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lute, detail, Laux Maler 
(1485–1552), Bologna, 
16th c., Musée de la 

musique, Paris, inv. num. 
E.2005.3.1 (J-M. Anglès)

amulet, Mehrgarh, 
Baluchistan, Pakistan, 

period III, 4500–3600 BCE, 
inv. no. MR.85.03.00.01 

(D. Bagault)

fossil fish, Late 
Cretaceous, -95 Myr, 
Djebel Oum Tkout 

Morocco (P. Gueriau et al.)

3 typical examples illustrating the problematics at stake and the diversity of the 
approaches developed
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Musical instrument finishes
J.-P. Échard et al.

lute, Laux Maler (1485–1552), Bologna, 
16th c., Musée de la musique, Paris, 
inv. num. E.2005.3.1 (J.-M. Anglès)
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Violins from Antonio 
Stradivari, Musée de la 
musique, Paris (Cité de 
la musique, A. Giordan)

light microscopy, Zeiss 
Axio Scope.A1, filter Fs05, 

395–440 nm exc. 2-µm 
ultramicrotomed cross-
section (Leica EM UC6, 

J.-P. Échard)

lower 
stratum

surface 
stratum

wood 
cell

Antonio Stradivari, 
Provigny violin, 1716, 
inv. num. E.1730, 
Musée de la musique, 
Paris (Cité de la 
musique, A. Giordan)

material evidenceoral tradition historical sources
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siccative oil
siccative oil + pine resinsiccative oil + pine resin

wood

D 3461

www.angewandte.org

2010–49/1

  

Frustrated Lewis Pairs
 D. W. Stephan and G. Erker
Olefi n Metathesis  
 A. H. Hoveyda et al.
Highlights: Liquid Crystals · Click Chemistry 
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 J.-P. Echard et al. Angew Chem., 2010.
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 L Bertrand et al. ABC, 2011.

cello, Jacques Boquay,  
bef. 1715, Paris, priv. coll. 
(B. Soulier) 
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in the infrared, the specificity of the 
synchrotron source is not its high flux

P. Dumas

P. 
D

um
as

10-3 10-2 10-1 1
Energy (eV)

E. Levenson et al. J. Synchrotron Rad., 2008.

…but its brightness!
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one of the earliest surviving  
Italian lutes

 M. Thoury et al. Anal. Chem., 2011.

epiluminescence 
365 nm exc. (Hg)

lute, Laux Maler (1485–1552), Bologna, 
16th c., Musée de la musique, Paris, 
inv. num. E.2005.3.1 (J.-M. Anglès)
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lute, Laux Maler (1485–1552), Bologna, 
16th c., Musée de la musique, Paris, 
inv. num. E.2005.3.1 (J.-M. Anglès)

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

313 nm proj. pixel size

 J.-P. Échard, in press
light microscopy and Py-GC/MS:
surface stratum: drying oil + diterpenic Pinaceae resin
underlying stratum: drying oil
ash wood (Fraxinus sp.)

 J.-P. Échard, in press

!"#$% &"#$%

 J.-P. Échard et al., Analyst, 2015.



IPANEMA ANCIENT MATERIALS 
RESEARCH PLATFORM

ARCHAEOLOGY
CONSERVATION SCIENCES

PALAEONTOLOGY 
PALAEOENVIRONMENTS 

X I V  S c h o o l  o n  S y n c h r o t r o n  R a d i a t i o n
L o ï c  B e r t r a n d  2 8  S e p t  2 0 1 7 IPANEPANEP MA ANCIENT MATATA ERIALS

RESEARCH PLATATA FORM
ARCHAEOLOGY

CONSERVAVAV TATA ION SCIENCES
PALAEONTOLOGY

PALAEOENVIRONMENTS

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

amulet, inv. no. MR.85.03.00.01, 
Mehrgarh, Baluchistan, Pakistan, 

period III, 4500–3600 BCE 
(C2RMF, D. Bagault)
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Figurine,  
c. 3000 BCE  
(Musée Guimet)

Journal of Archaeological Science (2002) 29, 1393–1401
doi:10.1006/jasc.2001.0779, available online at http://www.idealibrary.com on

First Evidence of Cotton at Neolithic Mehrgarh, Pakistan:
Analysis of Mineralized Fibres from a Copper Bead

Christophe Moulherat

Centre de Recherche et de Restauration des Musées de France (CNRS-UMR 171), Paris, France

Margareta Tengberg

Maison de l’Archéologie et de l’Ethnologie (CNRS-UMR 7041), Nanterre, France

Jérôme-F. Haquet

Centre de Recherches Archéologiques Indus-Balochistan (CNRS-UMR 9993), Paris, France

