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ABSTRACT: The modemn X-ray sources available at large-scale installation facilities allow for the study of materials
through powerful chemical and structural characterization techniques, particularly X-ray absorption spectroscopy. Along
the last decade, the non-destructive characterization of a diversity of cultural materials - glazed ceramics (decorated tiles,
faiences, porcelains) and glasses (archaeological glass beads) — as well as pigmenting natural materials, has been performed
at the ESRF (European Synchrotron Radiation Facility) in Grenoble/France with the support of EU. The electronic situation
of chromophore ions and fuser metals was assessed by analyzing the details observed in X-ray near-edge absorption curves
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(XANES spectra) collected from the subject elements. A brief overview is presented on recently published results.

1. INTRODUCTION

Synchrotron radiation sources nowadays available at large-
scale installations allow for the study of materials through
powerful chemical-structural characterization techniques,
particularly X-ray absorption spectroscopy.

Using the instrumental setups of beam-lines 1ID22, ID21
and BM29 (actual BM23) at the ESRF (European Syn-
chrotron Radiation Facility, in Grenoble/France), non-
destructive analyses and structural characterization of a
great diversity of materials — ceramics, glasses, gems and
pigmenting nanominerals - have been performed along the
last decade.

The electronic (and eventually magnetic) situation of the
constituting atoms in a given material is assessed through
the analysis of features and details observed in the near-edge
region of X-ray absorption curves (XANES). Conversely,
the fine-structure analysis and the theoretical modelling of
post-edge oscillations in the extended region of these curves
(EXAFS) allow for disclosing information about the number

of closest neighbours around the absorbing element in the
host material.

A brief summary is presented of the results attained in this
domain, focusing particularly the fine-structure analysis of
near-edge absorption spectra.

2. EXPERIMENTAL AND RESULTS

The key-factors influencing multiple scattering effects in X-
ray absorption experiments — that is conditioning the lay-out
of collected XANES spectra ~ are mainly the symmetry of
the structural site occupied by the absorber (particularly the
absence of a symmetry centre), the nature and charge(s) of the
ligands, and the bond distances.

The present overview focus the results of X-ray absorption
experiments performed at the K-edge of chromophore transi-
tion metals — Fe [1,2], Cu [3 4], Co [5,6], - and at the L-edge
of antimony [7,8]. The role of fuser metals used in the manu-
facture of ancient glazes — Zn [9] and Pb [10] - is addressed
as well.
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The FEFF 8.10 Code [11] was applied with success to simu-
late XANES spectra on the basis of a theoretical multiple dif-
fuse scattering approach and to compare the simulations with
experimental data.

2.1. Iron in mineral pigments

The colourings provided by iron are nicely illustrated by the
mineral beryl (ideally Be,ALSi O,,). This mineral displays a
remarkable set of gemmological varieties and the role of iron
was successfully studied by X-ray absorption near-edge spec-
troscopy to ascertain the speciation state of the chromophore
element [1].

Such spectroscopic approach to the colouring by iron was
recently extended to a natural blue pigment, vivianite [2].
The interest on blue iron minerals as pigments for painting
was enhanced with the use of vivianite — an hydrated ferrous
phosphate Fe,(PO,),.8H,0 — which in medieval Europe be-
came an alternative to the expensive lapis lazuli, with simpli-
fied formula (Na,Ca) ,(AlSi0,),(SO, CLS).

22. Copper in archaeological glasses

Let us start by addressing the chromophore role of copper, a
metal that originates a great diversity of colourings either in
natural compounds (minerals) or in synthetics.

As a contribution to the question about the origin of red
coloured ancient soda-lime glasses, an archaeological glass
bead from the 16" century was extensively studied [3,4]. This
twisted tubular “rosette”-type bead is composed of five lay-
ers (fig. 1): external, green; intermediate “rosette”, white-red-
white; internal, bluish.

Fig. 1. Two views of the twisted tubular “rosette”-type archaeological glass
bead found in 1996 during the excavations conducted in Lisbon Old-City to
extend the Underground.

