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a  b  s  t  r  a  c  t

The  synchrotron  characterisation  of  archaeological  and  heritage  materials  has  undergone  a  steep  devel-
opment  in  the  past  years, among  a range  of other  advanced  characterisation  techniques.  For  synchrotron
techniques  alone,  close  to a hundred  articles  were  published  in  2011  on  such  materials,  prompting  new
developments  at large  scale  facilities.  However,  few publications  have  discussed  the  specific  character-
istics  of heritage  materials  in their  advanced  spectroscopic  and  imaging  study.  Here,  we  suggest  that
a  greater  consideration  be put  on the  specificities  of ancient  materials  and  their  theoretical  implica-
tions  on  the  analytical  process.  In  particular,  we  discuss  the  importance  of  the  a  posteriori  framework
of  the  study  of heterogeneous  materials  considered  in  their  historicity  as  structuring  parameters  of their
race analyses

pistemology
ynchrotron characterisation

study.  Major  implications  are  the  relevance  of  trace  analyses,  those  of  majors  and  we suggest,  more
importantly,  the  dynamics  between  both  endpoints.  The  on-going  development  of  multimodal  spectral
imaging  appears  as  a  way  to better  address  corresponding  difficulties.  Epistemologically,  we suggest  that
a reflexive  approach  be  developed  to explain,  structure  and  possibly  contribute  to narrowing  down  the
field  of possible  methodological  research.
. Research aims

The characterisation of Cultural heritage materials raises many
ew and crucial questions in terms of methodology. However, few
ublications have discussed the specific characteristics of these
aterials in their advanced spectroscopic and imaging study. Here,

he results of our investigation are based on the methodologies,
articularly based on synchrotron techniques, that were devel-
ped to study heritage samples at microscale. Our research aims
re to develop a reflexive approach, which involves specifying
he language that describes the scientific operations performed
hen studying heritage artefacts using advanced spectroscopic and

maging means, and proposing an epistemological framework of
eference for such a reflexive analysis. Methodological research
n our complex systems may  therefore benefit from this new

pproach, and thus main directions taken in corresponding devel-
pments be refined and more soundly justified.
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2. Introduction

In addition to stylistics, geochronological information and his-
torical sources when available, the microanalysis of materials from
archaeological contexts and objects of cultural heritage leads to
essential information for the associated fields of research [1–4].
Several main academic divisions are encountered in the field, pri-
marily these of the Humanities where archaeological artefacts are
primarily seen through the prism of Human cultural behaviour, of
Environmental sciences and of Material sciences (Physics, Chem-
istry). In their cultural meaning, ancient materials are primarily
envisaged as source of knowledge for human/social science, related
to academic fields such as Archaeology, Art History, History of
Sciences and Techniques. Here, main issues at stake relate to the
provenance of raw materials and the distribution of artefacts and
goods, to operating sequences (past manufacturing techniques,
technical art history, use of artefacts, consumption), to popula-
tions (nutrition, pathologies, death, etc.), to the identification of
objects (attribution, chronology), to mediation (museology), etc.  In
their environmental meaning, research may  shed light on occupa-
tion sites’ palaeo-environments (past climate, landscape), on the

influence of Man  on its milieu (anthropisation, palaeo-pollutions,
combustions), on taphonomy at the site (corrosion, diagenesis), on
alteration in the museum environment and of the built heritage
(stabilisation, consolidation, restoration, preventive conservation).

dx.doi.org/10.1016/j.culher.2012.09.003
http://www.sciencedirect.com/science/journal/12962074
mailto:loic.bertrand@synchrotron-soleil.fr
mailto:mathieu.thoury@synchrotron-soleil.fr
mailto:valetien@gmail.com
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dx.doi.org/10.1016/j.culher.2012.09.003
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ig. 1. Scheme showing the flux of information inferred from presently observable
odel  materials can be comparatively studied. Analysing ancient materials (as a

nformation on ancient materials can also tentatively be used to synthesise novel a

owever, these divisions are mainly distinctions inherited from
he history of scientific disciplines, sometimes reinforced by insti-
utional configurations (such as the distinction within the French
NRS between environmental science at INEE and the Humani-
ies at INSHS). These divisions must be taken into account, but not
ssentialised as if they reflected real ontological differences: they
ould conceal the real unity of the field, resulting from the methods
sed, the nature of the investigations and of the objects under study.
aterials at stake are very diverse in terms of their composition,

heir structure, their morphology as well as their properties. Yet,
hey bear in common a number of characteristics which strongly
nfluence their analysis. A key feature is their study along scientific
rocedures optimised to acquire historical information, whether
o specify the origin of an artefact, its use, its alteration, etc.  They
re therefore part of a larger set of materials which are studied
rom the viewpoint of their historicity,  that we have proposed to
esignate as ancient materials. The term “ancient materials” will be
mployed throughout this paper and preferred in this context to
thers such as “archaeomaterials”, “(cultural) heritage materials”
r “archaeological materials”.

Ancient materials are also a source of inspiration for material
ciences (chemical and physical behaviour including during short
nd long term ageing, novel materials and processes, methodo-
ogical approaches: instrumentation, data processing). Their study

ay  allow incorporating some archaeo-/palaeo-mimetic proper-
ies into modern materials. For instance, ancient materials often
resent exceptional properties, particularly in terms of durability
resistance to weathering, to fading, etc.) and elaborated optical
ppearance (color). The reemploy of past, and sometimes “forgot-
en”, manufacturing techniques may  also lead to new routes of

hemical synthesis and to new materials (Fig. 1).

An example is the study of archaeological lead-based cosmetic
ecipes that fostered ideas on the soft chemical synthesis of galena
PbS) nanocrystals in an organic template [5,6]. This may  be seen
nt materials to gain understanding on their past and future states. To some extent,
es)  may  contribute to predicting the long-term behaviour of modern materials.
- or palaeo-mimetic materials.

as a complementary concept to the use of archaeological systems
as analogues to predict the long-term behaviour of existing mate-
rials, such as that of glass or metal vessels used in the storage of
radioactive wastes [7,8].

The study of such complex systems may  involve many instru-
mental approaches from portable instrumentation, benchtop
devices to large-scale facilities. In particular, the past ten years led
to a quasi exponential increase in the results published on ancient
materials using synchrotron techniques with more than 600 pub-
lications known to the authors in the 1986–2011 period (including
palaeontology and palaeo-environments) [9–13]. The fact that 50%
of these publications are less than 5 year old illustrates the fast rise
of the use of synchrotron techniques for the field, in phase with
the general increase of reports of the use of synchrotron. In the
near future, synchrotron techniques could be considered as a rou-
tine tool for the field complementing more accessible portable and
laboratory-based instrumentation.

The synchrotron microanalysis of ancient materials may  provide
the identification of chemical compounds, the quantification of
physico-chemical or mechanical properties, and improve the seg-
mentation, classification and comparison of the collected data
[13–17]. These novel methods of investigation lead to a range of
analytical and methodological questions. We  here propose this
intersection as a manageable framework in which first episte-
mological considerations are discussed. Our observations clearly
extend in part to adjacent fields of material research, in par-
ticular in environmental, Earth and some fields of life, forensics
and Universe sciences, and to other tools than the synchrotron. A
limited number of articles discuss epistemological implications of
the specificities of ancient materials on their analysis using syn-

chrotron spectroscopy and imaging [2,11,13–15,18,19]. It is the
matter of frequent introductory or conclusive comments in con-
ferences, seminars, academic courses and appears frequently in
the grey literature and day-to-day discussions. Main aspects are
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xposed by G. Spoto et al. who underline that “the complex nature
f the objects studied has often required the use of multi-technique
nalytical approaches and the application of the entire analytical
otential of spatially-resolved techniques”, and that “the ability
o spatially resolve analytical information has been a significant
reakthrough in the study of remnants of our past” [2].

We  suggest approaching these issues from two  perspectives. On
he one hand, they refer to a thought from history and the sociology
f science, based on the corpus of works using synchrotron methods
o study ancient materials for the past twenty years, which could
ackle the objective to show the gradual construction of scientific
ractices and analytical frameworks. We  hope in the near future
o engage in such a diachronic study. In addition, they lead to a
ynchronic reflection on the current state of synchrotron methods
pplied to ancient materials from an epistemological perspective.
he clarification of theoretical concepts to which this article is pri-
arily devoted has here a dual aim:

to specify the language employed in the analytical process with
very concrete experimental impacts. Without going so far as to
say that scientists have the epistemology and the methodology
of their research instruments, there is at least a subject for won-
dering how the use of new technologies affects the experimental
work and underlying concepts, and how these can be refined in
light of these new techniques2;
to delineate the intellectual framework of reference within
which such scientific research takes place – against a positivis-
tic approach that would only see the use of synchrotron as a way
to gain punctual information used in a second phase by histori-
cal sciences, restoration or conservation, our idea is that the link
between hard and historical sciences is much more complex and
closer.

