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Overview

SIS

Dinosaurs: How to tell their stories?
w Bones and evidences of preserved structures

Applying synchrotron radiation and other
techniques to studies in paleontology

One of a kind discovery in Alberta: A well
preserved 3 -D hadrosaur skin

Have we, unequivocally, observed preserved skin
layers in a hadrosaur skin?

Final Remarks

2 June 14, 2018, CAP/Halifax



Fossilization and Diagenesis

ST
w  Minerals replace organic matter

w  Modifications and exchange
with the surroundings as time
flows

Heat to Heat to
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" well preserved hadrosaur by Phil
Bell 6 Grande Prairie, Alberta

3-D skin structures (initially thoughtto be
just imprints) .

3-D structure
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Methods and Analysis

w  What could be preserved? w  Want to study the sample at
G iraloraanic matter? microscopic scale A structural
9 g ' and chemical composition
I ion? = ) .
i RlwEn sl w Is it just an imprint?
W DNA???? w Does it differ in composition
w  Skin structures? from the sedimentary
w  Nothing? matrix’?

w  The following techniques were

used:
w If there are preserved skin =CE
structures, can we compare it to w  Synchrotron Radiation (SR)

avian species? w  Scanning Electron

w A direct comparison of this Mlc.roscop.)y (SEM)
kind would be the first ever to w  Optical Microscopy

be realized (evolutionary path).
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(Scanning Electron Microscope - SEM analysis i- 20 grmsection)
Base(1)

X-ray spectra were taken from
each numbered point in the
sample.
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and
darker area in the BES image :
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Chemical Signatures
(Canadian Light Source - CLS)

w  Fingerprinting the skin
w  Mapping chemical elements (VESPERS beamline)

w  Organic traces ( MidIR )

w  Observing few chemical states (SXRMB and SM beamlines)




w  XRF map : side of the sample scanning from skin into sediment

15 um step; 0.5 eV resolution
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Absorbance Units

12

1.0

0.8

0.6

0.4

0.2

0.0

nfrared spectrophotometry

— 3406.74
—— 3275.94
— 3156.26

- 3109.41
— 251464

— 2146.83

——— 1997.88
——— 1680.64
——— 1810.72
——— 1528.92
- 149268
——— 1239.74
——— 1128.51
——— 1031.65
————  968.01

875.12

Few peaks (among others of interest) with few possible associations:

1610 cm! : Carboxylic acid, COO anti -symmetric stretch

—| 1680cm -1 :

- carbonyl, C-O st r e t-unaturdted@ldehydes and ketones
(http://orgchem.colorado.edu/Spectroscopy/irtutor/carbonylsir.html

)

— - alkene, C-Cstretch

1789 cm - and 1869 cm -!: Indication of the presence of anyhydrides acid.
More interestingly, this acid is produced from the dehydration of carboxylic

—| acids. C-O sym. stretch for 1789 cm -1 and GO asym. stretch for 1869 cm -1,
(http:// www.umich.edu~chem211/211 -400%20F08 -IR% 20peaks.pdf)

2514 cm -!: This peak might be due to the presence of calcite or dolomite
|| with a calcite phase.

2849 cm -! - 2964 cm -!: This region might be due to C -H vibrations in
aliphatic compounds (alkenes).

‘.“Jﬁ.— e a ..—'-'-'-"A b
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Region of the spectrum corresponding to organic signature




AEBboe Imerggpion m-adge scan)a r b «

VLM 131008002 10X VLM 13T10U8UUS ZUX

Carbony!l K 4 carbonyl

- . ' carbonate
- '1 nar
K
Area B of / /

Detailed Study
VLM 131008006 50X Area B VLM 131008007 100X 288.2eV

A These measurements seems
to corroborate those from
FTIR.

