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This paper presents the novel application of recently developed analytical techniques to the study of
paint layers on sculptures that have been restored/repainted several times across centuries. Analyses
were performed using portable XRF, u-XRD and p-Raman instruments. Other techniques, such as optical
microscopy, SEM-EDX and w-FTIR, were also used. Pigments and other materials including vermilion,
minium, red lac, ivory black, lead white, barium white, zinc white (zincite), titanium white (rutile and
anatase), lithopone, gold and brass were detected. Pigments from both ancient and modern times were
found due to the different restorations/repaintings carried out. p-Raman was very useful to characterise
some pigments that were difficult to determine by w-XRD. In some cases, pigments identification was
only possible by combining results from the different analytical techniques used in this work. This work
is the first article devoted to the study of sculpture cross-section samples using laboratory-made p-XRD
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1. Introduction

Masterpieces are affected by time and/or the environment
through the degradation of their physical integrity and aesthetic
appearance. These deterioration processes start immediately after
their manufacture. However, the most serious damages are fre-
quently not produced by natural degradation processes but are due
to human activity through. These changes, produced by anthro-
pogenic action, were the result of political, religious, or social
factors across time. As a result, multiple restorations/repaintings
were carried out on the sculpture studied in this work, causing a
complex polychromy [1].

Nowadays, it is possible to perform analysis of artworks
through non-destructive techniques such as micro-Raman
(p-Raman), micro-X-ray diffraction (u-XRD), and portable
X-ray fluorescence/X-ray diffraction (XRF/XRD) [2-11]. New
systems have also been developed for in situ analysis, some
containing two different techniques in the same appara-
tus, such as Raman/XRF [12], Raman/FTIR [13], Raman/LIBS
[14], and XRD/XRF [15-17]. One such portable XRF/XRD
instrument was designed and constructed at the C2RMF
(laboratory of the Centre de Recherche et de Restauration
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des Musées de France); it takes advantages of various devices
initially designed for synchrotron radiation (SR) [16,18,19].

These portable instruments are carried to the sites of storage
for artworks too heavy or too valuable to be displaced. They give
access to precise information on the composition of these cul-
tural heritage artefacts, mainly on their exteriors (a few microns
deep). However, even in the case when holes in the upper layer
give access to ancient layers underneath, the sensitivity and lateral
resolution are frequently not good enough to ascertain the poly-
chrome structure throughout. In addition, portable systems have
difficulties analysing all parts of pieces due to the localisation, fold,
geometry, and heterogeneity of the surface, among other factors.
In this case, it is necessary to complement in situ non-destructive
methods with the preparation and study of cross-section samples.
In this way, the identification of the paint layers, from the support
to the varnish, is possible using laboratory techniques including
micro-Fourier Transform Infrared (p.-FTIR), -Raman, and scanning
electron microscopy (SEM-EDX).

1-XRD is used to determine crystalline phases. The devel-
opment of w-XRD has allowed the determination of crystalline
pigments in very small areas not only on surfaces but also on
samples taken from artwork. p-Diffraction measurements in paint-
ing cross-sections have been performed, in most cases, with
synchrotron radiation (SR) [20,21] and very rarely with other
laboratory equipment [19,22]. The C2RMF laboratory at the Lou-
vre Museum has recently designed and constructed a p-XRD
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apparatus that takes advantage of various devices already devel-
oped for SR. Because SR facilities are not easily accessible, new
-XRD laboratory systems are being developed to obtain similar
results to SR techniques although better resolution is achieved with
SR [18]. p-Raman spectroscopy has attracted the attention of sci-
entists working in the field of art restoration and conservation.
There are several advantages of this technique, including its ability
to record spectra of inorganic and organic compounds, the broad
range of objects than can be investigated, the high spatial reso-
lution (analysis of micro-samples) and the possibility to perform
in situ investigations [23-28].

The aim of this work was thus to apply recently developed
analytical techniques to the full characterisation of complex poly-
chrome structures on a sculpture from the 13th to 14th centuries
that had been restored/repainted several times. These repeated
treatments formed a large number of layers of different chemi-
cal and mineralogical compositions. The portable XRF system was
first used to determine the elemental composition of the upper
layers before taking a few samples. Complete collection of informa-
tion through the application of a dedicated laboratory-made p.-XRD
combined with p-Raman, -FTIR and SEM-EDX was demonstrated
in the analysis of all the layers of the different cross-section sam-
ples prepared from different parts of the polychrome sculpture.
Therefore, we provide a new analytical methodology for the charac-
terisation of complex polychrome structures, combining different
non-invasive and micro-invasive techniques. The complementar-
ities of the techniques employed and the differential information
they deliver are thoroughly discussed in the text.

2. Materials and methods
2.1. Materials

The triplex sculpture of polychrome wood “Our Lady Santa Ana”
studied in this work represented medieval aesthetics of French ori-
gin and depicts Saint Anne, the Virgin and the Child (supplementary
Fig. S1) [1]. It is dated to between the 13th and 14th centuries.
This sculpture was selected because it had suffered several restora-
tions in the course of its history, generating a complex polychromy
with pigments used in both ancient and modern times. In spite
of the multiple restorations, the sculpture is now in a relatively
bad state. Twenty representative samples from different zones
were taken from the sculpture. Samples sizes were approximately
1 mm x 1 mm and removed with a scalpel.

2.2. Methods

The cross-sections were prepared following the methodology
described by Duran et al. [29,30] and Khandekar [31]. They were
observed and photographed with an optical microscope (Nikon
OPTIPHOT, 25x, 50x and 100x). Fig. 1 shows a selection of the
cross-sections prepared from the extracted samples.