The study of ancient materials is precisely the type of test-
ng ground where it seems possible to formulate new hypotheses
n the relationship between physical and historical sciences. We
herefore suggest here the development of a reflexive research
ealing with the way we study ancient materials based on
heir nature, their specificity and induced impacts on analytical
rotocols, as a way to help structuring the development of meth-
dological research on ancient materials.

. Characteristics of the study of ancient materials

We  will first attempt to highlight the main features of ancient
aterials in an heritage sciences perspective. We should at first

larify our meaning of the term “ancient materials”. Our idea is
ot to distinguish materials according to the period when they
ere produced, but to note that the historicity of these materi-

ls has an effect on their scientific study. We  include jointly under
heir historicity their age, that renders the knowledge of their pro-
uction conditions very uncertain, their modification by man, and
heir aging, which has altered their physical condition. As such, the
ancient materials” that allow putting more clearly in evidence the
haracteristics sought for date back to several centuries or more.
owever, there is no exclusive, ancient materials can theoretically
e any material seen from the viewpoint of its historicity,  and most

bservations made will also apply to very contemporary materi-
ls. In reality, the historical nature of the alteration of materials is
uch that there is not a frontier, but rather a continuum between

2 For an overview on the relationships between technology and methodology in
he historical sciences, see [20], in particular [21] which discusses Bruno Latour’s
osition that “we have the social theory of our technologies”.
l Heritage 14 (2013) 277–289 279

materials that have been more affected by their history and others
that have been less affected at least for now.

3.1. A posteriori examination

It may seem an obvious statement, but only can we study
directly materials that have survived their complete “disappear-
ance”, therefore giving to the examination of ancient materials
an a posteriori character. Most of the studies require reconstruc-
ting past states in the object history. As noted separately by Paul
Philippot [22] and Laurent Olivier [23] at macroscale, this does not
mean questioning a single isolated state but a continuum of piled-
up states that are constitutive of the material itself. In addition,
differences in degradation behaviours leads to taphonomic biases
that may  be particularly difficult to detect at the macroscale, and
probably similarly at the microscale.

Reproduction of model materials to test specific properties
and contribute to identify past states from artificial ageing also
faces major theoretical and practical diffculties [24]. Approaching
ancient materials with model materials would require a precise
knowledge of their physico-bio-chemical history – from process to
alteration – which is largely unknown and often the aim of the study
itself. Even if all the requested information was  known, the sensitiv-
ity of the systems under study to small fluctuations of the “initial”
conditions and the physico-chemical context still makes extremely
arduous their approximation through the reproduction of the dif-
ferent steps of their life cycle. The thermodynamics and kinetics of
their evolution are so complex that we can consider that many sys-
tems follow a deterministic chaotic behaviour. This does not mean,
far from it, that we  cannot benefit from reproduction experiments,
but rather that long-term behaviour laws will have a stochastic
nature which landscape needs to be delineated.

This impossibility to observe ancient materials for a suffcient
duration and to reproduce them ad libitum leads to the fact that
many assumptions are not testable in a timeframe compatible
with human research activities. Research strategies therefore differ
greatly from those adopted in other fields of research, partic-
ularly those where the physical properties of materials can be
optimised inline with the characterisation process. As pointed out
150 years ago by Claude Bernard as he was  defining the experi-
mental approach in Medicine, the researcher is constrained to an
observation position around which he builds his scientific method
(Fig. 1) [25]. In our systems, this observation approach is usually
the starting point of an analysis of the material as is (French: tel
quel).

3.2. Digging into ancient materials: an unrepeatable experience?

If the pathway from a past state of a material to its current
state cannot be easily reproduced, even the experiment itself may
be irreproducible. This intrinsic diffculty to repeat experiments on
ancient materials is evident when the rarity or uniqueness ham-
pers further sampling or characterisation of objects, particularly in
the case of valuable artefacts from historical collections.

In addition, any measure leads to physical perturbations of the
system under study. Photons are neutral particles and may  be less
directly damaging than electrons or ions. However, photoelectrons
generated through UV and X-ray photo-excitation can lead to bond
cleavage, radical formation, non-radiative processes (heat). Poten-
tial damages are particularly important in the soft X-ray range due
to the high photo-ionisation cross-sections at these energies. Due
to the load of energy deposited when performing synchrotron spec-

troscopy and imaging, there is a risk of degradation of the materials
under study. Application of high doses is often all the more neces-
sary that the sensitivity of currently available detectors is limited,
especially in the X-ray domain. Damage can sometimes be visible
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Fig. 2. Examples of ancient materials illustrating their spatial heterogeneity at the
1–100 �m length scale. Stratigraphies from (a) a rock art paint cross-section (image
80 L. Bertrand et al. / Journal of C

to the Human eye): formation of color centers in glass, browning
f organic compounds, etc. We  also identify as a major analytical
isk the potential loss of information, or worse the retrieval of mis-
eading or biased information, from an area damaged by radiation,
ven without direct visual consequences to the sample or object. A
ange of precautions is usually taken to mitigate this risk but the
ossible deterioration cannot be excluded from our mind, all the
ore than we lack long-term experience about this impact.
Objectively, the beam is usually not the main cause of deteriora-

ion of samples. Preparation steps can lead to unintended (during
olishing, handling or laying of the sample in particular) or vol-
ntary (resin impregnation for easier cutting) contamination or
lteration. Mechanical and physico-chemical constraints applied
uring cutting, polishing, marking, handling, etc. can significantly
lter samples. The mere exposure to air of internal parts of an object
an lead to chemical reactions, such as oxidation, which may  not
ave taken place in the absence of sampling. One can wonder about
he chemical condition of historical cross-sections which constitute
ragile yet essential research archives in museum laboratories.

One can therefore draw a comparison between excavation at an
rchaeological site and into the material, both unrepeatable experi-
nces [23,26,27] and probing for “a practical and moral requirement
o extract the maximum possible information” [4]. This aim is usu-
lly pursued by combining observations from several analytical
ethods to form a body of evidence employing multimodal ana-

ytical sequences.

.3. Heterogeneous materials

Unlike many modern and contemporary manufactured materi-
ls (synthetic polymers, high purity metals, glasses and ceramics,
tc.), ancient materials are often particularly heterogeneous from
he centimetre to the nanometre. Raw materials under consid-
ration, whether from biological (protein glues, resins, wood,
extile fibres. . .)  or mineral (pigments, metals, earths, stones.  . .)
rigin, were particularly heterogeneous already. Transformation
uring the “life” of the material by heating, mechanical constraints
hammering. . .), hydration in wet/dry cycles, chemical reactions,
tc. will often add more heterogeneity to the material. Ageing and
ong-term reactivity with the environment may  introduce consid-
rable physico-chemical perturbations.

One should note here the polysemy of the term heterogeneity in
ts daily usage that covers three concepts:

that of the compositional diversity of a mixture. Taking as exam-
ple the elemental composition, samples are often described
as containing “all the periodic table” leading to complex XRF
(acronyms and techniques are summarised in Table 1) spec-
tra with “a forest of peaks”. This chemical diversity extends far
beyond the mere elemental composition. For instance, inorganic
and organic compounds where mixed can react to form hybrid
compounds (adsorbates, soaps, etc.). Even by looking at a single
chemical element, its speciation can result from a local mix  of
species (with different oxidation states or atomic environments);
that of the contrast in abundance. Taking as example elemental
composition, concentrations of interest will vary from ppm (or
lower) levels to 100%. Measuring ppm levels in (�m)3 volumes
requires detecting femto-or even attogram abundances, there-
fore requiring suffciently high emission cross-sections and a great
effciency of the analytical chain. Measuring elemental concen-

trations from traces, minors and majors is requested to attain
quantitative information. This requires covering an abundance
range that extends over 6 (or more) orders of magnitude. For this
reason, methods will need to be at the same time sensitive to
courtesy: St. Hœrlé), and (b) a corroded mediaeval nail (image courtesy: S. Réguer).
Heterogeneity in these materials extends from nanometric to macroscopic length
scales.

low amounts and should not saturate with majors, by covering
dynamically a wide range of detection;

• that of the multiscalar spatial topology. If the chemical com-
position of materials often results from mixtures at a point of
analysis, it can also vary greatly from one point to another
of the sample, or from sample to sample in a corpus. Sys-
tems appear frequently stratigraphic, inclusionary, textured,
anisotropic, interfacial (Fig. 2). Compound distribution can
generally be characterised by characteristic length scales of het-
erogeneity. In cases as distinct as the corroded surface of a metal
object or the paint layers of an easel painting, heterogeneity may
be present along more than seven orders of magnitude from the
nanometre to the centimetre. Spatially-resolved methods inform
on the materials at these different levels. Taking into account sets
of objects (corpus) aside individual objects is often a methodologi-
cal challenge.