ketone
A Ketone can be produced R R R P N
from the breakdown of fat. ST~ R

A Carbonyl might be remnant
of carboxylic acid

June 14, 2018, CAP/Halifax



Carbonyl map

Carbonyl (red) other compounds
(cyan) mapin a 65 x 50 pm area

of the sample at 0.1 pm steps Carbonyl-only map

A Clear carbonyl -rich layer

A Visible substructures
form the layer
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Skin layer single substructure Ca, Fe and C map
> »

Carbon
Iron
Calcium

- — ' A Calcium (calcite or vaterite,
p i 1l ron | calcium| | CaCOy) delineates substructure
| S | B | A Iron (siderite) concentrated at the

|/ carbon | B } | center of the substructure

K 10 N Wl A Siderite found to contribute to the

;' | | )”J | !ﬁ‘ preservation of soft tissue (M.

y | e } B ' Schweitzer et al, Proceedings of the

‘ NI Royal Society B 281, no. 1775, January

12 22,2014) June 14, 2018, CAP/Halifax
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Optical Analysis: 20 grnmsection (same
used for SEM)

SR

Overview
Srnt . WESe

T

Darker areas APty
correspondto .
carbon-rich oA b S,
regions ) A



Evidence of three preserved layers (Epidermis)

Vascular canal

Stratum germinativum (basale

Stratum granulosum

Stratum corneum €—

Avian Integument

e Stratum corneum
=== }/ Stratum germinativum

Transitional layer

Intermediate layer

- Basal layer
- Basement membrane

Loose collagenic
connective tissue

Fibrocyte

Sinus capillary

Endothelial cell
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Comparing to a chicken leg

Chicken ) Hadrosaur

7%
St OF
Sl o

A Remarkable similarities
A Strongly support the evolutionary correlations between birds and
dinosaurs
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Summary

Lizards '%
Several independent and different sdexakes
techniques used rocodiiiane %
Skin layers formed of carbonyl -rich
substructures with iron in the form of /' Aaliiss
: : - ; Common
siderite concentrated in their center. bl .
. - dili 3 Ornithischi
A Iron probably correlated with this Wricesiun, honus 1
and birds

remarkable skin preservation

Saurischian ¢
dinosaurs

First observation of preserved skin
layers in a dinosaur skin

Also, the first ever direct comparison
between dinosaur and modern avian

skin Avians are
A Support to the evolutionary theory indeed
dinosaurs

of birds and dinosaurs as coming
from the same ancestor

16 June 14, 2018, CAP/Halifax



Coldbdrachsol diantt @r s
all this alone)

SIS

Phil Bell (Paleontology, University of New England, Australia)
A Dinosaur discovery, preparation and taphonomy

James Dynes (CLS) A Measurements at the SM beamline

Josef Buttigieg (Biology, UofR) A Chicken skin preparation and
comparisons (including the hypothesis about colour)

Federico Fanti (Geology, University of Bologna, Italy) A
Stratigraphic study

Anezka Kolaceke (Physics, UofR, PhD student) A Data
collection at CLS
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Still not Convinced?

SIS

Different techniques show:
A SEM: Apparently well-organized layers of carbon-rich distributions in the sample

A SXRMB: Reduced sulphur in the 7T\exypossiblycorr
of biological nature

A MidIR: tantalizing peaks that might correspond to organic compounds, mostly
remarkably carbonyl.

A SM: Clear fbiological o regi on -rdhedgiobmed by
observed with SEM. Carbonyl fingerprints a organized layered structure

A Skin layers formed of carbonyl-rich substructures

A Optical microscopy: remarkable similarities between chicken skin and hadrosaur
A s kTi congparable morphology

A Evidences of 3 layers that might correspond to preserved epidermis cell layers
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Speculations (why not?)

SIS

No pigments found (yet). However:

Hypothesis that hadrosaurs could display colour by
flushing blood through the skin.

