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“Ancient” material
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3 typical examples illustrating the problematics at stake and the diversity of the
approaches developed

y 3\\\_, i ==

amulet, Mehrgarh, fossil fish, Late

(1485-1552), Bologna, Baluchistan, Pakistan, Cretaceous, -95 Myr,
16th ¢, Musée de la period I, 4500-3600 BCE, Djebel Oum Tkout
musique, Paris, inv. num. inv. no. MR.85.03.00.01 Morocco (P. Gueriau et al.)

E.2005.3.1 (J-M. Angles) (D. Bagault)
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Musical instrument finishes
J-P Echard et al.

lute, Laux Maler (1485-1552), Bologna,
16th ¢, Musée de la musique, Paris,
inv. num. £.2005.3.1 (J-M. Angles)

—




Der Cautenmacher,

Antonio Stradivari,
Provigny violin, 1716,
inv. num. £.1/30,
Musée de la musique,
Paris (Cité de la
musique, A. Giordan)

@But Lauten bab ich lang aemache
Aup 2 dnnenholg/qut vnbd gefchlacht/
Fritlich vber die Form grbogn/
Darnach mit Saiten vbersogn/
b anae fimume mie fafTem Klang/
Eben gleich fiquricrrem E3fangs
Bhefirnifi Kragen/ Dodnend Stern/
Juch mady ich Bergen ond Quincern.

b i) Der

oral tradition historical sources material evidence

light microscopy, Zeiss
Axio Scope.Al, filter Fs05,
395-440 nm exc. 2-um
ultramicrotomed cross-
section (Leica EM UCE6,

J-P. Echard) surface
stratum
lower
stratum
Welele
cell
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» J-P. Echard et al. Angew Chem., 2010.



cello, Jacques Boquay,

bef. 1715, Paris, priv. coll. 700
(B. Soulier) surface stratum
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in the infrared, the specificity of the
synchrotron source is not its high flux ...but its brightness!
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415 nm 508 nm

Intensity (a.u.)

fragmentary
surface stratum

underlying ,
protein stratum 300

1 I 1 1
350 400 | 450 $10[0
Waveleng:th (nm)

% i - collagen
| : - cross-limks
hide glue ¢4 | 411inm
Welelofesll 4
reference:
thin section from UV PL @ SOLEIL DISCO |
the Boquay cello B. 272 nm exc. 60s 300 350 400 450 500
C. 275 nm exc. 120s Wavelength (nm)
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» M. Thoury et al. Anal. Chem,, 2011. RESEARCH PLATFORM




lute, Laux Maler (1485-1552), Bologna,
16th ¢, Musée de la musique, Paris,
inv. num. £.2005.3.1 (J-M. Angles)

one of the earliest surviving
talian lutes

epiluminescence
365 nm exc. (Hg)

XIV School on Synchrotron Radiation
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» M. Thoury et al. Anal. Chem., 2011. ANCIENT MATERIALS
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lute, Laux Maler (1485-1552), Bologna,
16th ¢, Musée de la musique, Paris,
inv. num. £.2005.3.1 (J-M. Angles)

light microscopy and Py-GC/MS:

surface stratum: drying oil + diterpenic Pinaceae resin
underlying stratum: drying oil

ash wood (Fraxinus sp.)

Synchrotron deep UV PL @ SOLEIL DISCO
275 nm exc. / 380, 465, 500 nm em.
313 nm proj. pixel size

XIV School on Synchrotron Radiation
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» J-P. Echard et al, Analyst, 2015. L i S




Early lost-wax cast
M. Thoury, B. Mille, T. Severin-Fabiani et al.

amulet, inv. no. MR.85.03.00.071,
Mehrgarh, Baluchistan, Pakistan,

period I, 4500-3600 BCE
(CZR/\/IF, D. Bagault)

XIV School on Synchrotron Radiation
Loic Bertrand



1974: Discovery of the I\/\ehrgarh site

N S ECLIA =
) i~
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Period |-l /500 — 5500 BCE
Period Il 4500 - 3600 BCE
Periods IV=V 3600 — 3100 BCE
Periods VI-VII 3100 — 2600 BCE
Period VIII ca. 2100 — 1900 BCE

