Collagen endogeneity
In Edmontosaurus
fossil bone
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Figurel. Bone the objecfleft), and what it is made up of, progressing ever smallemarasthe right(Figure 1 irf1]).
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(Credit:~upova [3]).
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Figure5. View down the axis of a (ProProGyiple helix depicted as spaetlling, balland-stick and ribbon
representatiors (Figure 1b irf6]).
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Figurell Edmontosaurs sp.

Figurel2 Edmontosaurus sppart of sacrum (UOL GEO.1) fré#ell Creek formatian
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Figurel3 Dorsal view of Edmontosaurus annectens, with the sacrum boxed in red. (Binestig3])
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Tablel Range of bones under investigation.

Meaning of the abbreviations for the lab numbers is as folléwstniversity of ArizonaQUBC8ueens University Belfast

ULASHniversity of Leicester Archaeological Seryid€&AMSHniversity of GeorgiadAge indications are in years. For
radiocarbon these are Before Present (BP, 1950). Assigned age is 75 years extiza&@P6ih the collagen age

ID Sample Period Radiocarbon Radiocarbon | Assigned
age ¢ollagen age(apatite) age
UOL GEO.1 | Hadrosaur (sacrum)| Cretaceous n/a n/a 65 Ma
Edmontosaurusp.
GDFM 0401 Hadrosaur (femur) | Cretaceous n/a n/a 65 Ma
YG401250 Bison(humerus) Ice Age 35,750+510 35825
(Bison priscUs
EHRC 90001 Camelidimb Ice Age 12,060+ 89 10,170+ 30 12,135
(AA106299 | (UGAMS20474
XA102 20088 Pig rib Roman 2,060+ 30 n/a 2,135
(sus scrofa (ULAS)
NP77 10984 Bovine radius Medieval 934+ 30 860+ 20 1,009
(QUBE2409) | (UGAMSL7385H
n/a Turkey Modern n/a n/a 0
(Meleagris gallopavp
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Figurel4 Aerial view of Dawson Countawsom not shown on the map is situated north of the airpotbcatedon the
left. The Glendive Museuissituatedbottom right, and the private land is in the centfgellow box)
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Telmmmb
Probactrosaurus ﬁ

Figurel5 Possible tree for the hadrosauridae family
(Brachylophosaurus will be mentioned later in this thesis).

Amurosaurus

Hadrosauroidea

Figurel6 Hadrosaur femur specimen GDFM 04.001
(the ruler for scale is 15 clong).
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Figurel7 YG 401.258pecimer(rulerfor
Figure18 Aerial view of the Yukon, with Quartz Creek centred, scalg.

located at the Indian River,

which is a contributary of the westerly Yukon River.
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Figure20 Bison priscus Figure19 Camelid.
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Figure21 Aerial View of Morrow County, Oregon.

Figure22 CamelidspecimerEHR®0001 (the scale isOlcm).
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Figure25 Aerial view of Hallaton village (top right), with the me#ad-bailey castle (top leftgnd the burial site (bottom).
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Figure26 NP77109-34 specimer(rulerfor scal. Figure27 Aerial view of Norton Priory
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) ) ) Figure28 modern turkey (Meleagris gallopavo).
Figure29 Two cows of the bovirgulfamily.
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Figure30 Initial preparationof Edmontosawrs sacrum bone shown on the Iéfhe circled protrusion was cut of by
hacksaw (middle) and sliced by meaof a lab saw (right).
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Figure31 Example of small sizel( mm thick)Edmontosaurufragments for analysis or further preparatioiCentre
represents the middle of the bone, i.e., trabecular, or cancellous, as opposed to the outer corticRulemezale in mm.
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When discussing lightpost people naturallyhink of the visible spectrum that we can detect with
our eyes. In spectroscopy, the study of electromagnetic waves extends much further: hbgond
red end of the spectruninto the infrared and beyond violet into thaltraviolet. When using light to
study an analyticasample there are four things that can happen to the light: absorption,
transmission, reflectiompr scattering. Manyechniquesexistto elucidate these studiesfre we
discuss twaomplimentarytechniques: infraredtransmission and absorptioand Raman
(scattering)spectroscopy.