This practical meaning of the term heterogeneity – at the same
time relating to and often mixing composition, abundance and
topology – leads to a main impact on the spectroscopy and imaging
of ancient materials: the need to analyse a material at its different
scales, attaining both ends from traces in a mixture to the majors in
which they are embedded. Heterogeneity thus leads to the crucial

character of the concept of scale and its variation, which is fun-
damental to allow building a coherent approach to such complex
systems. These levels of complexity strongly orientate all charac-
terization protocols and will be discussed in Section 5.
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Table  1
Main synchrotron methods used to study ancient materials, physical origin and level of information obtained.

Physical origin Characteristic
transitions from core
electronic levels

Density and
compositional
contrast

Probing of outer
shell electronic
levels

Excitation of bond
vibration and
rotation modes

Reflection on
atomic plans

Main information provided Elemental composition Morphology,
porosity

Coordination
spheres, molecular
organisation,
Structural defects,
Impurities

Molecular bonds,
conformation

Structure, texture,
mesoscopic
organisation

Primary methods XRF �CT XAS FT-IR XRD

Secondary methods Laminography UV/VIS, STXM SAXS
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AS: X-ray absorption; XRD: X-ray diffraction; XRF: X-ray fluorescence; �CT: micr
ngle  X-ray scanning.

. A few words on the synchrotron analysis of ancient
aterials

Synchrotron methods are based on the detection of particles
photons, electrons, ions) resulting from the interaction between
ight (photons) and matter [28,29]. We  present here a brief intro-
uction and invite the reader to consult recent reviews on the
ynchrotron examination of ancient materials [13–15,19]. The syn-
hrotron light source is used in conjunction to laboratory and
ortable instrumentation when energy tunability, greater signal-
o-noise (S/N) or a higher spatial and/or spectral resolution are
imed at. Mechanisms of interaction between photons and matter
ead to over 50 analytical methods implemented at synchrotron
acilities. In ancient materials studies, the main synchrotron meth-
ds in use inform about the elemental composition from major to
race elements (XRF, Table 1), the local electronic and magnetic
nvironment and in doing so chemical speciation (X-ray absorp-
ion, photoemission, infrared and UV/visible spectroscopy), the
tructure and texture of organised compounds (X-ray diffraction
nd scattering) and the morphology (X-ray microtomography and
elated 3D techniques) [17,30].

.1. Specificities of synchrotron analyses in ancient materials
tudies

The specificities of synchrotron radiation complement those of
ortable and laboratory sources [13,14]. Clear limitations are the
ressure in terms of access to beamtime, and the need and costs to
ransport samples and objects to the large-scale facility. We  retain
ere four of the major analytical characteristics in turn connected
o the central specificity of the synchrotron source to emit a high
ux of photons in a small solid angle (extreme brightness),  this
ontinuously over a wide spectral range (energy tunability):

the radiation generated at synchrotron bending magnets and
undulators covers a wide energy range from the terahertz to
the hard X-rays with the ability to access one or two  decades
in energy at each beamline. This dynamic in excitation energy
allows overcoming the discreteness of the main laboratory pho-
ton sources (X-ray tubes, monochromatic UV/visible lasers). It
facilitates the coupling (multimodality) of several techniques on
the same endstation, sometimes accessible at the same sample
spot;
the broad energy distribution and the beam intensity provide
versatility to select the appropriate energy and excite distinct ele-
ments or compounds to decorrelate the signatures in presence. A
high spectral resolution in excitation energy is made possible by

using (crystal, grating) monochromators, even in the hard X-rays
which is a specificity of the synchrotron source. This allows chem-
ical speciation in synchrotron X-ray absorption, photoemission
and UV/visible spectroscopy by probing speciation-dependant
puted tomography; STXM: scanning transmission X-ray microscopy; SAXS: small-

energy states close to the Fermi level. More selectivity may  be
attained by restricting the energy bandwidth on the detection
side using wavelength-dispersive setups in XRF, crystal analysers
in XRD, emission filters and gratings in UV/visible spectroscopy;

• the intensity of the source, jointly with optimised optical and
instrumental characteristics at synchrotron end-station, will gen-
erally lead to a S/N ratio orders of magnitude greater than that
attained at laboratory light sources;

• the high intensity allows performing:
◦ micro-or nano-spectroscopy even though many photons may

be lost due to the absorbance and limited acceptance of focusing
optics,

◦ full-field imaging where the sensitivity of a pixel is proportional
to its surface, therefore requiring a trade-off between pixel size
and the counted intensity.

4.2. Focused spectroscopy and full-field imaging

Cultural heritage and archaeology studies mostly exploit the
micro-focused spectroscopy capabilities of synchrotron beamlines
either in spot analyses or raster-scans [10,31]. In the following, we
will distinguish between mapping (or raster-scanning) spectroscopy
i.e. the measurement of spectra from adjacent regions of a sample
achieved by moving each region into the photon beam, sequentially
or continuously in a flyscan, and (full-field) imaging (or microscopy)
where an image of the sample is focused onto a detector and the
signal coming from each region of the sample is measured at each
pixel simultaneously [14,32]. In addition, a hybrid approach also
exists where raster-scanning is performed with a 1D or 2D array
detector and the collected data are stitched together (Fig. 3).

Raster-scanning allows the collection of 2D data at identical
spectral quality than for single spectra. Scanned spots can also be
non contiguous to map  large objects using sub-sampled fast macro-
scanning. Paintings were recently macro-scanned using XRF and
XRD to determine pigments distribution over their whole surface
[33,34].

4.2.1. Micro-and nanofocused spectroscopy
The high brightness of the synchrotron beam allows imple-

menting micro-and nano-beams in the IR to X-ray range, while
maintaing a reasonably low divergence, thereby providing a high
spatial selectivity. The development of X-ray micro-and nano-
focusing optics is challenging as the optical index n of most
materials is close to unity in the X-ray range, and has been a
field of major instrumental development since the late 1990s. For
our concern, microspectroscopy setups are optimised to provide
both: a high spectral resolution in emission arising from opti-

mised geometry, optics and electronics of the detection chain;
and a large dynamic range to allow collection of complex fin-
gerprints from a single compound and/or of several fingerprints
from distinct compounds. It should soon be possible to implement
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ig. 3. Main data collection modalities discussed: spot measurement, mapping or r
acro-scanning of large objects at a spot size smaller than the scanning step size.

ocused spectroscopy at a spatial resolution of a few nanome-
res, the current resolution limit being in the 30–50 nm range in
he medium/hard X-ray. This development is mostly stimulated to
ddress needs in life and nanosciences, and nano-resolved meth-
ds are still struggling to break through in ancient materials studies,
xcept in very specific cases. This can be explained in part by the
act that our understanding of the complexity of these materials at
he micrometre scale is already in most cases lacunary. Interpreta-
ion of the data collected can therefore result particularly diffcult if
ot impossible. Statistical representativeness is a central issue, as
tudying at a resolution of 50 × 50 nm2 an object of a total surface
f 50 × 50 cm2 typically represents a 1:1014 surface ratio. Special
ttention needs to be paid to avoid over-interpreting spatially-
ocalised observations. In addition, nanofocused characterisation

ethods may  impose very strong constraints on the preparation,
andling, storage, etc.  of samples. As already mentioned, the high
ensity of flux is a source of potential alteration.

.2.2. Full-field imaging
Until recently in ancient materials studies, synchrotron full-

eld imaging techniques were mainly limited to the X-ray �CT
maging of paleontological specimens. These techniques are in
ery strong development suggesting many new applications to
he study of heritage micro-samples and objects. In our context,
he quality of the full-field imaging chain is mainly characterised
y: a large image size providing large spatial dynamics and; a high
patial resolution resulting from a small point spread function and

 large numerical aperture. In addition, the quality of the transport
f the optical signal from the sample to the detector is essential to
aintain spatial characteristics. Full-field imaging allows greatly

ecreasing the repositioning times of samples during experiments,
articularly at the submicrometric scale, where ensuring that the
orrect zone is imaged may  be a tedious and time-consuming task
hat perturbs the sample (marking, laying on TEM grids. . .).