3 S e -
S HREU Mehrgaris S BRIEF COMMUNICATIONS /
hahdad e | Jh [1 ;. Coppa et dl.
\ea usharo =~  _/
%%, g /000-5500 BCE
9, . . og e .
'RANJ \ i /"tq., Mohemmdaré Early Neolithic tradition of dentistry
\ L') b} f ] / Flint tips were surprisingly effective for drilling tooth enamel in a prehistoric population.
W"” Qa|a Chanhu‘daro
\ " Archaeological Science (2002) 29, 1393-140 —
)sh hmu nj_% \ <Jlglll’1”(;dl(())(/)(17]’;\]:[2((()1])11)7719S availal‘vlco on)lifl% alt http]:;l/wlww.idcalibrary.com on IDEpL" |"/ ,{P)]
PR KARACHI : L
G ulf y First Evidence of Cotton at Neolithic Mehrgarh, Paki :
) garh, Pakistan: .
of O m a n Analysis of Mineralized Fibres from a Copper Bead 6th m||| BCE
Ra’s al- J|nz e
Christophe Moulherat
b 2. s Centre de Recherche et de Restauration des Musées de France (CNRS-UMR 171), Paris, France
Polychrome ware,

Jean-Francois
Jarrige

. 3600-3500 BCE

Togau ceramic vessel,

late 5th mill. BCE Figurine,

c. 3000 BCE
(Musée Guimet)
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5mm

sector 10, MR2,
Mehrgarh,
Baluchistan, Pakistan,
period |Il,
4500-3600 BCE

amulet, inv. no. MR.85.03.00.071,
Mehrgarh, Baluchistan, Pakistan,
period I, 4500-3600 BCE
(C2RMF, D. Bagault)

Drawings by R. Chabrier
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Early emergence of lost-wax casting
3 independent inventions in Eurasia?

b
Artefacts, Varna Cemetery |, Bulgaria Artefacts, Mehrgarh MR2, Pakistan Hoard, Nahal Mishmar, Israel
4550-4450 BCE 4500-3600 BCE 4200 or 3800 BCE
(Leusch, Armbruster, Pernicka & Slavcev 2015) (Thoury, Mille et al.,, 2016) (Bar-Adon 1980, Klimscha 2013)
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Synchrotron XRF mapping Inverse pole figure, EBSD, pixel step: 744 nm
DiffAbs, SOLEIL synchrotron [ole] misorientation <35°
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exc.: 420-480 nm
em.: 850-1020 nm (NIR)
40x objective, NA=0.6

500 um

... Without
alloying
element?

... a copper

large alloy...

interdendritic
spaces



synchrotron UV/visible photoluminescence
TELEMOS instrument, DISCO beamline, SOLEIL (M. Réfrégiers et al.)




synchrotron UV/visible photoluminescence
TELEMOS instrument, DISCO beamline, SOLEIL (M. Réfrégiers et al.)

Synchrotron source  or classical (Xenon)

A=180-1000 nm source
J_S“’ES
T
Excitation
monochromator
Sample

Quartz coverslip
Glycerin

Quartz immersion objective

v

SlitsT Dichroic mirror
~ luminescence,

horescence

~

incoming UV/

Filter wheel ! visible photons

Detector \ L
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exc.: 420-480 nm
em.: 850-1020 nm (NIR)
NA=0.6
-

... Without
alloying
element?

... a copper
alloy...

large
interdendritic
spaces
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1100 O: 0.3%wt Chalcolithic workers melted very pure copper
- ‘ -rom Aeu-Cu,0)/A(eu-Cu): O content 0.3%wt
- o SETRE ) No significant As, Sb, Sn, Pb
@) N \{ Liquid : - . o
%10{5 _}f(f)j i~ i 0.0 + i High melting temperature: > 1085°C
g :' 1066°C En =
A Native ore?
k3 .
i Trace elements: Ag >> Au >> Pb >> As, Se, Hg
1050 (Cu) + Cu0
— CUZO—" & W
N /0,03% 7o £ ‘::N &‘?}‘iﬁ f’?
_' | . — | H 7 ?w ;fﬁl”
0 0.5 1.0 1.5 20 33.33 5 Y

Oxygen concentration (atomic %)

XIV School on Synchrotron Radiation
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» M. Thoury et al. Nat. Comm., 2016. RESEARCH PLATEORM




~1072°C

Solidification started at 1072°C

_11085°C oge

_ Bad castability

1975 ‘(C;L_"jf‘?f“_ _________ Cu,0 + liquid A very atypical ore... Specific status?

- ———— A glimpse in the innovation process?