Benoı̂t Mille

Centre de Recherche et de Restauration des Musées de France (CNRS-UMR 171), Paris, France

(Received 25 March 2001, revised manuscript accepted 20 November 2001)

The metallurgical analysis of a copper bead from a Neolithic burial (6th millennium BC) at Mehrgarh, Pakistan, allowed
the recovery of several threads, preserved by mineralization. They were characterized according to new procedure,
combining the use of a reflected-light microscope and a scanning electron microscope, and identified as cotton
(Gossypium sp.). The Mehrgarh fibres constitute the earliest known example of cotton in the Old World and put the date
of the first use of this textile plant back by more than a millennium. Even though it is not possible to ascertain that the
fibres came from an already domesticated species, the evidence suggests an early origin, possibly in the Kachi Plain, of
one of the Old World cottons.

Résumé: L’analyse métallurgique d’une perle en cuivre, provenant d’une tombe néolithique (VIe millénaire av. notre
ère) de Mehrgarh, Pakistan, a permis la découverte de plusieurs fibres textiles, conservées par minéralisation. Elles ont
été caractérisées par une nouvelle méthode, combinant l’utilisation d’un microscope à lumière réfléchie à celle d’un
microscope électronique à balayage, et ont été identifiées comme étant du coton (Gossypium sp.). Les fibres de
Mehrgarh constituent la plus ancienne attestation du coton dans l’Ancien monde et son utilisation a pu être reculée de
plus d’un millénaire. Bien qu’il ne soit pas possible d’attribuer avec certitude les fibres à une espèce déjà domestiquée,
ces nouvelles données suggèrent une origine ancienne, éventuellement dans la Plaine de Kachi, d’une des espèces
cotonnières de l’Ancien monde. ! 2002 Published by Elsevier Science Ltd.

Keywords: COTTON, FIBRE PLANTS, COPPER BEAD, NEOLITHIC, BALOCHISTAN.

Introduction

T he fibres discussed in this article were dis-
covered during the metallurgical analysis of a
set of eight copper beads found in a Neolithic

burial at Mehrgarh in central Balochistan. Situated at
the foot of the Bolan Pass, in the northern part of the
Kachi Plain, Mehrgarh occupied a strategic position
in the zone of transition between the mountainous
regions of the Iranian Plateau and the alluvial Indus
Basin (Figure 1). The excavation of several sites in this

area (Mehrgarh, Nausharo, Pirak), carried out by the
French Archaeological Mission under the direction
of Jean-François Jarrige, has revealed a continuous
occupation during almost 6000 years, from the 7th
millennium BC until the 1st millennium BC (Jarrige,
1995, 1996: 829). Owing to the presence of water and
arable soils, the Kachi Plain formed a particularly
favourable environment for human settlement and the
analysis of faunal and floral remains has shown that
agriculture, together with pastoralism, constituted the
base of subsistence already in the earlier periods

1393
0305–4403/02/$-see front matter ! 2002 Published by Elsevier Science Ltd.

© 2006 Nature Publishing Group 
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Early Neolithic tradition of dentistry
Flint tips were surprisingly effective for drilling tooth enamel in a prehistoric population.

Prehistoric evidence for the drilling of human
teeth in vivo has so far been limited to isolated
cases from less than six millennia ago1–3.Here
we describe eleven drilled molar crowns from
nine adults discovered in a Neolithic grave-
yard in Pakistan that dates from 7,500–9,000
years ago. These findings provide evidence for
a long tradition of a type of proto-dentistry in
an early farming culture.

The site of Mehrgarh in Baluchistan lies
along the principal route connecting Afghan-
istan to the Indus valley. After intermittent
occupations by hunter–gatherers, Mehrgarh’s
subsistence economy shifted to the cultivation
of barley and wheat, cotton domestication and
cattle breeding4. Diachronic archaeological
evidence records an increasingly rich cultural
life, with technological sophistication based on
diverse raw materials. Excavation of the
Neolithic cemetery known as MR3 yielded
more than 300 graves created over a 1,500-year
time span4.

We identified four females, two males and
three individuals of unknown gender that
between them had a total of eleven drilled per-
manent crowns (for details, see supplementary
information). Drilled teeth were evident in
both jaws (four in the maxilla; seven in the
mandible) and exclusively in the first (four
specimens) or second (seven specimens) per-
manent molars. Except for one located on the
distal–buccal cervix of a lower first molar, the
holes were bored into enamel or secondary
dentine on the occlusal surfaces. The holes are
1.3–3.2 mm in diameter and angled slightly to
the occlusal plane, with a depth of between 0.5
and 3.5 mm. 