Cu 1s XANES spectra were collected from the red lay-
er using the instrumental set-up of the former beamline
ID-22, actual u-FID,, — micro-imaging, diffraction and fluores-
cence beam-line — and compared against spectra obtained from
copper metal and cuprite, the natural cuprous oxide (fig. 2).

XANES spectra simulations using the FEFF code for spheri-
cal atomic clusters with a radius of ~5 A for the metal and
~5.3 A for cuprite allowed interpreting the red colour of the
glass as stemming from the presence of copper nanoclusters
covered by a monolayer of cuprous oxide [3].
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Fig. 2. Cu K-edge XANES spectra collected in fluorescence yield (FY)
mode

Cu K-edge XANES spectra were collected from model oxide
minerals with red, blue, green and black colourings, confirm-

ing a certain similarity of spectra layout when the chromo-
phore ion is Cu * (fig. 3).
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Fig. 3. Cu 1s XANES spectra (FY mode) collected from model minerals
presenting various colourings

23. Cobalt in blue-and-white Chinese porcelains

A study carried out on blue-and-white Chinese porcelains
manufactured for the Portuguese market along the 16"-17%
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centuries [5] has allowed disclosing the dominant role of co-
balt as chromophore element, with tetrahedral Co?**ions being
responsible for the blue colouring of the porcelain glaze.

These tetrahedral cobalt ions play simultaneously a minor
function of network formers in the silica-rich glassy matrix
of the ancient Chinese blue-and-white porcelain glaze as con-
firmed by a recent study [6].

24. Antimony in Napples’ yellow glaze pigments

Great interest has been focused on antimony oxides in the do-
main of ancient cultural materials because of metal speciation
in relation to colour and its dependence from crystal struc-
ture. Using well crystallized minerals as model compounds,
X-ray absorption spectroscopy at the Sb K-edge has allowed
tackling the chemistry and phase constitution of ancient tile
glazes manufactured with the Napples’ yellow pigment.

Most of antimony oxides occur naturally as yellow miner-
als and display a variety of structural arrangements result-
ing from two stable Sb speciations: cervantite (orthorhombic)
with Sb* with a pyramidal environment (CN 3) and Sb** in
octahedral coordination; valentinite (orthorhombic but white)
and dimorphous senarmontite (cubic, yellow), both contain-
ing also Sb* in pyramidal coordination (now with CN 4); fi-
nally, the very rare mineral stibiconite with octahedral Sb**
ions within a pyrochlore-type atomic arrangement.

Spectral contributions from the two ionic Sb species simu-
lated using a multiple scattering approach through the FEFF
code [11] for a cluster of 87 atoms within an atomic array
of pyrochlore-type structure (~Sb,O, ) have provided a good
fitting between calculated and experimental Sb 1s XANES
spectra (fig. 4).
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Fig. 4. Sb K-edge XANES spectra showing the coincidence of a and b spec-
tral details

thus demonstrating that antimony alone may be responsible
for the yellow colour of ancient tile glazes through a finely
dispersed pyrochlore-type Sb-oxide [7,8].

2.5. Fuser metals

The structural role of fuser metals in ancient lead-rich tin-
opacified glazes from polychrome ceramic tiles of Portuguese
manufacture (16™-18" cent.) was characterized by perform-
ing XANES studies at the Zn K-edge and at the Pb L,-edge.
Minerals and synthetics with known crystal structures were
used as model compounds to configure different speciation
states and coordination environments of lead and zinc ions
and to interpret the effects upon spectra details.

It was concluded that zinc acts exclusively as a network
former [9]. Similarly, lead is hosted by the glassy matrix
whatever the glaze colour but plays the structural role of a
glass network modifier, possibly assuming a coordination
higher than usual for silica glasses [10].

3. FINAL COMMENT

The present contribution is intended to summarize recent rel-
evant results on the characterization of ancient cultural mate-
rials (particularly glasses and ceramics) obtained through the
application of X-ray absorption spectroscopy at the ESRF.
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