& :<—(CU)

1050 - (W) + Cu,0 . Towards Cu—Pb (10-30%wt) then Cu-5Sn alloys

1 0.03%
_I,/ | 1.7|% |
0 O|.5 1|.O 1|.5 2|.O | 3333

Oxygen concentration (atomic %)

XIV School on Synchrotron Radiation
Loic Bertrand
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B Cu (0<0.03%at)
. B Cu (0=0.03%at)
%o Cu,0
~1072°C ~1066°C
. Hypo-eutectic microstructure
) Complete solidification at 1066°C
_11085°C
— _ : — 0) '
° 75| 0+ 143 o.0 + liquid Cu,O ina Cu (0=0.03%wt) matrix
g : 1066°C Lo :
g The melt cools down and the mould is broken
g (Cu) {}
“ to release the artefact
1050 (Cu) + Cu0
_| Cu, 0 —¢
1 0.03%
_I,/ | 1.7|% |
0] O|.5 1|.O 1|.5 2|.O I 3333

Oxygen concentration (atomic %)

XIV School on Synchrotron Radiation ANCIENT MATERIALS

Loic Bertrand

» M. ThOUFy et al. Nat. Comm., 2016 RESEARCH PLATFORM




. 4
1050 (Cu) + Cu0

0.03%

_ / 1.7%

0 0.5 1.0 1.5 20 3333
Oxygen concentration (atomic %)

. Slow corrosion to cuprite Cu,0
Relatively dry sandy clayey soil

corrosion Cu,O

Ll 1 um / year?
AN 6 millennia later: a single mineral
e e phase

: Full preservation of the ghost
morphology of the eutectic

XIV School on Synchrotro
Loic Bertrand ’ : : . g 0 o RESEARCH PLATFORM
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RB: Cu, Pb

no elemental contrast

nanometer (nm)
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e ——————————————————
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no molecular contrast

A “new” source of contrast

28 Sept 2017

g P Z axis

001

Inverse pole figure, EBSD, pixel step: 744 nm

local misorientation < 3.5°

emission

no texture contrast!

®Me

a00 1000 1100 1200
Wavelenght (hm)

Temp. (K)

H. Solache-Carranco, 2009



no elemental contrast no molecular contrast

A “new” source of contrast

the morphology is only visible though a
contrast in atomic defect density (Cu
stoichiometry) in the Cu,. O cubic lattice!

28 Sept 2017
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CHINESE WHITE.
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the clue to the question is
as much in the chemical
composition as in the
multiscale microstructure

\ 4

high spatial dynamics
in spectral imaging

-

__ Calibrating the detection
“@pncal chain

Sp ial exploratlon

Opt|m|smg the spatial dynamics:
13 —4 ordefs of magnitude

f
ctral filtering
Optimising the spectral dynamics:
?:ll-lxbands from 260 to 1020 nm

| "'---:\H\Imaging

2 Opfimising the signal dynamics:
WS, 3 orders of magnitude

» 1. Séverin-Fabiani’s Ph.D., 2012-2016




Description and environment of Cretaceous fossils
P Gueriau, S. Cohen, C. Mocuta, L. Bertrand

» P. Gueriau and L. Bertrand. Microsc. Today, 2015.



Paul Tafforeau, ESRF
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Discovery of two complete
skeletons of animals that should
have never been together in

a 250 Ma-old burrow in South

Africa

Vincent Fernandez, Kris Caids

Nestor Abdala, Adan  Ya

Rubidge and Padiifafite
b
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y
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4. %

......

Paul Tafforeau, ESRF
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Paul Tafforeau, ESRF
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Thrinaxodon : Mammalian reptile,
close to the origin of mammals

Paul Tafforeau, ESRF

wents | RESEARCH PLATFORM
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Broomistega : Temnospondyl amphibian, aquatic
predator, the best skeleton ever,dfscovered
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Paul Tafforeau, ESRF
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Paul Tafforeau, ESRF
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Synchrotron

Kirckpatrick-Baez source

focusing mirrors

Specimen =
Silicon-drift
Micrometric e S5

translation &
rotation stage



Cretaceous fossils
from Morocco

(95 Myr old)

strong contrast in
elemental distributions!

alkaline earths: Ca, Sr
pnictogen: P

transition metals: V. Mn,
Fe Ni Cu, Zn

heavy metals: Pb
alkali metals: K, Rb
other metals: Ga

rare earths: Y |3, Ce,
Nd, Sm, Gd, Dy, Yb

Fish, L ate Cretaceous,
-95 Myr, Djebel Oum
Tkout Morocco

XIV School on Synchrotron Radiation
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XRF @ SOLEIL Diffabs fgghmb?t%jcergé?%eﬁrf
17.2 keV, beam 10x7 um? (HxV, FWHM), 100 um-step; Tkout Morocco
4-element Vortex ME4 SDD; step-by-step 500ms/pt

A EALAEG ENVIRONMENTS RESEARCH PLATFORM

X1V School on Synchrotron Radiation » P. Gueriau et al. Elements, 2016. |PANEMA‘ ANCIENT MATERIALS

Loic Bertrand » P Gueriau et al. Plos One, 2014.