Micro-focused spectroscopy and full-field imaging therefore
ppear as complementary approaches characterised by optimised
pectral and spatial data collection respectively. A consequence
s the interest to combine both approaches to benefit from the

espective strengths of each. For instance, at a synchrotron XAS
eamline, XRF spectra can be collected at a few selected excita-
ion energies near an elemental edge of interest to determine the
egions of interest where local absorption spectra can be acquired.
scanning and fullfield imaging. Non-contiguous raster-scanning is used for the fast

Conversely, collection of full spectra allows determining optimal
emission/excitation conditions for full-field imaging. This comple-
mentarity can be facilitated by appropriate control and monitoring
strategies.

5. Traces, majors and dynamics

We  will discuss here the impact of the intrinsic heterogeneity of
ancient materials during their synchrotron characterisation, iden-
tifying three main practical consequences: the interest of the study
of traces,  that of majors and the multiscalar dynamics between both
endpoints.

5.1. Traces

In many heterogeneous ancient materials, the recovery of evi-
dence is based on “tiny amounts” and we could call here the
notion of trace. As noted earlier for the term heterogeneity, the
trace includes polysemically the analysis of individual fingerprints
(requiring high selectivity),  that of very low quantities of matter (low
detection limits), that of localised anomalies (high spatial resolution).

For fifty years with the advent of neutron-and X-ray based
analytical methods [1,3,35], a particular effort was made in con-
servation sciences and archaeometry towards the determination
of the so-called trace elemental composition, using methods such
as chemical analyses, Nuclear Activation Analysis, Inductively Cou-
pled Plasma-based spectrometry, Energy Dispersive/Wavelength
Dispersive-XRF and Particle induced X-ray emission (PIXE) applied
to the determination of limited elemental amounts particularly in
homogeneous materials [4,30,36,37]. Following an elemental sig-
nature from a geological deposit to a gem, an obsidian or a gold
artefact may  allow to infer its origin and to draw exchange and trade
routes of products or semi-products [1,4,36,38]. Historically, early
synchrotron analyses of archaeological materials, using XRF, were
influenced from PIXE, with trace elemental quantification identi-
fied as the major target [39–42]. The concept of trace elemental
content is particularly suited to objects distinguishable not so much
from their average elemental composition dominated by major
elements, but from small deviations from their expected average

composition. Beyond the trace elemental composition, deviations
from the expected average behaviour can be extremely diverse in
nature: trace mineral phases [43], crystal defects [44], limited pres-
ence of oxidised/reduced compounds [45], etc.  Salvadò et al. noted
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he presence of crystalline trace phases in copper-based green
igments in cross-sections from a painting of the Catalan gothic
ainter Jaume Huguet (ca 1415–1492) and underlined the impor-
ance of these trace minerals as markers of the technology used to
repare these pigments and of their alteration [43]. We  see here an
xtension of the concept of trace, beyond the trace elemental infor-
ation to any distinguishable compositional singularity that needs

o be addressed by a suitable analytical sequence.
In complex mixtures, selectivity is requested in order to be able

o measure unique spectral fingerprints. Detection of trace features
uried in intense signal from the matrix will require specific strate-
ies, for instance based on the optimisation of the excitation energy.
ere, the tunability in energy of the synchrotron beam is of clear

nterest.
In parallel, critical information is often nested in spatially-

ocalised anomalies at microscale: inclusions, clusters, grains and
ggregates, strata and their interfaces, etc. These spatial anoma-
ies might provide information on past technologies and alteration

echanisms. They can lead to specific material properties (for
nstance mechanical properties related to the presence of localised
rystalline defects) or form specific centres of reactivity, potential
ucleation centres of neoformed phases in the course of redox pro-
esses. Microprobes from easier-to-focus charged particles brought
and still bring) essential contributions through electron micro-
robe, �PIXE/PIGE, etc. Focusing X-ray beams is far more complex
nd only in the last 10–15 years, synchrotron analysis could lead
o essential contributions in microanalyses. Using standard far-field
echniques with an incoherent illumination, the ultimate size of the
bjects that can be differentiated is constrained by the diffraction
imit.

In many cases, all meanings of the trace need to be taken
nto account simultaneously. For instance, the determination of
he trace elemental composition of selected fayalitic microscopic
nclusions by confocal �XRF may  allow specifying the origin of

ediaeval iron artifacts for which demonstration of provenance
as shown to be of major diffculty if not impossible from macro-

copic contents [46].
This notion of trace is essential as it governs research strategies

n a concrete viewpoint, directly within the design of the exper-
ments, and also appears equally as a key concept in Humanities
ince Ginzburg’s evidential paradigm and his suggestion to consider
nquiry as a model of the scientific process in the early 1980s [47].

.2. Majors

The definition of traces implies in a reciprocal manner that of
heir complementary environment. The trace information that is
ooked after is hidden in a matrix, among majors. Analysing majors
s generally less regarded as an issue. However, the synchrotron
ource and instrumentation may  here impose specific constraints.

n example is the low divergence of the synchrotron beam that will
onstrain the beam size in X-ray analyses, when a large footprint
s desired. Under an abundance meaning, majors will often lead to
aturation of detectors. Degrading the bandwidth in excitation or
ical phenomenon to statistical representativeness, and corresponding instrumental

emission may  be impossible as it results from selection of major
optical components of each beamline.

5.3. Dynamics

Co-characterisation of traces and majors is often needed, and
will require suffcient dynamics. This is for instance the case to attain
quantification through matrix corrections in X-ray analyses by:

• co-characterising between both endpoints, even though (spa-
tially) the traces may  be visible only at high resolution in a
slowly fluctuating matrix composition, or (spectrally) traces may
be orders of magnitude lower in concentration than majors or
minors;

• obtaining complementary information from other instrumental
means;

• modelling the matrix composition. As for the previous two
notions, this question of dynamics also concerns simultaneously
the compositional diversity (addressed by analytical versatility
and multimodality),  multiscalar abundance (wide dynamic range),
and multiscalar topology (wide spatial dynamics).

Regarding the compositional diversity, the versatility of the syn-
chrotron source is here of specific interest. The energy tuning range
attained at a single beamline allows studying several chemical ele-
ments or absorption edges. Coupling of several methods can also
be done at beamlines.

Dynamics in terms of abundance is often an insuffciently dis-
cussed issue. Having access to intensities from traces to majors is
often a problem due to the limited dynamic range, that may  lead to
insuffcient S/N ratios or saturation of detectors. Specific strategies
involve filtering the response from majors, by using metallic foils
in synchrotron XRF and XAS for instance, defining specific energy
thresholds for detectors, using dichroics and gratings to decrease
the contribution from scattering in UV/visible spectroscopy, etc.

The most frequently mentioned characteristic of ancient mate-
rials is their multiscalar organisation from the nanoscale to the
macroscale. Interestingly, the term spatial dynamics is not of fre-
quent use, possibly due to the too recent availability of large size
detectors for material analysis. We  can distinguish three main sets
of length scales to characterise the heterogeneity: that of the physi-
cal phenomenon studied, those of the heterogeneity of the material
and those of the statistical representativeness of the study (Fig. 4).

These scales depend on the question, the material, the analytical
technique used and the property studied: elemental composi-
tion, oxidation state and nature of coordination spheres, structural
defects, mineralogical structures, grain size, degree of polymerisa-
tion, texture (specific orientation), etc. Heterogeneity length scales
influence the selection of the optimal spatial resolution(s). Distinct
scales of heterogeneity and representativeness may  be associated

to the distinct physical phenomena studied in the same sample,
for instance a sample can be homogeneous at microscale in terms
of elemental composition but of heterogeneous mineralogical
composition (crystalline phases) at the same length scale. A powder
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Fig. 5. False-color full-field photoluminescence image showing the strong defect-
related heterogeneity of a ZnO pigment from the Forbes historic collection (inv.
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.06.529; red channel: 550 nm,  20 nm FWHM;  green: 465 nm,  30 nm FWHM;  blue:
80  nm,  15 nm FWHM). Excitation wavelength: 280 nm.  Data collected at the Tele-
os  endstation, DISCO beamline, SOLEIL.

f the pigment zinc white ZnO may  be homogeneous in elemental
omposition as seen in X-ray fluorescence or SEM-EDX, but have a
ignificant spatial heterogeneity at the micrometric scale in terms
f crystal defects observed in synchrotron UV/visible photolumi-
escence imaging (Fig. 5).