A ~oA = s

02 ybS2qi 2 yifwe AQISYOINRGAORI JElj dzl f AGl a BS AYyTF2NXI a2y | 02
Ay @Saodk a2yl tHA8EH NBSy a2VBRBt HAB 8o I XKS RHjlideAdIY Sy (i
dza SR A& NBIRAf& | OOSasRoOSPARYYE DL (X BHELIRZ S&a y24G N




/2tt1 38y SYRYAGY SASINBEY . 2 v S

LINB LI BIK S XFE 3INA y R VI P o820 SINBoyMS S i K2 R4 SEA&GE St OK
o0SySuUGa I yde YRYNIWSHIKPIRE | NB Y2NB St1F62NrGS FyR RS

wk YRYISOG NR 4i@2108 Oy 068 OSNEIof S | WaOKYYLWIS e Ayadl
LINBILE By [I3WAIGtdE & A 56 N GREMED OS NNB OGS Ij @sidedy Sly2i (A6 |
A0 GSNBRGBHAEKA G SOKY Al dzS A& y2a | fidgINESIA dyi i @S
O2y OSyXalb2¢gd

op

—
| —



| KI LICSNING SNI ¢ NI ¥ R2 Wi IVE ¢ F NE NBRLI

o8)pl OOT AGIA OEIl AOAOAA
hyS 2F GKS GSOKyYAIYWHBNI MBS RONTKIDKEERIGIZR/S 2 K8 AV EF Nk NJ
St SOGNRYIIAYySaO ¢ @S a GASED NaZNBT Xy obeg NG | 58 8§88

OGKNRdzZAK | 3 aS2dzA yRAzOAKA Y2 fad B &BIKNIIF AR KD SyWE NH &
NBadzZ ayd Ay | REIBYSINBDBHRYREDISRSYEYSNAHed ¢KAa YSir

OGNl yaYAdaairzy owaSyid GKNRIAKQUL @

<+— Increasing frequency (v)

10% 102 10 10 10% 10" 10" 10" 108 10° 10* 10% 10° v (Hz)
I I I I I I I I I I |
Y rays X rays uv IR Microwave |FM AM Long radio waves
Radio waves

g I | ! | I | |

| | | | |
110° 10 102 10° 102 10 106 108 A (m)

100 10 10 10™ 0% |

----------------------------- Increasing wavelength (A) —

: Visible spectrum

-l 1 i T I I R - 1
400 500
S

600 700

Increasing wavelength (A) in nm

Figure32 Spectrum of varying wavelengths of energy, with visible light magnified, and infrared to its right. Wavenumber
(cm7)is the reciprocal of the wavelength expressed in cm, i.e. the inverse of (Cb&dit: [1]).
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Figure33 A depiction of a typical IR cell used in gas deteqtoedit: [3]).
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Figure42 FTIR spectra of four distinct bones ranging from different time periods.
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Figure43 Edmontosaurus (red) compared with two collagen standards. Fresh (blue) and fossil (purple).
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Figure46 FTIR spectra from wavenumbers 4500 to 65Q1cof Edmontosaurus (solid blue line) and Meleagris (turkey,
dashed orange line) bone overlaid with that obtained from calcium phosphate (dotted greefilti@é)set showthe data
around wavenumber 1650 afgraph generated using Veusz 3.6.2 software).
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Table2 CO/P ratiogor each bonesample(* data obtained using a Germanium crystal)

Time period | Assigned ag¢years) | CO/P
Edmontsaurus(treatedy | Paleo 65,000,000 0.430
Edmontsaurus(raw) Paleo 65,000,000 0.039
Hadrosaur Paleo 65,000,000 0.066
Bison Ice Age 35,825 0.346
Camelid Ice Age 12,135 0.118
Pig Roman 2,135 0.124
Bovine medieval 1,009 0.303
Turkey modern 1 0.416
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Figure48 CO/P ratiogrom Table2 (excluding the treated Edmontosaurus samplejted against assigned age on a
logarithmic xaxis.
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Figure49 FTIR transmission spectra for turkey (orange) and a blank/null sample (blue).
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Figure50 The four ways light can interact with a medium. Transmission and Absorption are key in the previous section of
this chapter. Scattering is the focus in the remain@edit Renishaw pl§29]).
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Figure51 Three types of scattering. The Rayleigh scattering is filtered out and comprises about 9% @938e entire
signal Gurce:Wikimedig.
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Figure52 Turkey bone under the Raman microscope.
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Figure54 BisonRaman spectrurffilename:Bison_10s_1pc_785nm_fc50_20@315 narrower spectruim
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Figure55 BisonRaman spectrum (filenamBison_1s_10pc_532nm_fc50_20P311B).
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Figure58 AsFigure57 but after baseline adjustment.
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There arecountermeasureshat can be takenOne such optionvould be to move to longer

wavelength lasex This gives an advantage because a higher spectral dispersion is achieved as you
move towards the red. This means peaksfurther separated, which increases resolution, i.e.,

more distinguished peakblowever, with fluorescence occurriegenusingthe red 785 nm
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wavelengthlaser, those peaks are not emerging from tbgerwhelmingfluorescent signal, making
this advantage irrelevant. Aext readily available laseras 1064 nmwavelength[31]. Although
longer wavelength lasers are less energatid may be unable tpromote a molecule tahe first
excitedelectroric state (as is the case with fluorescenc#ere is a tradeoff, asthe efficiency of the
detectedRaman scatteringignaldropsby four orders of magnitudeEfiiciency® /<,
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Table3 Various mass analyseeparationprinciples (after Table | {i2]).