Freshwater acanthomorph,
Late Cretaceous -95 Ma, Djebel
Oum Tkout, Morocco

o L g R e XRF @ SOLEIL Diffabs
é’? ————————— _ _ - — _ - 17.2 keV, beam 11X7 um2 (HxV,
i ': ; f s\ SN , A G | © . FWHM), 100 um (B) and 30 um-
L Ay o N pos S T .. 4 step (D) single element Vortex
; A? SDD, step-by-step 500ms/pt

phosphatisation of a gut from bacterial activity in presence of
PO 2 anions released by carcasses — anoxic environment
yet. ..

Fe(lll) compounds forms, typically ferrinydrite Fe,0,-0.5H,0
—» OXic environment

Goethite

Lepidocrocite

Ferrihydrite

OT1 fish

Normalized absorption (a. u.)

OT1 shrimp

local change of environment from anoxic to oxic due
to microbial mats formed at early fossilisation stages?

Ll Ll Ll Ll Ll Ll
7100 7120 7140 7160 7180 7200

Energy (keV)

X1V School on Synchrotron Radiation : : :
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Organic Cu %

7 Extended X-ray iminimum)
2 16 to continuum H“ Abgerbtion Fine Strueture : ; Sulfonate Sy lphate

\ (EXAFS
d Squid Ink SackBHI-22438) B

Grean Anver feathar Bre-5158) 83%

-

Destructive  Constructive
Interference  Interference

G_A. teather [Hum 1185 00y T8%
Grean River lsather (BHi-s403, 57%

Archasopteryx holotype 51%

Confuciusornis sanctus, neck 77%

Matrix

,_/
<’\ 15 to (n+1)p U”
~

Nommalized Absorption

Mo iz e Abaoeba raoe (3050 |

MNalural Coppor Melanin

Normalized absorption (a.u.)

T Coppar Oxice

Bone Fragment

P AT Copper Foll
Cdijl = I : 1465 2470

BR0 EG0 SO oo S0 030 Q040

Energy (eV)

S S ————

Incident Fnergy (eV)

. R AR | Manning, et al., 2013,
B | 2 RS A JAAS
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(a) Optical, (b) total sulfur (3150eV), (c¢) 2476¢V, (d) 2473.5eV, (e) 2472.3eV. The total sulfur image shows that sulfur is elevated within and appears to correlate with
red pigment compared to the dark stripes. Additionally, the distribution of specific oxidation states are not directly correlated. In particular, the striped pattern is more
distinct in ¢ and d compared to e. Pixel size =50 microns. Map acquisition time =~20mins. Scale bar=1cm.

Edwards, et al., 2016, Nature Scientific Reports

s | RESEARCH PLATFORM
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1 mm

As Fe Br
C. G. Ryan et al. Proc. 20th Int. Cong. X-ray Optics and Microanalysis, 1221, 9-17. AIP Conf. Proc.,, Apr 2010.
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Data acquisition schemes: step-by-step vs. continuous

step-by-step continuous (on the fly)

motor position (arb. units)
motor position {arb. units)

(1)

time (arb. units) time (arb. units)

(1) motor acceleration phase (1) motor acceleration phase
(2) motor steady speed (2) motor steady speed
(3) motor decceleration phase (3) motor decceleration phase
(4) data (detectors) acq.: continuous data acq.
- send trig. signal
- acq. + wait det. ready Data is buffered and saved / merged with

- save data, ... motor position asynchroneously
Typical 'deadtimes' ~ 0.5-0.7 "

(e.g. DiffAbs beamline @ SynchrotronSOLEIL)

C. Mocuta

28 Sept 2017




Fast data acquisition scheme: the FlyScan platform at Synchrotron SOLEIL

typical mapping: 20 x 40 mm / 60 um step /@
321 x 651 (2x10°) points
' ste/p-by-step Performance comparison
between several scanning
/ e techniques: step-by-step,
s 91 continuous (software), and
Flyscan.

~
(4]
1

Ly
o
1

\

The latest improvements yield

continuous _ ? to a ~ 15% supplementary gain

N
o
1

16 5h (software) in terms of acquisition speed.