The dimensions and number of areas analysed (sampling cardi-
al) need to be optimised based on the issue addressed. Moreover,
he individual object is often not the adequate level of represen-
ation to extract relevant behaviour laws. Ancient materials often
ake their full historical significance when considered within cor-
us or collections of objects, and compared with modern reference
aterial or aged materials that tentatively model ancient ones.

he sampling cardinal is usually a very constrained parameter in
erms of availability (sample preparation, limited number of sam-
les), instrumentation (dead time of detectors, movement of stage
otors, surface of the detectors, change of samples), and induces

urther processing costs.

. Methodological perspectives

Our observations lead to several concluding epistemological
emarks. They may  seem to provide a simplistic framework on
he study of ancient materials, but they already lead to method-
logical and operational implications by taking into account more
ealistically the specificities of the systems at stake.

.1. Studying traces

The above distinction between amount, compositional and
opological characteristics, corresponds to intrinsic variables such
s concentrations in the various compounds and spatial distribu-
ions, taking into account the cross-sections and yields of the

odalities of interaction between photons and matter. The observ-
ble to which one has usually access during the experiment is
he intensity of the collected signal resulting from the interactions
etween light and matter, taking into account the geometrical con-

guration. In the case of synchrotron-, or more generally photon-,
ased studies, the final aim of the experiment is often to obtain
n information about the material composition, through solv-
ng inverse problems of matrix correction and further using this
l Heritage 14 (2013) 277–289

information to solve another inverse problem, that of identifying
past states and processes that led to the currently observable state
of the material (initial raw material, operating sequence, alter-
ation). Spatial and spectral characteristics can, to some extent, be
paired by experimental parameters such as position and beam size
on the one hand, excitation/emission energies on the other hand.
This is indeed a schematic representation as the spatial and spectral
characteristics are mixed, for instance in speciation or structural
studies. In addition, trace amounts can produce major spectral
responses when the yield of the response varies significantly among
compounds.

Selection of the primary conditions of observation requires an
initial expectation of the result to be obtained, based on a priori
knowledge. The trace often appears as an unforeseen singularity in
this experimental process. Basically, it appears as an irregularity,
whether quantitative or spatial, in relation to an expectation. It is
therefore both an intrinsic property and the result of an obser-
vation, thereby constituting a fundamentally relational concept
between the object, its past and the scientist. This leads to several
consequences:

• the trace constrains the observer to turn its sight to unexpected
grounds in exploratory approaches;

• the search for such singularities requires a sufficient broadening
of the range of analytical conditions or they may  be missed out;

• this broadening means using methods with as limited presup-
posed information as possible;

• coupling measurements in multimodal characterisation
sequences that allow incorporating information on the material
previously acquired through other experimental means, with an
impact on the amount of documentation to store and analyse.

This may  partly explain why spectroscopic methods providing
somewhat “rough” data – such as FT-IR, UV/visible spectroscopy or
multi-elemental XRF – appear so powerful and robust. These meth-
ods require far lower a priori knowledge than, for instance, most
separative methods. They therefore participate to a holistic study
of ancient materials.

6.2. Spatial dynamics in synchrotron spectral imaging

The information sought for will partly be found in the local quan-
titative data (in the trace chemical composition for example), and in
the spatial distribution of this data. The spatial distribution of data
from ancient materials is in fact often more informative than pre-
cise quantitative measurements. This is especially true when the
uncertainty of experimental methods, taking into account matrix
and morphological corrections, makes it diffcult if not impossible
to attain quantitative information.

For instance, visualisation of the layered build-up in paint cross-
sections is often more or equally informative regarding the artistic
or technological gesture than the accurate local determination of
the content in one of its components (binder, pigment, etc.). This can
be illustrated by our observation of traces of earth-based pigments
in the stratigraphy of the varnish of a theorbo from M.  Dieffopruchar
[48]. Here the FT-IR spectral signature, even observed with the
high brightness of the synchrotron source, is so faint that only the
spatial consistence of this signal over a whole stratum confirms
the mere presence of the compound in the varnish stratigraphy
(Fig. 6). Identification was  further corroborated with elemental
and light microscopy information. Similarly, for the study of the
corrosion of metal archaeological artefacts, spatial information

such as corrosion facies, the percolation of phases or the connec-
tivity of the pore network allowing circulation of fluids and gases
are critical [49,50]. The spatial distribution of iron hydroxychlo-
ride ˇ-Fe2(OH)3Cl domains in corroded iron objects by synchrotron
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Fig. 6. Illustration of the coupling of spectral and spatial information to identify a pigment in the varnish layer of a theorbo by Magno Dieffopruchar, late 16th c., Venice (coll.
Musée  de la musique, E.980.2.321) through synchrotron Fourier-transform infrared (FT-IR) microspectroscopy: (a): typical SR-FTIR spectra corresponding to a pixel of layer
L1  characteristic of a proteinaceous material (1), a grain of calcium carbonate (2), a grain of calcium sulphate hemihydrate (3) and a grain of the “earth” material in layer L2
(4).  In the latter, note the spectral feature marked with a red box, where a low-intensity contribution is attributed to the OH stretching of kaolinite centred at 3698 cm−1; (b):
from  top to bottom, map  of synchrotron FT-IR signal integrated in the 3715–3679 cm−1 ra
the  ID21 beamline, ESRF, Grenoble [48].

Table 2
State of development and implementation of synchrotron focused spectroscopy and
full-field imaging: (t) in test, (+) in operation, (++) regularly available and used.

Method Focused spectroscopy Full-field spectral
imaging

Nano- Micro- Multi- Hyper-

FT-IR t ++ – +
UV/vis spectroscopy t + + t
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•

XRF  ++ ++ t t
XAS  ++ ++ t t

-ray absorption methods resulted in a rereading of corrosion
echanisms of iron archaeological artefacts in soils; these conduc-

ive phases, even at trace levels, are likely to influence strongly
he mechanisms of oxidation of metals in soils [49]. The fact that
ualitative data may  be more informative that quantitative ones
ay  seem counterintuitive. Indeed, most of the effort of early

ynchrotron works in the field was put into the quantitative deter-
ination of absolute elemental concentrations [40,41] and may

ccount for the progressive shift observed towards imaging and
aster-scanning modalities.

In our systems, the main parameters of interest (so far) have
een excitation/emission energies and the spatial variables. Addi-
ional variables were occasionally introduced such as time and
xperimental conditions (temperature, E/pH potential, etc.). Raster-
canning and full-field imaging both allow to collect data of the
ind I (x, y, (z), �exc, �em. . .), multipixel and multiband respectively.
pproaches bridging the gap between those two and leading to
ynchrotron spectral imaging have started to emerge over the past
ears (Table 2), by two  main means:

from raster-scanning focused spectroscopy by speeding up the

sample scan. Data collection duration increases linearly with the
number of pixels N, and is several orders of magnitude greater in
2D and a fortiori 3D raster-scanning. Optimisation implies reduc-
tion of dwell and readout time, increase of the solid angles of
nge, Al and Si SEM/EDX elemental maps. Synchrotron FT-IR data were collected at

detection, the speed and stability of scanning motors, flyscan
acquisition, etc.;

• from full-field imaging by adding more energy channels in excita-
tion and detection: extension of the detection range, optimisation
of the resolution, increase in the dynamics of excitation and
detection systems (monochromators, optics, gratings, detectors).
Here, the necessity to register images – to reposition them so that
a single pixel of each image corresponds to the same actual area of
the sample studied – is imposed by the chromaticity of detection
chains.