Light microscopy, scanning electron micro-
scopy and microtomography revealed cavity
shapes that were conical, cylindrical or trapez-
oidal (Fig. 1; and see supplementary informa-
tion). They also showed concentric ridges
preserved on some walls that had been left by
the drilling tool. The teeth of at least one indi-
vidual reveal that the procedure involved not
just removal of the tooth structure by the drill,
but also subsequent micro-tool carving of the
cavity wall by either the operator or the
patient. In all cases, marginal smoothing con-
firms that drilling was performed on a living
person who continued to chew on the tooth
surfaces after they had been drilled.

Complete dentition for the 11 specimens is
not preserved, so the incidence per jaw cannot
be determined. However, one individual had

three drilled teeth and another had a tooth that
had been drilled twice. Four teeth show signs of
decay associated with the hole, indicating that
the intervention in some cases could have been
therapeutic or palliative. But as caries can exist
in individuals in the absence of drilling, and
drilling may be done in individuals without
caries, the motive for the early Neolithic dental
procedure described here is unclear. Aesthetic
functions5 can be ruled out because of the deep
placement in the jaw. The perforations exposed
sensitive tooth structure, so some type of filling
may have been placed in the cavity; however, no
evidence survives to confirm this.

Whatever the purpose, tooth drilling on
individuals buried at MR3 continued for about
1,500 years, indicating that dental manipula-
tion was a persistent custom. After 6,500 yr BP,
the practice must have ceased, as there is no
evidence of tooth drilling from the subsequent
MR2 Chalcolithic cemetery, despite the con-
tinuation of poor dental health6.

At Neolithic Mehrgarh, flint drill heads
occur in the lithic assemblages associated with
beads of bone, steatite, shell, calcite, turquoise,
lapis lazuli and carnelian7. Using models of
these drill tips, we reconstructed a method for
drilling based on the ethnographic literature8

and found that a bow-drill tipped with a flint
head required less than one minute to produce
similar holes in human enamel. Presumably,
the know-how originally developed by skilled
artisans for bead production was successfully
transferred to drilling of teeth in a form of
proto-dentistry.
A. Coppa*, L. Bondioli†, A. Cucina‡,
D. W. Frayer§, C. Jarrige||, J.-F. Jarrige||,
G. Quivron||, M. Rossi¶, M. Vidale#,
R. Macchiarelli✩
*Dipartimento BAU, Università ‘La Sapienza’,
00185 Rome, Italy
†Sezione di Antropologia, Museo Nazionale
Preistorico Etnografico ‘L. Pigorini’, 00144 Rome,
Italy
‡Facultad de Ciencias Antropologicas,
Universidad Autonoma de Yucatan, 455 LL 
41–43 Centro Merida, Yucatan, Mexico
§Department of Anthropology, University of
Kansas, Lawrence 66045-2110, USA
||Musée National des Arts Asiatiques Guimet,
75116 Paris, France
¶Dipartimento di Fisica, Universitá di Bologna,
40127 Bologna, Italy
#Istituto Centrale per il Restauro, 00184 Rome,
Italy

BRIEF COMMUNICATIONS

Figure 1 | Maxillary left second molar from an
adult male (MR3 90) from Neolithic Mehrgarh.
There are two in vivo perforations on the occlusal
surface made by a drilling tool that was probably
equipped with the same flint head. a, The larger,
mesio–lingual perforation has a maximum
diameter of 1.6 mm; the second, at the centre of
the crown, has a maximum diameter of 1.3 mm.
b, Scanning electron micrograph of their negative
replicas, showing that both perforations are
slightly inclined mesio–distally and have a
similar general shape. The larger perforation 
is also deeper (1.5 compared with 0.7 mm). 
c, A microtomographic three-dimensional
reconstruction of the tooth, with positive virtual
casts (top) of the two perforations (for methods,
see supplementary information). The minimum
volume of removed enamel and dentine in the
mesio–lingual perforation (red) is 1.8 mm3 ; the
minimum volume of removed enamel for the
smaller perforation (violet) is 0.3 mm3. 
Scale bars: a, 2.2 mm; b, 1 mm; c, 2 mm.
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c. 3600–3500 BCE
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A B

C D

Drawings by R. Chabrier 

Oldest known  « lost wax cast » 
artefact 

(4500– 3600 BC) 

Morphology of the artefact indicates casting process 

1 cm 

sector 10, MR2, 
Mehrgarh, 

Baluchistan, Pakistan, 
period III,  

4500–3600 BCE

amulet, inv. no. MR.85.03.00.01, 
Mehrgarh, Baluchistan, Pakistan, 
period III, 4500–3600 BCE 
(C2RMF, D. Bagault)

5 mm

5 mm
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Early emergence of lost-wax casting
3 independent inventions in Eurasia?