=
Qo
E
4
=
2
-—
G 407
=
o
&)
©
®
-
O
-

‘ ©I E FlyScan™
r Y Y Y T Y T / /A

7/ I % 1

0.00 0.05 0.10 0.15 0.20 0.5 1.0
acquisition time per (x,y) data point (sec.)

Issues to address:
- data storage / mining / accessing
- data treatment

N. Leclercq et al., 15 ICALEPCS (2015) Melbourne, Australia.
C. Mocuta

28 Sept 2017



palaeo-environmental conditions

1000 | small ‘Ce no Eu

anomaly anomaly fossils (SR-pXRF)

100

2 | =~~~ T=.....
<C
b fossils (LA-ICP-MS
s 10 |
=
1 L sediment (LA-ICP-MS)
~———

la. C¢e Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

slightly oxidizing local conditions during rare earths’ deposition

all REE are trivalent and share mostly similar physicochemical
behaviour except Ce (Il and V) and Eu (Il and If)

rare earth concentration profiles at macroscale and microscale

XIV School on Synchrotron Radiation
Loic Bertrand




Fermi’s golden rule:
H(E) -~ ZNfond |<Lpfond| €-r |Lpexr>|2 i S(hV - (Eexc_ Efond))

Fossil tissues

©
< o Tuorospatite Decapod crustacean “crab”
B Late Cretaceous, -95 Myr,
2 | Djebel Oum Tkout Morocco
2
E
2

57I00 57I50 58IOO 58ISO

Energy (eV)

XAS: local speciation
Ce(lll) + some Ce(lV)
in fossils, at a few um lateral resolution

comparison to REE profiles
results are in phase (steady state?)
Ce*+ ubiquitously adsorbed

+ as a few CeO, grains

XIV School on Synchrotron Radiation
Loic Bertrand

» P Gueriau et al. Anal. Chem. 2015. B e e




K-edge substraction

= 1

radiographie (50 keV)

localisation Ba (38 keV) localisation Pb (89 keV)

K. Krug et al. Appl. Phys. A, 2006.

XIV School on Synchrotron Radiation —— NN HATERIALE
Loic Bertrand
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full-field XAS = TXM: speciation at each pixel!

N\
transmission only: thin section ,
- faisceau X incident .
scanin k|,

Roman Sigillata black gloss ceramic shera
T it S

LB
LN

L AR |
L f‘ d ]
WLy

7050.0 eV '

Fe K-edge jump
| intensity

M [c K-edge
energy

F I\/\irer et al. J. Anal. At. Spectrom., 2013.
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ancient carbonaceous systems

art materials: pigments, binders, dyes,
supports, textiles. ..

archaeological and palaeontological materials:
cellulosic materials, proteins, etc.

chemically complex and heterogenous
due to their initial composition and
effects of ageing




carbon speciation in ancient organic systems

FT-IR spectroscop

v(OH)  v(CH,CH,) v (C=0)
2052 1714

1720

A7) " H
: A |
I I (VLY
i 1 1l

3700 3200 Ei;m 2200 1700 1200 700
-— Wavenumber / em™’

Echard et al. Angew. Chem. Int.
Ed., 2010
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Roffet-Salque et al. Nature, 2015
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A. Coccato et al. J. Raman
Spectrosc., 2015

TOF-SIMS
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Mazel et al. Anal. Chim. Acta, 2015

these methods are invasive or surface-sensitive

(few um’s or below)

natural carbon species (e.g. graphite) absorb almost the

entire [IR-UV range

over-representativeness of the (contaminated, altered)
surface, impact of surface condition. ..



Pyrolysis Gas Chromatography Mass Spectrometry (PyGCMS) of Hell Creek fossil dinosaur skin and surrounding matrix
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B) Sediment

XIV School on Synchrotron Radiation
Loic Bertrand

Skin

The simple
hydrocarbon patterns
are completely
different.

These compounds
(alkanes) are not
biologically active and

Sediment hence quite stable, and

s g strongly support the
conclusion that organic
material from the
organism has been

retained over
geological time.