Evidence (and just that for now) of different skin
thickness:

w Thicker areas A more brownish

w Thinner areas A more reddish
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Backup Slides

SIS



Life and death of dinosaurs

SRS

Plants absorb minerals from soll
Herbivorous eat plants
Carnivorous eat herbivorous

Both eventually die one way

or another
Some animals are completely destroyed (eaten, etc)

Others are preserved under special circumstances

21 June 14, 2018, CAP/Halifax



Synchrotron Radiation
(SR) Iin a Nutshell

Radiation is an electromagneti The Electromagnetic Spectrum
(EM) waves _
‘ i i 2 i

EM waves are made of photon
(quantum of light)

g4 E= Nf
hotong e
A\\_/E
i

——

Synchrotron Radiation is produced
by accelerated charged particles

synchrotron
photons

22 cpralingmouna  JUne 14, 2018, CAP/Halifax
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How do we use SR?

SIS

|dentifying chemical elements

w

The atom of an element is constituted of a
nucleus (protons and neutrons) and electrons

Quantum mechanics tells us that the
electrons in an atom are found in discrete
states of energy

Each atom has its own set of discrete and
characteristic energy levels A fingerprint

23

s I Energy Level

-1 - * IT Energy Level
8
. y—* III Energy Level
{ . .S Y \
f { 1= IV Energy Level
| \
{ |' -. @< nucteus
| \ \ v‘ !
I'll‘. .I..'-., ‘ }'
™ e M -
= N T
0eV
-4.9 eV n=s
-7.65 eV _ L
13.6 eV second excited state |, — 3
T first excited state np =2
-J06e
123.4 eV ground state n =1
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w Electrons can move between energy levels A absorption or
emission of photons.

Absorplion Emission

Incorming phatan is Higher-energy
abzorbed by the atorm photon is emitted
Excitad

chate [ Electron

/e /
) / lewvel \ 8

Mucleus

@

Electran _.r__jf . MHucleus
Incoming phatan is Liower- emergy
abzorbed by the atorm photon is emitted
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w  They can also be removed from the atom (ionization

process) o

Qe' L-shell

\ o K-shell

o)
3 s
) \’ < o
s

P

Y o

oIV

hv

o

X-ray energy

w  Electrons from higher orbits will want to move to the
lower vacant orbit created by ionization

C emission of photon in the process. E,
Emitted photon energy given by hf =LE_  =E, - E AN hY
C Characteristic of each atom E,
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w  Characteristic spectrum

Intensity

Characteristic spectral lines
(peaks) come with different

K“‘ g, .
. , L probabilities given by
% - quantum mechanics (some

L P will be more intense than

; ,\ L »’f',.;'j‘ others).

Bremsstrahlung

wavelength

26
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Several techniques available such:

w  X-ray Fluorescence Spectroscopy (XRF) : for elemental identification

Ejected K-shell clectron Incident radiation from
primary x-ray source

M-shell electron

fills vacancy
K, x-ray emnttcd X} L-shell electron
fills vacancy
K K x-ray emitted
L 0
Shells M «
(orbits)
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w  X-ray Absorption Spectroscopy (XAS): for elemental speciation

Isolated atom Back-scatter photoelectron
Atom with neighbor \ -
%
Oscillation \__/

Photoelectron

E——

Normalized Absorption

mo—

XAS

Extended X-Ray Absorption Fine Structure (EXAFS)

Constructive
Interference

Edge: X-ray
Absorption Nea )
Edge Structure Destructive
(XANES) Interference

-
e

Incident Energy (eV)
28 June 14, 2018, CAP/Halifax
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w  Fourier Transform Infra  -red Spectroscopy (FTIR) : probe complex
molecular structure such as organic matter

SIS

Phosphorus
Oxygen (destination)

Oxygen (origin)

(4]
Tl Stretching direction

Bending direction

#.
V/

Symmetric stretch (v,

7
%

Symmetric bend (v,

Sgu
4

Antisymmetric stretch (vs)

6())