Hoard, Nahal Mishmar, Israel 
4200 or 3800 BCE

(Bar-Adon 1980, Klimscha 2013)

Artefacts, Varna Cemetery I, Bulgaria 
4550-4450 BCE

(Leusch, Armbruster, Pernicka & Slavcev 2015)

Artefacts, Mehrgarh MR2, Pakistan 
4500–3600 BCE

(Thoury, Mille et al., 2016)
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500 µm

dendrites
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SoilJ

very pure Cu2O

bulk:
[Ag] < 0.2%wt
[Au] = ~300 ppm
[Pb] ~ ppm
As, Se: traces
no signif. As, Sn, Pb

dendrites:
Cl

5 10 15

Cl
Ag

Ar Ca

Cu esc

Cu Kα

Cu Kβ

sum Cu

Pb Lα Pb Lβ Sr Kα
Pb Lγ

Se Kα

Co
un

ts

10-3

10-1

103

1

Energy (keV)

RB: Cu, Pb

Inverse pole figure, EBSD, pixel step: 744 nm
local misorientation < 3.5°

a

b
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X axis Z axis

A B

C

0.5 1 1.5 2 2.5 3 3.5 4

50 µm

Raman spectroscopy
RGB: 632, 416, 218 cm-1

Synchrotron XRF mapping
DiffAbs, SOLEIL synchrotron
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exc.: 420–480 nm
em.: 850–1020 nm (NIR)
40× objective, NA=0.6

… a copper 
alloy…

… without 
alloying 
element?

dendrites

large  
interdendritic 
spaces

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



Slits

Slits

Excitation 
monochromator

Synchrotron source 
l=180–1000 nm

or classical (Xenon) 
source

Detector

Filter wheel

Sample

Dichroic mirror

Quartz coverslip

Quartz immersion objective

Glycerin

incoming UV/
visible photons 

absorption

luminescence, 
phosphorescence

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

… without 
alloying 
element?

dendrites

large  
interdendritic 
spaces

500 µm

exc.: 420–480 nm
em.: 850–1020 nm (NIR)
40× objective, NA=0.6
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former eutectic microstructure 
invisible through any other means

50 µm

Perrut et al., Acta Materialia, 2013

exc.: 420–480 nm
em.: 850–1020 nm (NIR)
40× objective, NA=0.6
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50 µm

Perrut et al., Acta Materialia, 2013

former eutectic microstructure 
invisible through any other means

exc.: 420–480 nm
em.: 850–1020 nm (NIR)
40× objective, NA=0.6
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Chalcolithic workers melted very pure copper
From A(eu-Cu20)/A(eu-Cu): O content 0.3%wt
No significant As, Sb, Sn, Pb
High melting temperature: > 1085°C

Native ore?
Trace elements: Ag >> Au >> Pb >> As, Se, Hg

ClayA

1.7%
0.03%

0.50 1.0 1.5 2.0

Te
m

pe
ra

tu
re

 (°
C)

1085°C

1066°C

Liquid

(Cu) + Cu2O

Cu2O + liquid(Cu) + liquid

Oxygen concentration (atomic %)
33.33

(Cu)

1100

1050

1075

Alloy composition

Cu2O

aT1

O: 0.3%wt

 M. Thoury et al. Nat. Comm., 2016.
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1.7%
0.03%

0.50 1.0 1.5 2.0

Te
m

pe
ra

tu
re

 (°
C)

1085°C

1066°C

Liquid

(Cu) + Cu2O

Cu2O + liquid(Cu) + liquid

Oxygen concentration (atomic %)
33.33

(Cu)

1100

1050

1075

Alloy composition

Cu2O

aT1

ClayBClayA

Solidification started at 1072°C

Bad castability
A very atypical ore… Specific status? 
A glimpse in the innovation process?

Towards Cu–Pb (10–30%wt) then Cu–Sn alloys

~1072°C

 M. Thoury et al. Nat. Comm., 2016.
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Cu (O<0.03%at) 

Cu2O
Cu2O (CuCl)
Cu2Cl(OH)3

Cu (O=0.03%at) 

Soil: O2, H2O, Cl-...