Mass analyser Separation principle
Magnetic sector Momentum
Electrostatic sector Kinetic energy
Quadrupole / ion trap Path stability

lon cyclotron resonance / orbitrap | Orbital frequency
Time of flight Velocity
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Figure61A linear quadrupole mass analyser, typically used as a filter.
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Figure62 Schematic of a linear Tird-Flight mass analyser
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Figure63 A quadrupole ion trap crossection (Figure 4a if10]).
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Figure64 A carbon dioxide mass spectrum, with twice tlaenberof oxygen atoms compared to the single carbon atom. If
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C2NJ AVARSY O82y 4 A RSNAY s 2 by BRK SRBYISHB 5D YL dzoy Ra (i K
KI g2 VYAWIEa 2F 171 510 ¢KSaAS Y2({ISOH8 SREDBOOIFHY KR OIS
GKSY O2yaARSNAY3I (RE¥NIKBaao¥2RBPBabINBAAIRERD y

'.F

|
! A
Ol yy2i NB &2 taoS6mi6se 124281z R 3 NP ¥z B GRIIBEKENI | & A a

cy

—
| —



K2g@Q2yaAali
KARRYY t I 2 YSyQa

/2t tF3Sy SYgRYAF Y IAAGIINMEY . 2y S
GSNBE 2y S LISATGIK | 22NGBS ASSRNENS & B1E dzb Y VIRKA SR 2SS LIS |
2F Y dzZfGeKUIOB 21 GI\NWRR dzif SNA SR Qdzdl 2GKSNBAAS
0SS RSaAaONROSR Ia |

GSN¥az A4 O2dz R

8\
Intensity ‘a‘ Normal
/ ) Resolution
\ / \ Data
/ N \
m/z
v
Isotopic Distribution
Intensity
High Resolution Data
m/z
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Table4 Overview of various mass analysers and their (typical) characteristics (after Tapl&]2.in
Mass analyser Upper mass limit | Mass resolution Mass accuracy
(m/z) (ppm)

Quadrupole 4,000 2,000 100

Linear ToF 1,000,000 5,000 200

Reflectron ToF 10,000 20,000 10

lon trap 6,000 4,000 100

Orbitrap 50,000 100,000 <5
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Figure66 BPI chromatograms of Edmontosaurus (bottom) and Meleagris (tumkielgle) bonecomparedwith that of
bovine collagen 96% (top). Retention timessimme ofthe highest peak intensities are individually labelled.
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Figure67 Normalised rass spectraf Edmontosaurushue, left) andturkey prange right) with similar m/z values
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Figure68 Both samples plotted together showing that the modern turkey (orange) has a larger relative abundance than the
Edmontosaurus (blue).
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Table5 Polypeptiddragmentsfrom the Edmontosaws sample witi{from left to right)their mass, database equivalent
and correspondingerror, the accessiol, the sequence of amino acids and their positiothe sequence

Collagen | Data search| ppm Protein Assigned sequence Residue
ions (u) match (u) | error assignment
786.889D | 786.8918 | ¢2.7 | P86289|CO1A1_BRAC| GATGAPGIAGAPGFPG 1¢18
766.87427| 766.8762 | ¢2.5 | P86289|CO1A1_BRAC| GETGPAGPAGPPGPA(Q 96¢113
795.90826| 795.9097 | ¢1.8 | P86289|CO1A1_BRAC| GLTGPIGPPGPAGAPG| 46¢63
730.34717| 730.3498 | ¢3.6 | P86289|CO1A1_BRAC| GSAGPPGATGFPGAA 79¢95
581.80048| 581.8018 | ¢2.3 | P86289|CO1A1_BRAC GVQGPPGPQGPR 34¢45
805.38074| 805.3818 | ¢1.3 | P86290|CO1A2_BRAC| GSNGEPGSAGPPGPA( 1¢18
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Figure71 Peptides corresponding to Table 5 (in the same order from top to bottom) annotated here with oxdator

translational modificatios (PTMs)
1. GATGAP(+15.99)GIAGAP(+15.99)GFP(+15.99)GAR, z=2