» Retention time

Manning et al., 2009, Proc. Roy. Soc. B.
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“STXM"” = Scanning Transmission X-ray Microscopy-based Carbon X-ray Absorption

Near-Edge Spectroscopy
C K-edge: 285 eV

Fresnel zone .
plate thin section
~100 nm
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speciation at the carbon
K-edge (~280 eV):
e T R

) 284 286 288 290 292 294 296 284 286 28
Photon energy / eV

28 Sept 2017

Koprinarov et al.



fossilized megaspore in Triassic
metamorphic rocks from the

i

Raman map:
, ~and
ankerite

28 Sept 2017
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Reference Lignin

Organic Matter of
Metamorphic Vascular Tissue

Reference Graphite

Organic Matter from
Metamorphic Megaspore
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Reference Sporopollenin
j Indexation

1 285.1/285.4 €V - Aromatic Groups (C=C) / 286.7 eV - Ketonic or Phenolic groups
1287.2 ¢V - Phenolic Groups (Ar-OH) /288 eV - Aliphatic groups (CH1-3)

1 288.6 eV - Carboxylic Groups (COOH) / 289 eV - Aldehyde Groups (C-OH)

1291.7 eV - Graphite Exciton / 292.8 eV - Aromatic or Olefinic Groups (C-C)

280 285 290 295 300 305 310 315 320  Energy (eV)

sporopollenin: long chain fatty acids, phenylpropanoids, phenolics and traces of
carotenoids.

S. Bernard & D. Papineau, 2014



X-ray
zone plate
& OSA

X-ray beam

direction
Focusing
stage

Stepping
motor
stage for

Visible light
microscope
objective

:

|

L. =

coarse scans §

Maser, 2000

28 Sept 2017

~C )
Visible light

microscope
head

= |

Alignment
telescope

Positioning
stage for
detector

Attenuation length (um)

1e+00

1e+03

1e+02

1e+01

1e-01

500 1000 2000 5000 10000

E (eV)

100 200

preparation using FIB, in
vacuum, micromanipulation. ..



X-ray Raman spectroscopy

C
%‘O@

1-Phenyl hexane ©/\/\/\

o CH,(CH,), CH,

Solardye

Intensity [arbitrary units]

CH,(CH,),,CH,

N-Octacosane

2,2,4-Trimethylpentane S

280 290 300 310
Energy [eV]

adapted from U. Bergmann and O. C. Mullins,
in Asphaltenes, Heavy Qils, and Petroleomics, 2007

XIV School on Synchrotron Radiation
Loic Bertrand
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X-ray Raman spectroscopy

C
%‘O@

1-Phenyl hexane ©/\/\/\

o CH,(CH,), CH,

Solardye

Intensity [arbitrary units]

CH,(CH,),,CH,

N-Octacosane

2,2,4-Trimethylpentane S

6230 6240 6250 6260
Energy [eV]

adapted from U. Bergmann and O. C. Mullins,
in Asphaltenes, Heavy Qils, and Petroleomics, 2007

XIV School on Synchrotron Radiation
Loic Bertrand
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a final state

spectroscopy
oo
configuration

in ground state

—Af\\pr—
Incident

photon Ei' ki

CONSERVA'[\ON SCIENCES ANC'ENT MATER|AI_S
B ALAEG ENVIRONMENTS RESEARCH PLATFORM

XIV School on Synchrotron Radiation
! IPANEMA|

Loic Bertrand



a final state
spectroscopy

AE
. 0—e

/ configuration
/in excited state

Scattered
photon

E, k

wronscences | ANCIENT MATERIALS

scovotoey RESEARCH PLATFORM

XIV School on Synchrotron Radiation ‘
Loic Bertrand |PANEMA



a final state

spectroscopy
- "
-,
AE] AE=E,-E
ST q=k;- k k;
/" configuration
/inexcited state
oo © q 3 .4
) do 4m’e*h : 2
do° mivy (1+cos?0) ||{f |exp [i(Kk; - ki) - r]]|0)]]
x 8(Ef = Eo = h(vi-vj))
W """ @/;9 Mizuno, 1967; Tohji, 1989; Bergmann, 2002
£, kl' U = ki - Kk
Scattered
photon . \/kiz + k2 - 2l k; cos 26

Ej' kj \ :
. ® 2kisinf

CCCCCCCCCCCCCCCCCCC s | ANCIENT MATERIALS
L AFG-ENVIRONMENTS RESEARCH PLATFORM
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Beam

Sample 30x80 pm? 6220-6270 eV
:
Slits

Si(111)
Monochromator

experiments performed at:

— GALAXIES, SOLEIL, Saint-Aubin, FR
— D20, ESRF, Grenoble, FR

— 6.2, SSRL, Stanford CA, USA

XIV School on Synchrotron Radiation ANCIENT MATERIALS
v RESEARCH PLATFORM

Loic Bertrand



6220-6270 eV
20

experiments performed at:

— GALAXIES, SOLEIL, Saint-Aubin, FR
— D20, ESRF, Grenoble, FR

— 6.2, SSRL, Stanford CA, USA

X1V School on Synchrotron Radiation ANCIENT MATERIALS
| PAN E’\/\A RESEARCH PLATFORM

Loic Bertrand



N 6220-6270 eV

Detector -

/4 - Si(333) analyzers

. Rowland circle R=Tm
| Bragg angle: 85.6°
5948.85 eV

experiments performed at:
— GALAXIES, SOLEIL, Saint-Aubin, FR
— D20, ESRF, Grenoble, FR

— 6.2, SSRL, Stanford CA, USA

XIV School on Synchrotron Radiation
Loic Bertrand



N 6220-6270 eV

Detector -
: 4 - Si(333) analyzers
Rowland circle R=1m

Bragg angle: 85.6°
- 5948.85 eV
o Elastic Rayleigh
= scattering
£ 8
S 8 .
S Compton | | |
g 1 scalleng 6540 6260 6280
X-Ray Raman
5 seatering AE = 270-320 eV
S 7 "L AE P

6000 6100 6200 6300
Energy (eV)

XIV School on Synchrotron Radiation

Loic Bertrand



“unprepared” fossil specimen

Fossil cocoon

56-Myr old fossil
leech cocoon
Rivecourt (France)

Normalized intensity (a. u.)

Loviiiin Loviviinn Liviininn Lovunn Livuiiniin, |
270 280 290 300 310 320

Energy transfer (eV)

XIV School on Synchrotron Radiation
Loic Bertrand

» P Gueriau et al. Anal. Chem. |IPANEMA | g | o ancH pLAT oRm




“unprepared” fossil specimen wa mss  oms

)/

Fossil cocoon

56-Myr old fossil
leech cocoon
Rivecourt (France)

Normalized intensity (a. u.)

— low-intensity peak at ~285.4 eV: =C 1s—m1* from aromatic or
olefinic &C; unusual width from graphitic domains

— weak shoulder at ~287 eV

— low-intensity broad and complex feature at ~288.7 eV: 1s—m*
in amide (288.3 eV) and carboxyl groups (288.7)

No significant signal at 290.3 and 300 eV: no carbonate
minerals (XRD) st et st

270 280 290 300 310 320
Energy transfer (eV)

XIV School on Synchrotron Radiation
Loic Bertrand

» P Gueriau et al. Anal. Chem. 2017. B e e




“unprepared” fossil specimen oo mms s

N\ / assm

beamline
/ 101D-148

Fossil cocoon
(STXM)

Fossil cocoon

56-Myr old fossil
leech cocoon
Rivecourt (France)

Normalized intensity (a. u.)

— low-intensity peak at ~285.4 eV: =C 1s—m1* from aromatic or
olefinic &C; unusual width from graphitic domains

— weak shoulder at ~287 eV

— low-intensity broad and complex feature at ~288.7 eV: 1s—m*
in amide (288.3 eV) and carboxyl groups (288.7)

No significant signal at 290.3 and 300 eV: no carbonate
minerals (XRD) st et st

270 280 290 300 310 320
Energy transfer (eV)

XIV School on Synchrotron Radiation
Loic Bertrand

» P Gueriau et al. Anal. Chem. 2017. B e e




“unprepared” fossil specimen oo mms s

)/

Fossil cocoon

— low-intensity sharper peak at ~2854 eV: low aromaticity
— intense broad feature at ~288.7 €V: amide and carboxyls

No significant signal at 290.3 and 300 eV: no carbonate
minerals (XRD)

Normalized intensity (a. u.)

sl ()

Fragment from the
dry skin of a 49,000 yr- Mammoth
old fossil mammoth,

Lyakhov island (Siberia) ,,/

I IIIIIIIII I IIIII L1l I {1 O Yy I IIIIIIIII I IIIIIIIII I
270 pasly 290 300 310 320

Energy transfer (eV)

é

XIV School on Synchrotron Radiation
Loic Bertrand

» P Gueriau et al. Anal. Chem. 2017. B e e




“unprepared” fossil specimen

XIV School on Synchrotron Radiation

STXM spectrum of

modern rat-tail tendon
(Lam, ACS Chem. Bio,,
2012)

very good chemical

preservation of the organic
compounds composing the
ancient mammoth dry skin

Normalized intensity (a. u.)

| Fragment from the
~ dry skin of a 49,000 yr-

old fossil mammoth,
Lyakhov island (Siberia)

» P. Gueriau et al. Anal. Chem. 2017.