!
~
vy

¢
(\

Antisymmetric bend (v,

29

Like electrons in atoms, each molecule
has a characteristic spectral line
representing a given vibration mode

g
h24
z
2
9
- ‘.'
ey
-. I.ll.ll ll L I\llllnll
0 25 50 75 100 125

wavenumber (cm’')
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Scanning Electron
Microscopy (SEM)

Electron beams are accelerated at very high voltages and aim

at a sample

X-rays

Incident beam

Chemical composition of the surface

Cathodoluminescence
Electrical information

N

Elastic backscattered electrons
Atomic number and toporgaphy

Inelastic backscattered electrons
Surface toporgaphy

v

30
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|ldentifying mineral contents
(Scanning Electron Microscope - SEM analysis i- 20 grm

secﬂon)

SIS

Sample was coated with a
thin layer of Carbon

Backscattered electrons

w  Brighter areas

represent higher Z
material.

w Lower Z structures
are expected to show
as darker areas

The white top layer is the
top of a skin scale

Thin darker areas under
this white layer and above
another sedimentary

region can be observed



Complex Molecules And Chemical States
of Fe, Ca, C, etc

SRS
A Want to probe possible organic compounds ( MidIR beamline, CLS)

A Map the sample using chemical speciation ( Spectromicroscopy (SM)
beamline, CLS)
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Fourier Transform Infrared (FTIR)
spectrophotometry

Region corresponding
to carbon -rich area
in the sample.

Each cross
represents a position
used to collect a
FTIR spectrum .

Absorbance Units

™
-

1.0

0.8

0.6

0.4

0.2

Carbon-rich region.

Region corresponding ",],\“ i
{ " to lower carbon &l
i= concentration I

3000 2500 2000 1500 1000 500

Wavenumber cm-1
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Region of the spectrum corresponding to organic signature




% Transmittance

ATR Units
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You can see spectra
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Fe map K-edge scan

(a) Fe L-edge XANES spectra (b) Fe(Il) (c) Fe(l)

(d) Featureless signal (FS) (e) Fe(lll) FS Fe(ll)

Fe(ll) from skin

M
M

A l A l ' l ' l A l '

705 710 715 720 725
Energy, eV

Absorbance (arb. units)

Fe in the form of siderite (iron carbonate with oxidation state
Fe(ll)) is found in the skin

Goethite also present in the form of Fe(lll)



Zooming In

Ty : : T |

* :
. ’ \

s soob b . h Blood vessel canal?
. L::,,~ ':.. ) N

’

. \
Layers \

’ ',l
P SE ~
‘ - A

Compatible with observation from CLS
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Zooming further in

Layers .

Substructures or optical effects?? A
More likely substructures A compatible
with observations from CLS

4
.D;“d'
o : » ¢
> Y
. paed
’ S
>
X
.
A
N '\;0.0 pm
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Few more optical images

A Consistent structure throughout the C-
rich layer

A However, some regions seem thicker
than others
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Hovwioed iocenspare tb a .c oomq@ra r e
(extant avian dinosaur)

SRS
A AExtra Foods"
(featherless area) A o
similar scale structures - 2 .

A The rest of the chicken
was eaten by one of my
students




But, first, how does it compare to a
mammal

SIS

Structures are very different

-
Hadrosaur
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omparison to Salt Water
Crocodile

Region for comparison

el There are also softie simifarities”"™



w  Map of few key elements & a more comprehensive analysis

- Mapping in 10 um steps
- one spectrum per each

Ba ot

point in the map
1 :
g ; - Superposition of chemical

, : map and microscopic

A s e i abartie image:

-red = Ca ; green = Sr ;
e " blue = Fe
g e yellow = superposition of
§ e § 2o Sr and Ca ¢
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w  Imaging using chemical maps

Ca Fe

\ 4
Ca marks bone (apatite?) Fe marks osteons (what is its state?)

Ca also seems to mark Harvesian canals (calcite?)
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