Mould (clay)
Air

Liquid Cu (O=1.1%at)

1.7%
0.03%

0.50 1.0 1.5 2.0

Te
m

pe
ra

tu
re

 (°
C)

1085°C

1066°C

Liquid

(Cu) + Cu2O

Cu2O + liquid(Cu) + liquid

Oxygen concentration (atomic %)
33.33

(Cu)

1100

1050

1075

Alloy composition

Cu2O

aT1

ClayDClayBClayA

Hypo-eutectic microstructure
Complete solidification at 1066°C

Cu2O in a Cu (O=0.03%wt) matrix

The melt cools down and the mould is broken 
to release the artefact

~1072°C ~1066°C

 M. Thoury et al. Nat. Comm., 2016
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eutectic Cu

eutectic Cu2-xO

eutectic Cu2-xO

corrosion Cu2O

5 µm

tim
e

1.7%
0.03%

0.50 1.0 1.5 2.0

Te
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re

 (°
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1085°C

1066°C

Liquid

(Cu) + Cu2O

Cu2O + liquid(Cu) + liquid

Oxygen concentration (atomic %)
33.33

(Cu)

1100

1050

1075

Alloy composition

Cu2O

aT1

Slow corrosion to cuprite Cu2O
Relatively dry sandy clayey soil
1 µm / year?
6 millennia later: a single mineral 
phase
Full preservation of the ghost 
morphology of the eutectic

 M. Thoury et al. Nat. Comm., 2016.
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A “new” source of contrast
eutectic  

Cu2-xO
corrosion 

Cu2O

5 µm

Inverse pole figure, EBSD, pixel step: 744 nm
local misorientation < 3.5°

a

b

!!!

!"!""!

X axis Z axis

A B

C

0.5 1 1.5 2 2.5 3 3.5 4

50 µm

RB: Cu, Pb

no elemental contrast no molecular contrast no texture contrast!

emission 
VO

H. Solache-Carranco, 2009

 M. Thoury et al. Nat. Comm., 2016
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emission 
VCu

emission 
VO

H. Solache-Carranco, 2009

Inverse pole figure, EBSD, pixel step: 744 nm
local misorientation < 3.5°

!!!

!"!""!

Z axis

50 µm

RB: Cu, Pb

no elemental contrast no molecular contrast no texture contrast!

A “new” source of contrast
eutectic  

Cu2-xO
corrosion 

Cu2O

5 µm

the morphology is only visible though a 
contrast in atomic defect density (Cu 
stoichiometry) in the Cu2-xO cubic lattice!

 M. Thoury et al. Nat. Comm., 2016.
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 M. Thoury et al. Anal. Chem, 2011.
 L. Bertrand et al. Analyst, 2013.

lexc = 275 nm
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optical fibre 
6 mm2

40× obj. 
(20 µm)2

40× obj. 
pps: 320 nm

4%!$5

historical zinc whites (ZnO) artists’ pigments
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Calibrating the detection  
optical chain

Spatial exploration

Spectral filtering

Imaging

Optimising the spatial dynamics: 
3–4 orders of magnitude

Optimising the spectral dynamics:  
12 bands from 260 to 1020 nm

Optimising the signal dynamics: 
3 orders of magnitude

 T. Séverin-Fabiani’s Ph.D., 2012–2016

the clue to the question is 
as much in the chemical 

composition as in the 
multiscale microstructure

high spatial dynamics 
in spectral imaging
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 P. Gueriau and L. Bertrand. Microsc. Today, 2015.

Description and environment of Cretaceous fossils
P. Gueriau, S. Cohen, C. Mocuta, L. Bertrand
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Paul Tafforeau, ESRF
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Author - Title (Footer) 92

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 Carlson, 
Nestor Abdala, Adam Yates, Bruce 
Rubidge and Paul Tafforeau

Paul Tafforeau, ESRF
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Author - Title (Footer) 93

Paul Tafforeau, ESRF
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Author - Title (Footer) 94

Thrinaxodon : Mammalian reptile, 
close to the origin of mammals

Paul Tafforeau, ESRF
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Author - Title (Footer) 96

Broomistega : Temnospondyl amphibian, aquatic 
predator, the best skeleton ever discovered

Paul Tafforeau, ESRF
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Author - Title (Footer) 95

Paul Tafforeau, ESRF
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Silicon-drift  
X-ray detector

Synchrotron  
sourceKirckpatrick-Baez 

focusing mirrors

Thin 
diode

Specimen

Micrometric  
translation & 
rotation stage
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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, La, Ce, 
Nd, Sm, Gd, Dy, Yb

Fish, Late Cretaceous, 
-95 Myr, Djebel Oum 
Tkout Morocco
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Nd Y

Fe

5 mm

XRF @ SOLEIL Diffabs
17.2 keV, beam 10×7 µm2 (H×V, FWHM), 100 µm-step; 
4-element Vortex ME4 SDD; step-by-step 500ms/pt

P. Gueriau et al. Elements, 2016.
P. Gueriau et al. Plos One, 2014.

Fish, Late Cretaceous, 
-95 Myr, Djebel Oum 
Tkout Morocco
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phosphatisation of a gut from bacterial activity in presence of  
PO4

3- anions released by carcasses  anoxic environment
yet…
Fe(III) compounds forms, typically ferrihydrite Fe2O3•0.5H2O 

 oxic environment

local change of environment from anoxic to oxic due  
to microbial mats formed at early fossilisation stages?
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 P. Gueriau et al. in preparation.