2854 288.5

N

292.5

Fossil cocoon

Mammoth

270 280

290

K10]0) 310 320

Energy transfer (eV)
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spectral decomposition of the XRS-based XANES data e e e
— Gaussians to model features from diagnostic transitions \ /
— arctangent contribution to model the C edge
— non-linear least squares procedure

satisfactory decomposition

reduction to a limited number of contributing features partly
compensates the moderate energy resolution and S/N ratio

Fossil cocoon

residual feature confirmed at 287.2 eV

Normalized intensity (a. u.)

I IIIIIIIII I IIIII L1l I {1 O Yy I IIIIIIIII I IIIIIIIII I
270 pasly 290 300 310 320

Energy transfer (eV)

XIV School on Synchrotron Radiation

: ANCIENT MATERIALS
Loic Bertrand » P. Gueriau et al. Anal. Chem. PALABONTOLOGY s RESEARCH PLATFORM




shoulder at ~287 eV I XRS spectrum

= model
—adding peak to the model AN — cod/coo
e
- 287.2 eV — feai
— barely structured residue T arctangent

1s—o* transitions from bonds formed between carbon and
heteroatoms, e.g. sulphur (1s—-0* (=5)

— weak in the mammoth sample
— intense in the cocoon sample

Fossil cocoon

Leech cocoon membranes are unusually rich in sulphur
(Mason et al., 2004)

Normalized intensity (a. u.)

270 280 290 300 310 320
Energy transfer (eV)

XIV School on Synchrotron Radiation

2 [ENT MATERIALS
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surface doserate D=n h v u/(s p)

photon flux
incident photon energy %
attenuation coefficient -
beam footprint area =
: : & S
material density 5 &1 |
s photoelectric
3 effect
P E incoherent
§ o | scattering
....................................................... o0,
N N coherent
e g N scattering
T 12 5 10 20 50 100
E (keV)
Experiment STXM XRS
Surface dose rate | Integrated surface | Surface dose rate | Integrated surface
Compound (MGy/s) dose (MGy) (MGy/s) dose (MGy)
Chitin o1 + 18 64 + 13 /3+15 7.2X102 £ 14x102
Calcite 39+ 8 28+ 6 /1+14 70X10° £ 14x103

XIV School on Synchrotron Radiation
Loic Bertrand
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1. heritage materials are heterogeneous and chemically

complex
chemical and structural selectivity
a range of distinct methods to complement lab methods spectroscopy imaging
spectral A patial
+ some spatial + some spectral
. . . . . information R/ information
2. spectral imaging provide unprecedented information - P _
to explore multiscale samples spectral imaging
to validate results spatial + spectra
information

3. beyond the synchrotron experiment

sample preparation x XX
data analysis ¥
X

X

4. heritage science is a field in itself
inspiration of new methods
specific constraints, e.g. radiation damage, heterogeneity

L AFG-ENVIRONMENTS RESEARCH PLATFORM
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Collaborative
interdisciplinary
consortia

: “Boundary objects”,
" Star & Griesemer, 1989

5 2-3 years X
Medium-term

projects

EXP1 EXP2 EXP3  EXP4

integrated and coordinated use of resources
“time for interdisciplinarity”
Support Methodological

Lt and services research

XIV School on Synchrotron Radiation
Loic Bertrand

» L. Bertrand et al. J. Cult. Heritage, 2013. e | PLATRORM
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"Raw” material heterogenous

material

L

>

g $

L long-term
behaviour

O \ 4 o

= . | complex material

28 “Ancient” material .

= at multiscale

\4

Ca

Energy (keV)

Observables

XIV School on Synchrotron Radiation
Loic Bertrand

» L. Bertrand et al. J. Cult. Heritage, 2013. e | PLATRORM
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Cross-sectional view
of the surface layering
of an historical lute,
16th c. (B. Soulier)
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synchrotron techniques are well adapted
to ancient materials studies
sensitivity from traces to majors
imaging from sub-um scale to cm’s

excitation and emission tunability JWWM

kinetic experiments. ..

composition
few — 10s of features

high specificity
&
low a priori

versatility

Improving the “length scale dynamics”

» Continuous Scan
Step Full field Scan

Reducing dead times
l.e. unused exposure

Step Scan

XIV School on Synchrotron Radiation » L. Bertrand et al. Phys. Rep., 2012.

abundance
ppb - %

L

high detection limit
&
NoO saturation

|
high dynamic range

morphology
nmM —cm

high spatial resolution
&
large field of view

wide spatial dynamics

Loic Bertrand » | Bertrand et al. Top. Curr. Chem., 2016.
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