With the systems available today based on micro-/nanoprobe
setups, the size of the spectral images generated will typically cover
a spatial dynamic of 2–3 orders of magnitude. This amounts to cover
a characteristic length of 50 �m at a projected pixel size of 50 nm,
and leads to megapixel images. The increase by one order of mag-
nitude will lead to images that cover continuously from 100 nm to
1 mm.  This development is under way for complex materials – for
instance, Ryan et al. recently obtained 76.8 megapixel XRF images
covering 12 mm at a spatial resolution of 1.25 �m of a calcrete ore,
scanned with a fast-readout large solid angle detector [51]. The
distribution of pigments across entire paintings was  also imaged
with a coarse mesh by XRF/XRD macro-scanning [52]. In parallel,
new developments emerged from full-field imaging setups pri-
marily based on new detectors (CCDs, CMOS, photon counter area
detectors). A MCT  Focal Plane Array (FPA) detector was recently
implemented at a synchrotron infrared beam-line [53]. The poten-
tials of UV/visible spectral imaging were explored using EM-CCD
detectors coupled to a filter wheel [44]. Synchrotron full-field XRF
imaging of small objects at a spatial resolution of 50 �m over an
imaging area of 12.7 × 12.7 mm2 was reported with the coupling
of a camera oscura and capillary-based setups to a pnCCD detec-

tor sensitive in the 3–40 keV range [54]. A full-field setup was
developed at the ID21 beamline of the ESRF using a CCD detector
to collect complete spectral 2D-XANES datasets [55]. Hard X-ray
area energy-resolved detectors are still constrained in terms of
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with their localisation at high spatial resolution. Imaging thus
allows taking benefit from the local in situ segregation or aggre-
Fig. 7. Scheme summarising the main parameters at stake in the study of anc

ensitivity, spatial and spectral resolution, as well as spatial and
pectral dynamics, but are under intense development.

In summary, spectral imaging provides:

locally, access to low detection limits, high spatial resolution and
high spectral specificity;
globally, the analysis of major compounds, access to the
macroscale, and simultaneous collection of numerous finger-
prints;
intermediately, they embrace simultaneously successive length
scales and provide some level of versatility on the breadth of
compounds detected.

The spatialisation of the data in spectral imaging therefore
eems to be a way to address the multiscalar spatial character and
he relevance of traces and majors in ancient materials. Dynamics
ppear central here. If what happens precisely at the local scale
s inaccessible or does not bear enough information, and what

appens globally is also often inaccessible, there may  be inter-
ediate length scales to which we have access. One can then

tate for instance that: “the edges of pigment grains are more oxi-
ised than their bulk”, or “the borders of the pores are generally
aterials using photon-based micro/nano-spectroscopy and full-field imaging.

leached out” and so forth. More than the relevance of macroscopic
or microscopic studies, we could speak here of that of mesoscopic3

studies for which further development of detectors is central. As
a consequence, isolating one length scale, be it nanometric, seems
somewhat less critical than attaining suffcient dynamics of infor-
mation at the various characteristic length scales (Fig. 7).

6.3. Improving jointly separation and identification

When the spatial resolution attained by spectroscopic imag-
ing is comparable or greater than the characteristic length scale
of the intrinsic heterogeneity for the property studied, certain
pixels may  lead to spectra that are direct characteristic finger-
prints. Even when this is not the case, the level of discrimination
of the compounds in presence can be improved through com-
bining information from sometimes coarse or noisy spectral data
gation of chemical compounds – in turn reflecting the intrinsic and

3 The term mesoscopic is here taken at a greater length scale than in nanosciences.
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xtrinsic history of the material. The spatial separation observed
n situ in artefacts is inherent to the physico-chemistry of
ompounds taking into account: the characteristics of the raw
aterials; pre-depositional actions and; post-depositional pro-

esses (taphonomy, impact of the extraction from the depositional
ontext, restoration, conservation and storage) [14]. They there-
ore reflect the thermodynamic and kinetic behaviour laws
hat governed obtention of the observable state of the mate-
ial during its geochemical formation, manufacture, alteration
nd/or treatment. Human gestures in operating sequences are
rucial here: the sorting out of materials, film deposition pro-
esses in painting or ceramics, the mechanical work of metal,
tc.

In the spectral imaging of ancient materials, the topology under-
ying the data carries useful information. The spatialisation of the
ata therefore allows contextualising the data and defining (spec-
ral, spatial) signatures that can be processed using chemometrics
n the (x, y, (z), �em, �exc) hyperspace. However, discriminating is
ot identifying: distinguishing various fingerprints does not nec-
ssarily mean that the data are suffcient to identify corresponding
ompounds. For example, we can distinguish the layers from a
tratigraphy and be certain that their composition differs without
nowing precisely in what physico-chemically [44]. Reciprocally,
nferring the existence of an underlying partly unknown structure
f the data – a hidden model – can in itself contribute to refining
he spectral information. “The image also tells us about the pixel”.
ypotheses can be postulated on the topology of the (x, y, (z), �em,
exc) hyperspace, for instance that spectra from neighbouring pix-
ls are more likely to be similar except where there is a strong
iscontinuity: piecewise continuity of quantitative data and its
erivatives, regularity of the shape of boundaries between strata,
tc. Topological dictionaries could also be derived for classes of
comparable” materials. It then becomes possible to improve the
egmentation of spectral maps by adding a priori information to
ake into account the topological information simultaneously with
he spectroscopic data [13,56,57]. In an artwork, we  may  to some
xtent reintroduce the action (“the hand of the artist”,  P. Walter) into
he identification of pigments and alteration compounds. We are
ere, paradoxically, “injecting a part of qualitative data to refine
uantitative data”. This dimension looks largely under-exploited
nd the current spectroscopic praxis usually considers individ-
al spectra of the same map  as if they were unrelated to one
nother.

.4. On the historicity of ancient materials

In this discussion, as well as in our review of the literature from
he past twenty years, several concepts have emerged recurrently:
race, scale, corpus, context, alteration. They seem to be elements
f a formalised methodology underlying our scientific operations,
ithout at the same time being a true explanation. The aim is here

o clarify the implicit system formed by these notions, both to better
ormalise the experimental process, and to understand how these
rocesses unveil an original point of view on physical sciences. In
he approach proposed, the main originality comes from the fact
hat we confront Physics with the historicity and the singularity of
bjects, when these characteristics are usually put aside in the usual
heoretical models of Science. It therefore seems necessary to con-
lude this contribution, by pointing the importance of a thorough
ork on these notions with an epistemological point of view.

This clarification has a dual aim. First, it would help to sta-
ilise the conceptual vocabulary used. If the terms trace or scale are

egularly used, their theoretical but also empirical significance
ften varies from one case to another, resulting sometimes blurred.
iven this situation, the search for an epistemological and seman-

ic core for a polysemic concept such as trace seems a fundamental
l Heritage 14 (2013) 277–289 287

issue of research in our field. Why  and to what extent can we  use a
term that refers jointly to a small amount and a physical mark? Sim-
ilarly, the notion of scale and considerations on the distinct scale
changes and the associated discontinuities seem a necessity to out-
line more clearly the contours of the experimental work. In fact,
the stabilisation of the conceptual vocabulary and its accuracy has
very practical consequences on our thinking about the instrumen-
tation, the development of experimental procedures and the ways
to report results.

The second objective of this clarification is part of a more
general epistemological framework. These notions, as well as think-
ing about ancient materials as heterogeneous,  subjects of an as
is experimentation, or on the nonreiterability of science opera-
tions, eventually question the theoretical framework within which
is inscribed our scientific approach. The classical framework of
Galilean physics and their Kantian and neo-Kantian epistemologi-
cal extensions prove ill-suited to describe here the construction of
knowledge that deals with singularities. Instead, the historicity of
these ancient materials, as well as the use of concepts such as trace,
scale or corpus, or a methodology where, in the words of Claude
Bernard, “one observation may  serve as control to another observa-
tion” [25], that is to say with a “think by-case basis”, beckons to the
epistemology of historical sciences, as it has developed over the last
thirty years under the influence of Carlo Ginzburg [47] or Jacques
Revel [58,59]. It is not to say that the physics of ancient materials
is, simply, a historical science, but at least that its practice can raise
extremely sharp theoretical questions to the whole discipline. It
would be interesting – and it will be one of our aims [18] – to fur-
ther explore the theoretical aspects of the encounter between the
natural sciences and historical sciences in the field of archaeo-and
palaeomaterials. Their apparent marginality and status of bound-
ary objects [60] may  make them more relevant than others for
researchers to outline an epistemology that lies beyond the reduc-
ing clashes between natural and historical sciences that have often
characterised the contemporary epistemology4 since the Method-
enstreit of the late nineteenth century to the Science Wars of the late
twentieth century.

7. Conclusions

The a posteriori framework of the study of heterogeneous materi-
als considered in their historicity appears as a structuring parameter
of the advanced spectroscopic and imaging study of ancient mate-
rials. Based on the main constraints encountered when studying
them with synchrotron-based methods, the analysis of traces, that
of majors and we suggest, more importantly, that of the dynam-
ics extending between both endpoints appear as central concepts.
On-going development of multimodal spectral imaging is expected
to address some of the corresponding diffculties. This reflexive
approach provides an original epistemological framework adapted
to and nurtured from the multidisciplinary research on ancient
materials and confronted to their analytical specificities. Future
developments of such an epistemology will follow two main paths,
one prolongating the suggested clarification of the vocabulary of
the issues and of the scientific operations at stake, the other aiming
at a sociological and historical depiction of the practical conse-
quences of such constraints.