=2

2. GETGPAGPAGPP(+15.99)GPAGAR, z
3. GLTGPIGPP(+15.99)GPAGAP(+15.99)GDK, z

=2
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(Continued from the previous page
4. GSAGPP(+15.99)GATGFP(+15.99)GAAGR, z

=2

=2

5. GVQGPP(+15.99)GPQGPR, z
6. GSNGEP(+15.99)GSAGPP(+15.99)GPAGLR, z

=2
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Figure72 Base Peak Intensity (BPI) chromatograms of (A) Ice Age bison (YG401.250, black line), (B) Ice Age camelid (EHRC
90001, red), (C) Roman pig (XA102_2001/307, green), and (D) medieval bovind@8BZ,/blue).
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Figure73Glycine (lef), Prdine (centre)Hydroxyproline (right)
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Table6 Hydroxyprolinesoncentration in Edmontosaurdisssilbone (ppm = parts per million)

Sample ID Nanomoles of Mp/gram of bone Fragmentof original
1 41.7 211 ppm
2 19.1 97 ppm
3 6.7 34 ppm
4 8.9 45 ppm
5 15.4 78 ppm
6 8.6 44 ppm
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Figure74 Edmontosaurus sections imaged using high resolution digital micrggétyence VHX00). Showing a) small
fragment with thickness in the order of 1 mm, b) clap®fimagea) yp andleft of the red circle, c) a topograpbf the
samewith depth differeeof 1.1 mm d) a crossection of the fragment.
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Figure76 Another comparison between Edmontosaurus trabecular bone (left) and modern (right)
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Figure77 Edmontosaurus bone power a) nornes b) digitised with dimension information for each cluster of particles
(Keyence VHX000).
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Figure78 photography of the three main components of the Edmontosaurus fossil bone (accession UOL GEO.1).
From left to right: fused vertebrates, pelvis, and small fragment.
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Figure79 Transmission electron miroscopy (TEM) of Edmontosaurus reveals hydroxyapatite crystal lattice. High resolution
TEM image (left) and the corresponding fast Fourier transform (FFT, right) show highly polycrystalline small grains of
Edmontosaurus bone.
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Figure80 Crosspolarized light (XPol) micrographs of Edmontosaurus UOL GEO.1 thin sé&)iaomdudes the region of
interest seen as a brown peninsd@laK I LISR SR3IS 2F | 062yS FTNIX3IAYSyd tSFa4G 2F OSyi
100X. (B) Bone fragment under crossed polars. Thickness of opaque regionsrtegtphpd.15 mm) of tarcoloured bone
occlude light, but the thinner margitiansmitmore light and appear gold. (C) Same bone fragment in XPol with a first
order red filter. Image 200X. (D) Expandexlv of inset shows theamewith gold hue. (E), (F) Same bone fragment after
stage was rotated clockwise appimately 100° reveals the gold areas turned blue, green, and lavender. This birefringence
is consistent with intact bone collagen remnants
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Figure81 XPol with first order red filter micrograph of artificially decayed Meleagris proximal epiphysis of femur. (A) Gold
FYyR o6fdz8§ NB3IA2ya &adza3asSaid o62yS 02ttt 3Sy NBYylyitaed {OFtS oFN
after rotatingthe stage showing birefringence that confirms collagen remnants. Lavender regions with little to no

birefringence we interpret as collageiepleted, similar to the patchy pattern of collagen that XPol reveals in fossil bone
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Table7 Order of decay rates.
0™ order 1%t order 2" order
Rate law Rate=k Rate=Kk[A] Rate=k[AJ=k[A}{B}*
Graph \
Slope=k Slope=k Slope=k
Integrated rate law [Al=[Ale-kt Ln[A}=In[Ale-kt 1/[A]i=1/[Ale+kt
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Figure82 Decay for different orders of reaction. Note the Haiés for each order, with only thét@rder having a constant
half-life. (Credit: Bool§l1])
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Table9 Temperatures andluration of bovine bonencubation

Label| T (°C)| T (K) | Days of incubation

A 90 | 363 | O 1 2 4 6 8 10 | 12 | 14
B 85 | 358 | O 2 4 10 | 16 | 18 | 20 | 22
C 80 [ 353 | O 4 6 8 10 | 12 | 16 | 18 | 20 | 22 | 24
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Figure84 Raman spectrum faa nondecayed (t=@lay9 bovine bone shard. The bottom picture has an adplisaseline,
which is shown in blue in the top picture.
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Figure85Bovine decagdat 90°C. A good fit with r2=0.95.
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Figure87 Bovine decagdat 80°C. Thereis no sign of decay from these data points
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