XRF @ SOLEIL Diffabs
17.2 keV, beam 11×7 µm2 (H×V, 
FWHM), 100 µm (B) and 30 µm-
step (D); single element Vortex 
SDD, step-by-step 500ms/pt

Freshwater acanthomorph, 
Late Cretaceous -95 Ma,  Djebel 
Oum Tkout, Morocco
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Phillip L. Manning
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Phillip L. Manning
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Copper, Calcium, Zinc

Phillip L. Manning
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Cu Ni Org S Sulfate

Manning, et al., 2013, 
JAAS
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XANES can non-destructively characterize elements associated with melanin pigment in situ within extant feathers

(a) Optical, (b) total sulfur (3150 eV), (c) 2476 eV, (d) 2473.5 eV, (e) 2472.3 eV. 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 c and d compared to e. Pixel size = 50 microns. Map acquisition time = ~20 mins. Scale bar = 1 cm.

Edwards, et al., 2016, Nature Scientific Reports
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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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Conclusion	and	Outlook			- a	deviceExample2:	Diffusion	coefficient	D/kGa and	D/kAl – GaAlAs	layerData acquisition schemes: step-by-step vs. continuous

step-by-step continuous	(on	the	fly)
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

(1)	motor	acceleration	phase
(2)	motor	steady	speed
(3)	motor	decceleration phase
(4)	data	(detectors)	acq.:	

- send	trig.	signal
- acq.	+	wait	det.	ready	
- save	data,	…

Typical	'deadtimes'	~	0.5-0.7	''
(e.g.	DiffAbs beamline @	SynchrotronSOLEIL)

(1)	motor	acceleration	phase
(2)	motor	steady	speed
(3)	motor	decceleration phase
continuous	data	acq.

Data	is	buffered	and	saved	/	merged	with	
motor	position	asynchroneously

(1)
(2)

(3) (4)

(1)

(3)

(2)

C. Mocuta
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C. Mocuta

Conclusion	and	Outlook			- a	deviceExample2:	Diffusion	coefficient	D/kGa and	D/kAl – GaAlAs	layerFast data acquisition scheme: the FlyScan platform at Synchrotron SOLEIL

Performance	comparison	
between	several	scanning	
techniques:	step-by-step,	
continuous	(software),	and	
Flyscan.	

The	latest	improvements	yield	
to	a	~	15%	supplementary	gain	
in	terms	of	acquisition	speed.

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

Issues	to	address:
- data	storage	/	mining	/	accessing
- data	treatment
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slightly oxidizing local conditions during rare earths’ deposition
all REE are trivalent and share mostly similar physicochemical 
behaviour except Ce (III and IV) and Eu (II and III)
rare earth concentration profiles at macroscale and microscale

La Ce Pr Nd Pm Sm Eu Gd Dy Er YbTb Ho Tm Lu

1

10

100

1000

Sa
m

pl
e/

PA
AS

sediment (LA-ICP-MS)

fossils (LA-ICP-MS)

fossils (SR-µXRF)
small ‘Ce 
anomaly’ 

no Eu 
anomaly

palaeo-environmental conditions
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Fermi’s golden rule:
µ(E) ~ ∑!"#$%&'〈Ψ"#$%'&ε ⋅ !&'Ψ()*〉 | + ⋅ δ(hν – (E()*– E"#$%,,

XAS: local speciation
Ce(III) + some Ce(IV)
in fossils, at a few µm lateral resolution

comparison to REE profiles
results are in phase (steady state?)
Ce4+ ubiquitously adsorbed
+ as a few CeO2 grains
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Fossil tissues

Ce(III)
Ce(IV)

Standard fluoroapatite

Standard Ce(IV)O2

Decapod crustacean “crab” 
Late Cretaceous, -95 Myr, 
Djebel Oum Tkout Morocco
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 P. Gueriau et al. Anal. Chem. 2015.
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K-edge substraction

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

radiographie (50 keV)

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

EEK, Ba

E1 E2

(E2) (E1)

– =
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Roman Sigillata black gloss ceramic sherd

F. Meirer et al. J. Anal. At. Spectrom., 2013.

full-field XAS = TXM: speciation at each pixel!
transmission only: thin section

faisceau X incident

scan in !"