Acknowledgements
4 For an interdisciplinary attempt to document this notion of scale, please refer
to  [61].



2 ultura

r
s
s
A
(

R

[

[

[

[

[

[

[

[

[

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

88 L. Bertrand et al. / Journal of C

ereading of the manuscript from B. Lavedrine (Centre de recherche
ur la conservation des collections, Paris), V. Theis (Univer-
ité Paris-Est/Marne-la-Vallée) and B. Berrie (National Gallery of
rt, Washington). L.B. and M.T. are grateful to M.-A. Languille

IPANEMA) for helpful comments.

eferences

[1] C. Renfrew, P. Bahn, Archaeology: Theories, Methods and Practice, third ed.,
Thames & Hudson, London, UK, 2000.

[2] G. Spoto, A. Torrisi, A. Contino, Probing archaeological and artistic solid mate-
rials by spatially resolved analytical techniques, Chem. Soc. Rev. 29 (2000)
429–439.

[3] M.  Regert, M.-F. Guerra, I. Reiche, Physico-chimie des matériaux du patrimoine
culturel. Partie 1, in: Analyse et caractérisation, volume P5, Techniques de
l’ingénieur, 2006, p. P3780.

[4] A.M. Pollard, C. Batt, B. Stern, S.M.M. Young, Analytical chemistry in archaeol-
ogy, Manuals in archaeology, Cambridge Univ. Pr, Cambridge, UK, 2007.

[5]  L. Bertrand, Approche structurale et bioinorganique de la conservation de
fibres kératinisées archéologiques, Ph.D. thesis, université Pierre-et-Marie-
Curie Paris-6, Paris, 2002.

[6] P. Walter, E. Welcomme, P. Hallegot, N.J. Zaluzec, C. Deeb, J. Castaing, P.
Veyssiere, R. Breniaux, J.L. Leveque, G. Tsoucaris, Early use of PbS nanotech-
nology for an ancient hair dyeing formula, Nano. Lett. 6 (2006) 2215–2219.

[7]  C. Poinssot, S. Gin, Long-term Behavior Science: the cornerstone approach for
reliably assessing the long-term performance of nuclear waste, J. Nuclear Mat.
420  (2012) 182–192.

[8] D. Neff, M.  Saheb, J. Monnier, S. Perrin, M.  Descostes, V. L’Hostis, D. Crusset,
A.  Millard, P. Dillmann, A review of the archaeological analogue approaches to
predict the long-term corrosion behaviour of carbon steel overpack and rein-
forced concrete structures in the French disposal systems, J. Nuclear Mat. 402
(2010) 196–205.

[9] L. Bertrand, Methodological developments and support for synchrotron investi-
gation in Cultural heritage and Archaeology, in: IAEA (Ed.), Proc. IAEA Technical
meeting on Applications of Synchrotron Radiation Sources for Compositional
and Structural Characterization of Objects in Cultural Heritage, Forensic and
Materials Science, 17–21 Oct, IAEA, Vienna, Austria, 2011.

10]  L. Bertrand, Synchrotron imaging for archaeology, art history, conservation and
paleontology, in: D.C. Creagh, D.A. Bradley (Eds.), Physical techniques in the
study of art, archaeology and cultural heritage, vol. 2, Elsevier Science, 2007,
pp. 97–114.

11] A.M. Pollard, P. Bray, A bicycle made for two? The integration of scientific
techniques into archaeological interpretation, Annu. Rev. Anthropol. 36 (2007)
245–259.

12] L. Bertrand, M.-A. Languille, S.X. Cohen, L. Robinet, C. Gervais, S. Leroy, D.
Bernard, E. Le Pennec, W.  Josse, J. Doucet, S. Schöder, European research plat-
form IPANEMA at the SOLEIL synchrotron for ancient and historical materials,
J.  Synchrotron Rad. 18 (2011) 765–772.

13] L. Bertrand, L. Robinet, M.  Thoury, K. Janssens, S.X. Cohen, S. Schöder, Cultural
heritage and archaeology materials studied by synchrotron spectroscopy and
imaging, Appl. Phys. A 106 (2012) 377–396.

14] L. Bertrand, M.  Cotte, M.  Stampanoni, M. Thoury, F. Marone, S. Schöder, Devel-
opment and trends in synchrotron studies of ancient and historical materials,
Phys. Rep. 519 (2012) 51–96.

15] M.  Cotte, J. Susini, J. Dik, K. Janssens, Synchrotron-based X-ray absorption spec-
troscopy for art conservation: looking back and looking forward, Acc. Chem.
Res. 43 (2010) 705–714.

16] M.  Cotte, P. Dumas, Y. Taniguchi, E. Checroun, P. Walter, J. Susini, Recent applica-
tions and current trends in Cultural Heritage Science using synchrotron-based
Fourier transform infrared micro-spectroscopy, C. R. Phys. 10 (2009) 590–600.

17] D. Creagh, Synchrotron radiation and its use in art, archaeometry, and cultural
heritage studies, in: [37], pp. 1–95.

18] E. Anheim, M. Thoury, L. Bertrand, Micro-imagerie de matériaux anciens
complexes I : hétérogénéités, non-reproductibilité et leurs conséquences ana-
lytiques, Rev. Synth. (2012), Subm.

19] K. Janssens, J. Dik, M.  Cotte, J. Susini, Photon-based techniques for nondestruc-
tive subsurface analysis of painted cultural heritage artifacts, Acc. Chem. Res.
43  (2010) 814–825.

20] Le métier d’historien à l’ère numérique : nouveaux outils, nouvelle épistémolo-
gie ? Rev. Hist. Mod. Contemp. 58 (2011).

21] E. Brian, L’horizon nouveau de l’historiographie expérimentale, in: [20] 41–56.
22] P. Philippot, Historic Preservation: Philosophy, Criteria, Guidelines, in: Preser-

vation and Conservation: Principles and Practices, Proc. North Am.  Int. Regional
Conf., Williamsburg, Virginia and Philadelphia, Pennsylvania, USA, 1972,
Preservation Press, Washington, D.C., USA, 1976, pp. 268–274.

23] L. Olivier, Le sombre abîme du temps. Mémoire et archéologie [The Dark Abyss
of  Time: Memory and Archaeology], Seuil, Paris, France, 2008.

24] R.L. Feller, Accelerated Aging: Photochemical and Thermal Aspects, Research

in  conservation, The J. Paul Getty Trust, USA, 1994.

25] C. Bernard, Introduction à l’étude de la médecine expérimentale, J.B. Baillière
et  fils, 1865.

26] A. Leroi-Gourhan, Les fouilles préhistoriques : technique et méthodes, J. Picard,
Paris, France, 1950, Avec un appendice par Annette Laming.

[

l Heritage 14 (2013) 277–289

27] P. Barker, Techniques of archaeological excavation, third ed., B.T. Batsford, Lon-
don, UK, 1993.

28] J. Baruchel, J.-L. Hodeau, M.S. Lehmann, J.-R. Regnard, C. Schlenker, Vol-
ume  I: Theory, instruments and methods, Neutron and Synchrotron Radiation
for Condensed Matter Studies, Springer, Berlin, Heidelberg, New York,
1993.

29] J. Baruchel, J.-L. Hodeau, M.S. Lehmann, J.-R. Regnard, C. Schlenker, Volume II:
Applications to Solid State Physics and Chemistry, Neutron and Synchrotron
Radiation for Condensed Matter Studies, Springer, Berlin, Heidelberg, New
York, 1994.

30] K. Janssens, R.V. Grieken (Eds.), Non-destructive microanalysis of cultural her-
itage materials, volume XLII of Comprehensive analytical chemistry, Elsevier
B.V,  Amsterdam, The Netherlands, 2004.

31] L. Bertrand, J. Doucet, Dedicated liaison offce for cultural heritage at the SOLEIL
synchrotron, Nuovo Cimento C 30 (2007) 35–40.

32] R. Salzer, H.W. Siesler, Infrared and Raman Spectroscopic Imaging, Wiley-VCH,
Weinheim, Germany, 2009.

