the specimens destined for
DNA analysis is considered vital (e.g. no washing or brushingeprieg the sediment, placing

them into plastic bags in the freezer) to increase chances for a successful extraction of endogenous
DNA (Pruvost et al. 2008; Yang and Watt 2005).

Contamination of samples with modern DNA has been noted in several studiesamples
probably be more susceptible to contamination just after excavation, when they are still damp
from the burial environment (Gilbert et al. 2006; Yang and Watt 2005; Yargand Saunders
2003). Contaminant DNA, which is identical or similar e target aDNA, can be introduced

into bone from the individuals who excavate, study and handle the skeletal remains, and this
cannot be discriminately amplified by PCR (Pruvost et al. 2008; Yang and Watt 2005Fvigng,

and Saunders 2003). Strict precanti and measures including isolated aDNA working areas,
negative PCR control extractions and amplifications, assessment of biochemical preservation,
cloning of products, and reproducibility, are necessary to ensure the quality of ancient DNA data
(Gilbert et al. 2005; Poinar 2003; Paabo et al. 2004). Additionally, pulverization or drilling of
bone at low speed (c. 100 rpm) can limit the further damage of preserved DNA molecules as
drilling skeletal tissues at high speed (c. 1000 rpm) results in a dear¢asgiiality and quantity

of DNA (Adler et al. 2011).
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CHAPTER 4: MATERIALS AND METHOD S

Chapter 4 provides some general information on the samples and their origins, a detailed
description of the techniques and methodological approaches used indlyisastd a practical

guide to petrous bone sampling. The analytical techniques employed include commonly used
methods (histology, collagen analysis, elemental analysis, endogenous DNA content), new
method developments (a newly developed protocol TORFATR analysis of bone powder, i.e.
Kontopoulos et al. 2018), and novel approaches to bone diagenesis which can potentially provide
useful additional data {2 derivative analysis of miR spectra, nanindentation, and

synchrotron micreCT).

4.1. MATERIALS

Two hundred and seventyo bones, includingnehundred and eighgetrous bones, were used

in this study Table Al-Appendix A). Samples came from 18 archaeological sitesTabte 1)

of which one in Germany (c. 10000 BC), one in Jordan (88l B.C.), six in Greece (8300
800 B.C.), one in Kazakhstan (230800 B.C.), seven in Britain (3200 B-C100 A.D.), one in
Belgium (9001800 A.D.), and one in Denmark (162850 A.D.) with an aimto study both
human and animal skeletal remains of different chronological age that originate from different
geographic locations and burial environme@amples from all British sites were provided in
powder form, while samples from the remaining siteseachunks of bone from known skeletal
elements and specieBgble Al-Appendix A). Petrous bones are representative of the b and/or
c areas (see section 3.4.1) as presented in Pinhasi et al. (2015). When samgpDhAf analysis
preceded sampling for histological, FFARR'R, collagen and elemental analyses, the samples did

not derive exactly from the same anatomical location.

Statistical analysis was carried out using IBM SPSS v.25 and the significance levelt\aas s
p=0.05.An independent sampletést is applied to assess whettier means ofwo unrelated
groups show significant differenc#sm each otheon the same continuous, dependent variable.
The values of the dependent variable of the two populatiamspared should be normally
distributed (ShapirVilk test for normality) and they should also display homogeneity of
vari ances (Whenvoeenfhese two assumptiomsboth are violated, or when the
sample size is relatively small (type lirer), then a MamWhitney U test is carried out to
determine if there are any differences in the medians between those two groups. When the
population of either group is not normally distributed then the mean ranks are compared rather
than the medians tdetermine whether the distribution (mean ranks) of the dependent values
between the two independent groups is significantly different. Similarly, for the comparison of

three or more independent groups of samples, the use of theagriNOVA test is applid, and

84



when there is a violation of any assumptions, then the equivalemamametric KruskéMallis
H test is usedl' he HolmsBonferroni method is appliashen performing multiple teste reduce
the possibility of getting a statistically significantudt (i.e. a Type | error)

Coefficient of determinatiofR?) of 0-0.19 is regarded as very weak,-0.39 as weak, 0.40.59

as moderate, 0:6.79 as strong and G18as very strong correlation, but these are rather arbitrary
limits and should be considat in the context of the resulta.boxplots,the bold line across the

box indicates the median. The bottom of the box indicates the Q1 quartiipg&®ntile) and

the top of the box indicates the Q3 quartile'(@Brcentile). The upper and lower wkess extend

to thehighest and lowest values, respectively, which are no greater than 1.5 times the interquartile
(IQ) range Any values outside the ends of the whiskers represent the o(itkersases with
values 1.5 to 3 times the 1Q range)d any aerisks represent the extreme outliGzases with

values more than 3 times the 1Q range)

Table 1. List of archaeological sites, dates and the number of samples studied from each site.