Fe K-edge jump 
intensity

Fe K-edge 
energy
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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
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carbon speciation in ancient organic systems

Roffet-Salque et al. Nature, 2015
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GC/MS…

Mazel et al. Anal. Chim. Acta, 2015

TOF-SIMS

Echard et al. Angew. Chem. Int. 
Ed., 2010

FT-IR spectroscopy

A. Coccato et al. J. Raman 
Spectrosc., 2015

Raman spectroscopy

these methods are invasive or surface-sensitive 
(few µm’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…
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Pyrolysis Gas Chromatography Mass Spectrometry (PyGCMS) of Hell Creek fossil Pyrolysis Gas Chromatography Mass Spectrometry (PyGCMS) of Hell Creek fossil dinosaur dinosaur skin skin and surrounding matrix

Manning et al., 2009, Proc. Roy. Soc. B.
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PolySTXMintro-all.doc (12-Apr-00) 3 

These features, which can be as much as 10 times stronger than the absorption edge jump, 

correspond to electronic excited states in which an inner-shell electron has been excited to unfilled 

molecular orbitals or conduction bands. As the x-ray energy is increased throughout an absorption 

edge, first there is structure associated with excitation to the lowest unoccupied molecular orbital, 

which is a π* orbital  for unsaturated molecules (double or triple bonds), followed by structures 

associated with higher energy unoccupied molecular orbitals, typically of σ* character associated 
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Fig. 3 C 1s NEXAFS spectra of some common polymers. Abbreviation as follows: PC, polycarbonate; PET, 
poly(ethylene terephthalate); PPTA, poly(p-phenylene terephthalamide); PAR, polyacrylate; PS, polystyrene; SAN, 
styrene-acrylonitrile; Nylon-6, poly(ε-caprolactam); PP, polypropylene; PE, polyethylene. (Figure adopted from 
[Ade 97]) 
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speciation at the carbon 
K-edge (~280 eV):

“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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Raman map: graphitic 
carbon, calcite, and 
ankerite

sporopollenin: long chain fatty acids, phenylpropanoids, phenolics and traces of 
carotenoids.
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S. Bernard & D. Papineau, 2014

fossilized megaspore in Triassic 
metamorphic rocks from the 
Vanoise in the French Alps
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Maser, 2000 !"" #"" $"" !""" #""" $""" !""""
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100 nm 
@ 300 eV

0.5 mm 
@ 6 keV

preparation using FIB, in 
vacuum, micromanipulation…
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adapted from U. Bergmann and O. C. Mullins,  
in Asphaltenes, Heavy Oils, and Petroleomics, 2007
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X-ray Raman spectroscopy
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adapted from U. Bergmann and O. C. Mullins,  
in Asphaltenes, Heavy Oils, and Petroleomics, 2007
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a final state 
spectroscopy

-./&!"
Incident 
photon

configuration  
in ground state
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+θ

#

-./&!"

-0/&!$
Scattered 
photon

∆E

a final state 
spectroscopy

configuration  
in excited state
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Mizuno, 1967; Tohji, 1989; Bergmann, 2002

a final state 
spectroscopy

configuration  
in excited state
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45°
6220–6270 eV

Slits

Beam 
30×80 µm2

Si(111)
Monochromator

Sample

Synchrotron

experiments performed at:
– GALAXIES, SOLEIL, Saint-Aubin, FR
– ID20, ESRF, Grenoble, FR
– 6.2, SSRL, Stanford CA, USA
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45°
6220–6270 eV

Synchrotron45°

2θ

experiments performed at:
– GALAXIES, SOLEIL, Saint-Aubin, FR
– ID20, ESRF, Grenoble, FR
– 6.2, SSRL, Stanford CA, USA
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45°
6220–6270 eV

Synchrotron45°

2θ

Detector
4 – Si(333) analyzers
Rowland circle R=1m
Bragg angle: 85.6° 
5948.85 eV

experiments performed at:
– GALAXIES, SOLEIL, Saint-Aubin, FR
– ID20, ESRF, Grenoble, FR
– 6.2, SSRL, Stanford CA, USA
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45°
6220–6270 eV

Synchrotron45°

2θ

Detector
4 – Si(333) analyzers
Rowland circle R=1m
Bragg angle: 85.6° 
5948.85 eV
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56-Myr old fossil 
leech cocoon 
Rivecourt (France)

“unprepared” fossil specimen
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?711:9.@7@77)56-Myr old fossil 
leech cocoon 
Rivecourt (France)

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

– weak shoulder at ~287 eV
– low-intensity broad and complex feature at ~288.7 eV: 1s–π* 

in amide (288.3 eV) and carboxyl groups (288.7)
No significant signal at 290.3 and 300 eV: no carbonate 
minerals (XRD)