33] J. Dik, K. Janssens, G. van der Snickt, L. van der Loeff, K. Rickers, M.  Cotte,
Visualization of a Lost Painting by Vincent van Gogh using synchrotron radi-
ation based X-ray fluorescence elemental mapping, Anal. Chem. 80 (2008)
6436–6442.

34] D. Bull, A. Krekeler, M.  Alfeld, J. Dik, K. Janssens, An intrusive portrait by Goya,
Burlington Magazine CLII (2011) 668–672.

35] M.  Regert, M.-F. Guerra, I. Reiche, Physico-chimie des matériaux du patrimoine
culturel. Partie 2, in: Analyse et caractérisation, volume P5, Techniques de
l’ingénieur, 2006, p. P3781.

36] M.A. Pollard, C. Heron, Archaeological Chemistry, Royal Society of Chemistry,
London, UK, 2008.

37] D. Bradley, D. Creagh (Eds.), Physical Techniques in the Study of Art, Archaeol-
ogy and Cultural Heritage, volume 1, Elsevier, 2006.

38] G.P. Ferreira, F.B. Gil, Elemental analysis of gold coins by particle induced X-ray
emission (PIXE), Archaeometry 23 (1981) 189–197.

39] G. Harbottle, B.M. Gordon, K.W. Jones, Use of synchrotron radiation in
archaeometry, Nucl. Instrum. Methods B 14 (1986) 116–122.

40] I. Brissaud, J.X. Wang, P. Chevallier, Synchrotron radiation induced X-ray fluo-
rescence at LURE, J. Radioanal. Nucl. Chem. 131 (1989) 399–413.

41] I. Brissaud, P. Chevallier, C. Dardenne, N. Deschamps, J.P. Frontier, K. Gruel, A.
Taccoen, A. Tarrats, J.X. Wang, Analysis of Gaulish coins by proton induced X-
ray  emission, synchrotron radiation X-ray fluorescence and neutron activation
analysis, Nucl. Instrum. Methods B 49 (1990) 305–308.

42] A. Aerts, K. Janssens, F. Adams, H. Wouters, Trace-level microanalysis of Roman
glass from Khirbet Qumran, Israel, J. Archaeol. Sci. 26 (1999) 883–891.

43] N. Salvadò, T. Pradell, E. Pantos, M.Z. Papiz, J. Molera, M.  Seco, M. Vendrell-
Saz, Identification of copper-based green pigments in Jaume Huguet’s Gothic
altarpieces by Fourier transform infrared microspectroscopy and synchrotron
radiation X-ray diffraction, J. Synchrotron Rad. 9 (2002) 215–222.

44] M.  Thoury, J.-P. Echard, M.  Régiers, B. Berrie, A. Nevin, F. Jamme, L. Bertrand, Syn-
chrotron UV-visible multispectral luminescence micro-imaging of historical
samples, Anal. Chem. 83 (2011) 1737–1745.

45] L. Robinet, M.  Spring, S. Pag‘es-Camagna, D. Vantelon, N. Trcera, Investigation
of the discoloration of smalt pigment in historic paintings by Co K-edge micro
X-ray absorption spectroscopy, Anal. Chem. 83 (2011) 5145–5152.

46] S. Leroy, R. Simon, L. Bertrand, A. Williams, E. Foy, P. Dillmann, First examination
of slag inclusions in medieval armours by confocal SR-micro-XRF and LA-ICP-
MS,  J. Anal. Atom. Spectrom. 26 (2011) 1078–1087.

47] C. Ginzburg, Signes, traces, pistes. Racines d’un paradigme de l’indice [Clues:
Roots of an Evidential Paradigm, Debat 6 (1980) 3–44.

48] J.-P. Échard, M.  Cotte, É. Dooryhée, L. Bertrand, Insights into the varnishes of his-
torical musical instruments using synchrotron microanalytical methods, Appl.
Phys. A 92 (2008) 77–81.

49] S. Réguer, P. Dillmann, F. Mirambet, Buried iron archaeological artefacts: cor-
rosion mechanisms related to the presence of Cl-containing phases, Corrosion
Sci. 49 (2007) 2726–2744.

50] J. Monnier, D. Neff, S. Réguer, P. Dillmann, L. Bellot-Gurlet, E. Leroy, E. Foy, L.
Legrand, I. Guillot, A corrosion study of the ferrous medieval reinforcement
of  the Amiens cathedral. Phase characterisation and localisation by various
microprobes techniques, Corrosion Sci. 52 (2010) 695–710.

51] C. Ryan, R. Kirkham, R. Hough, G. Moorhead, D. Siddons, M. de Jonge, D. Paterson,
G.D. Geronimo, D. Howard, J. Cleverley, Elemental X-ray imaging using the Maia
detector array: the benefits and challenges of large solid-angle, Nucl. Instrum.
Meth. A 619 (2010) 37–43.

52] W.  de Nolf, J. Dik, G. Vandersnickt, A. Wallert, K. Janssens, High energy X-
ray  powder diffraction for the imaging of (hidden) paintings, J. Anal. Atom.
Spectrom. 26 (2011) 910–916.

53] M.J. Nasse, M.J. Walsh, E.C. Mattson, R. Reininger, A. Kajdacsy-Balla, V. Macias, R.
Bhargava, C.J. Hirschmugl, High-resolution Fourier-transform infrared chemi-
cal  imaging with multiple synchrotron beams, Nat. Meth. 8 (2011) 413–416.

54] O. Scharf, S. Ihle, I. Ordavo, V. Arkadiev, A. Bjeoumikhov, S. Bjeoumikhova, G.
Buzanich, R. Gubzhokov, A. G̈unther, R. Hartmann, M.  Küder, A.F. Kühbacher, M.
Lang, N. Langhoff, A. Liebel, M.  Radtke, U. Reinholz, H. Riesemeier, H. Soltau, L.
Strünemann, R. Wedell, Compact pnCCD-based X-ray camera with high spatial

and energy resolution: a color X-ray camera, Anal. Chem. (2011).

55] V. De Andrade, J. Susini, M.  Salomé, O. Beraldin, C. Rigault, T. Heymes, E.
Lewin, O. Vidal, Submicrometer hyperspectral X-ray imaging of heterogeneous
rocks and geomaterials: applications at the Fe K-Edge, Anal. Chem. 83 (2011)
4220–4227.



ultura

[

[

[

[

L. Bertrand et al. / Journal of C

56] S.X. Cohen, E. Le Pennec, Partition-based conditional density estimation, ESAIM
(2012), http://dx.doi.org/10.1051/ps/2012017.
57] S.X. Cohen, E. Le Pennec, Conditional density estimation by penalized likelihood
model selection and applications, Electron. J. Stat. (2012), preprint available at
http://arXiv.org/abs/1103.2021

58] J. Revel (Ed.), Jeux d’échelles. La micro-analyse à l’expérience, Seuil/Gallimard,
Paris, France, 1996, 243 pp. ISBN: 2-02-028773-0.

[

[

l Heritage 14 (2013) 277–289 289

59] J.-C. Passeron, J. Revel (Eds.), Penser par cas, Éditions de l’EHESS, Paris,
2005.
60] S.L. Star, J.R. Griesemer, Institutional ecology, “translations” and
boundary objects: amateurs and professionals in Berkeley’s Museum
of  Vertebrate Zoology, 1907–39, Social Stud. Sci. 19 (1989)
387–420.

61] E. Brian, C. Alunni, Objets d’échelles, Rev. Synth. 122 (2001).

dx.doi.org/10.1051/ps/2012017
http://arxiv.org/abs/1103.2021

	Ancient materials speciﬁcities for their synchrotron examination and insights into their epistemological implications
	1 Research aims
	2 Introduction
	3 Characteristics of the study of ancient materials
	3.1 A posteriori examination
	3.2 Digging into ancient materials: an unrepeatable experience?
	3.3 Heterogeneous materials

	4 A few words on the synchrotron analysis of ancient materials
	4.1 Speciﬁcities of synchrotron analyses in ancient materials studies
	4.2 Focused spectroscopy and full-ﬁeld imaging
	4.2.1 Micro-and nanofocused spectroscopy
	4.2.2 Full-ﬁeld imaging


	5 Traces, majors and dynamics
	5.1 Traces
	5.2 Majors
	5.3 Dynamics

	6 Methodological perspectives
	6.1 Studying traces
	6.2 Spatial dynamics in synchrotron spectral imaging
	6.3 Improving jointly separation and identiﬁcation
	6.4 On the historicity of ancient materials

	7 Conclusions
	Acknowledgements
	References