Site Country Date No. of samples
BedburgKonigshoven Germany 12000 BP 5
Maroulas, Kythnos Greece 83007600 BC 16
Ain Ghazal Jordan 75005500 BC 6
Sarakenos Cave, Boeotia Greece 64004000 BC 24
Promachon, Serres Greece 54005000 BC 4
Tharrounia, Euboea Greece 53003300 BC 11
Ness of Brodgar, Oriey Britain 32002200 BC 7
Bornais, South Uist Britain 32002200 BC 1
Silgenach, South Uist Britain 32002200 BC 1
Manika, Euboea Greece 29002300 BC 31
N/A Kazakhstan 21001800 BC 6
Cladh Hallan, South Uit Britain 2200800 BC
Kastrouli, Delphi Greece 1200900 BC 24
Potterne, Wiltshire Britain 10006700 BC 7
Danebury, Hampshire Britain 500100 BC
York, Yorkshire Britain 2001100 AD 6
St. Rombout, Mechelen Belgium 11001800 AD 101
Holmens Kirke, Copenhagen Denmark 16501850 AD 9
Blackburn Britain 1850 AD 4
Total 272
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4.2. METHODS

4.2.1.HISTOLOGCAL ANALYSIS

One hundred and twentwo transverse and thirtyiree longitudinal thin sectiorsf c¢. 200
from 147 samplesT@ble A2-Appendix A) were prepared using an Exact 300 CL diamond band
saw. Sampling of petrous bone (n=36) was carried out by sectioning the element either
longitudinally, or both longitudinally and transversely. Initiallgpecimens were cut
longitudinally on the imaginary line drawn from the subarcuate fossa to the eminence between
the jugular fossa and the cochlear canalicukigure 4.1). This anatomical site allows the
examination of both b antlareas of the inner ear (Pinhasi et al. 2015) as it intersects the inner
ear into a medial part (that contains the cochlea) and a lateral part (that contains-ttieca&amni
canals and other orifices for nerve supply and vascularisationfigee 4.2 for petrous bone
morphology). With reference to the transverse sections, these were cut on a line drawn from the
half of the internal auditory meatus to the middle of the vestibular aquddgotd 4.3). These

were used to complement histological assessment for the identification of micromorphological
characteristics and pestortem modifications. Material from the petrous bones used for the
spectroscopic, elemental and molecular analyses was extiraetekdoth medial and lateral parts

as well as b and c areas of petrous bone, always following thin sectioning. When sampling for
aDNA analysis preceded sampling for histological analysis, samples were still from the b and/or

c areas of petrous bone but diot derive exactly from the same anatomical location.

Undecalcified thin sections were mounted onto glass microscope slides using Entellan New
(Merck chemicals) for microscopy mounting medium (Wiggins and Drummond 2007) and
covered by a glass coverslipgth cleaned with xylene before use. Thin sections were assessed
under a Leica DM750 optical microscope using plpakarized (PPL) and crogmlarized (XPL)
transmitted light with total magnification ranging from 40x to 400x. Digital images were captured
by a Leica ICC50 HD camera for microscopy imaging with a capture resolution of 2048 x 1536
pixel. The general histological index (GHI) introduced by Hollund et al. (2012) was used as it is
analogous to the Oxford histological index (OHI) as described iigrifl (2001), but includes
generalized destruction, cracking, and staining. A GHI value of 5 represents excellent
microstructural preservation similar to modern bone (>95% intact microstructure), whereas a GHI
value of 0 indicates poor microstructural ggevation (<5% intact microstructure) with almost no

original histological features observed.
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Figure 4.1. Longitudinal sectioning of right human petrous boinéa) Section cut from the subarcuate

fossa to the eminence betwe#me jugular fossa and the cochlear canaliculus, in a postarnterior
direction as seen in b. (c) The medial piece contains the cochlea which can be seen in the medial aspect
of the section inFigure 42. (d) The lateral piece contains canals and other orifices for the vascular and

nervous supply of the inner and middle ear.
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Figure 4.2. Human petrous bone morphologgections showing the differences in gross morphology of
petrows bone every c. 2 mm at the longitudinal axis. The medial columns represent the medial aspects of
the sections, while the lateral columns the lateral aspects of the same sections. Section 1 represents the
most posterolateral part of the petrous bone mabtigracterized by the large opening of the internal
auditory meatus in the anterior aspect and some air cells mainly located posterosuperiorly. Section 7
represents the most anteromedial part of the petrous bone which includes the cochlea that is tocated a
the center of the section (medial aspect). The cochlea can be identified by its characteristic 2.5 turns that
resemble a snail shell. Adjacent to the cochlea there are two orifices for the vascular and nervous supply
of inner and middle ear. In sectio?s4, the three semgircular canals can be seen. Note the different
colouration of the the tissues surrounding the cochlea and some canals, possibly related to the differences
in their histomorphological and biomechanical characteristics.
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Figure 4.3. Transverse sectioning of left human petrous bon@) Section cut from the middle of the
internal acoustic meatus to the centre of the vestibular aqueduct (posterior aspect of petrous bone), in a
mediatlateral direction as seen b. (¢) The inferior and (d) the superior parts with the cochlea positioned

in the anterior aspect.
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