“unprepared” fossil specimen
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“unprepared” fossil specimen

!"#!$# %##!&# %'# %!#

()*+,-./+0)12*+.3*45

6
7+
8
09
:;
*<

.:)
/*
)1

:/-
.30

=.>
=5

!"#$% !""$# !&!$#

?711:9.@7@77)
3ABCD5

?711:9.@7@77)

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

– weak shoulder at ~287 eV
– low-intensity broad and complex feature at ~288.7 eV: 1s–π* 

in amide (288.3 eV) and carboxyl groups (288.7)
No significant signal at 290.3 and 300 eV: no carbonate 
minerals (XRD)

56-Myr old fossil 
leech cocoon 
Rivecourt (France)

CLS SM 
beamline 
10ID-148
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“unprepared” fossil specimen

Fragment from the 
dry skin of a 49,000 yr-
old fossil mammoth, 
Lyakhov island (Siberia)

– low-intensity sharper peak at ~285.4 eV: low aromaticity
– intense broad feature at ~288.7 eV: amide and carboxyls
No significant signal at 290.3 and 300 eV: no carbonate 
minerals (XRD)
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“unprepared” fossil specimen

Fragment from the 
dry skin of a 49,000 yr-
old fossil mammoth, 
Lyakhov island (Siberia)

very good chemical 
preservation of the organic 
compounds composing the 
ancient mammoth dry skin
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STXM spectrum of 
modern rat-tail tendon 
(Lam, ACS Chem. Bio., 
2012)
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spectral decomposition of the XRS-based XANES data
– 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

residual feature confirmed at 287.2 eV
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shoulder at ~287 eV 
– adding peak to the model
– 287.2 eV
– barely structured residue

1s–σ* transitions from bonds formed between carbon and 
heteroatoms, e.g. sulphur (1s–σ* C–S)
– weak in the mammoth sample
– intense in the cocoon sample

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

XRS spectrum
model
C=C

C–S

COO/COOH
C–OH
C–C
feat1
feat2
arctangent
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coherent 
scattering

incoherent 
scattering

photoelectric  
effect

surface dose rate %"#"&"h ν"μ$%'(ρ&

Experiment STXM XRS

Compound
Surface dose rate

(MGy/s)
Integrated surface 

dose (MGy)
Surface dose rate

(MGy/s)
Integrated surface 

dose (MGy)

Chitin 91 ± 18 64 ± 13 7.3 ± 1.5 7.2×102 ± 1.4×102

Calcite 39 ± 8 28 ± 6 71 ± 14 7.0×103 ± 1.4×103

photon flux
incident photon energy
attenuation coefficient
beam footprint area
material density
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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

2. spectral imaging provide unprecedented information
to explore multiscale samples
to validate results

3. beyond the synchrotron experiment
sample preparation
data analysis

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

spectral imaging
spatial + spectral 

information

imaging
spatial 
+ some spectral 
information

spectroscopy
spectral 
+ some spatial 
information
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Collaborative
interdisciplinary
consortia

Support  
and services

Methodological 
research

integrated and coordinated use of resources
“time for interdisciplinarity”

SEL EXP1 EXP2 EXP3 EXP4

2–3 years

Medium-term 
projects

 L. Bertrand et al. J. Cult. Heritage, 2013.

“Boundary objects”,  
Star & Griesemer, 1989
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long-term 
behaviour

heterogenous 
material

Energy (keV)

Co
un

ts

10

1

102

103

complex material 
at multiscale

Observables

analysis

 L. Bertrand et al. J. Cult. Heritage, 2013.

“Raw” material

“Ancient” material

PAST
PRESEN

T
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Cross-sectional view 
of the surface layering 
of an historical lute, 
16th c. (B. Soulier)
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Painted surface 
at a rock art site, 
Cederbeg, Republic 
of South Africa 
(L. Bertrand)
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Improving the “length scale dynamics”

synchrotron techniques are well adapted 
to ancient materials studies
sensitivity from traces to majors
imaging from sub-µm scale to cm’s
excitation and emission tunability
kinetic experiments…

high specificity
&

low a priori
|

versatility

high detection limit
&

no saturation
|

high dynamic range

high spatial resolution
&

large field of view
|

wide spatial dynamics

composition
few – 10s of features

abundance
ppb – %

morphology
nm – cm

 L. Bertrand et al. Phys. Rep., 2012.
 L. Bertrand et al. Top. Curr. Chem., 2016.

Step Scan Continuous Scan
Step Full field Scan
Reducing dead times 
i.e. unused exposure