The portable XRD/XRF system had an X-ray tube (40 kV, 700 .A)
with a copper anode [16]. It provided, through a 0.1 mm beryllium
window, polychromatic X-rays necessary for XRF measurements.
The measured area was approximately 4 mm x 3 mm with a slit
of 0.5mm at the exit of the tube. The XRF detector was a silicon
drift detector (SDD) with energy resolution (full width at half-
maximum) of 150 eV at 5.9 keV. It was Peltier cooled to —10°C and
located 90° to the X-ray tube and on the axis normal to the analysed
sample surface (so it was placed in front of the point where X-rays
impinge the surface of the object). Two laser pointers intersected at
the analysis position where the X-ray beam impinged the surface of
the object. The components of the apparatus are fixed on a support
that can be moved along the object to be analysed. Helium flux was

not used with this apparatus, thus light elements up to silicon were
not detected due to the strong absorption in air between specimen
and detector (=2 cm). The time of acquisition was 300s, and the
XRF spectra were analysed using ArtTAX and PMCA software pack-
ages. Only XRF experiments were carried out because XRD was not
possible due to geometrical restrictions in the sculpture shape.

w-XRD experiments were performed on the cross-sections in
reflection mode with the dedicated laboratory-made p-XRD equip-
ment developed at C2RMF [18]. The sample was centred using a
remotely controlled head that allowed movements in the x, y and z
directions in steps as small as 1 wm. The instrument was equipped
with an optical video recording microscope and two laser align-
ment devices to allow accurate alignment and recording of the
area from which the diffraction patterns were recorded. The Rigaku
microfocus X-ray tube had a power of approximately 30 W. Colli-
mators of 100 and 200 wm were used in this study. Imaging plates
served as bi-dimensional detectors, and the collection time for each
diagram was 10 min. The p-XRD equipment uses X-ray optics to
concentrate photon flux in small areas.

A dispersive integrated Horiba Jobin-Yvon LabRam HR800
-Raman system was employed for recording spectra. The experi-
ments were performed directly on the cross-sections. Two external
visible diode lasers (solid-state source) were available in this appa-
ratus: 532 nm (green) and 784.5 nm (red), but we mainly used the
784.5nm laser to minimise fluorescence of the organic medium
or of the pigments themselves. The equipment had a charge-
coupled device (CCD) detector and a grating of 680 grooves/nm.
An optical microscope was coupled confocally to the Raman spec-
trometer. Almost all the measurements shown in this paper were
collected at 50x and 100x magnifications (spot size approximately
5pm x 5 wm). Each Raman spectrum was recorded for 8-12 min
with a spectral resolution of 2 cm~1. Power values measured dur-
ing the experimental process were between 16 and 40 mW to avoid
damage to the cross-sections.

W-FTIR spectra were recorded using a Nicolet 510 apparatus
(source: Globar, detector: DTGS) in reflection mode with a Nic-Plan
optical microscope coupled confocally to the spectrometer. Simi-
larly to p.-Raman, the experiments were performed directly on the
cross-sections. The spot size was approximately 15 um x 15 wm,
and at least 200 scans were accumulated for each spectrum at a
4cm~! resolution.

Elemental chemical analyses over the cross-sections were
obtained using a Jeol ][SM 5400 SEM instrument equipped with a
Link ISIS energy dispersive X-ray (EDX) analyser at an accelerat-
ing voltage of 20 kV. Samples were coated with gold or carbon film
prior to analysis.

3. Results
3.1. Portable XRF study of the external layers of the polychromy

Small fragments/flakes from the exterior of the polychrome
were lost in some parts of the sculpture, exposing internal zones,
mainly in the face of Saint Anne (supplementary Fig. S2). In addi-
tion to the upper layer (three points: white colour (EIW and E2W)
and carnation (E2C)), XRF spectra were collected in four of these
internal areas (corresponding to carnation (I12C, I3C, and 14C), and
black colour (I1B)). The spectra obtained in the internal (Fig. 2a)
and external (Fig. 2b) layers showed some differences. Lead was
presentin a high proportion in all of the areas studied, except in the
carnation of the exterior (E2C). Zinc was detected in all measure-
ments carried out on the carnation and black. This element was not
present in the white colour of the external areas (E1W and E2W).
In one experiment carried out in a carnation zone of the internal
zone (I4C), a small intensity peak attributed to mercury appeared,
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Fig. 1. Micrographs of cross-sections from samples: SA-13 (a), SA-5 (c), SA-18 (d), SA-23 (e) and SA-22 (f). SEM micrograph with backscattering for sample SA-13 (b). (For
interpretation of the references to colour in the text, the reader is referred to the web version of the article.)

possibly from the presence of vermilion (HgS) (Fig. 2a). Barium and
titanium were also detected in almost all the zones measured, and
notable levels of barium were especially present in the carnation
of the external part (E2C) and in black colour (I1B) (Fig. 2).

The analyses revealed the presence of a pigment made with zinc,
possibly zinc white (zincite, ZnO). Barium and titanium detected
by XRF could be assigned to the presence of barium white (barite,
BaSO4) and titanium white (titanium oxides, TiO;). In the black
(I1B) of the sculpture, high amounts of iron were detected by XRF
analyses that might have been responsible for the brown colour of
this zone (iron oxides and/or iron oxyhydroxides are suspected).

3.2. Study of the cross-sections

The portable XRF equipment provided important information
on the external layers of the polychromy. However, to obtain

information on the composition of all the layers in the polychrome
structure, it was necessary to study cross-sections that contained all
the layers. Five cross-sections, representative of the main colours
observed in the sculpture, were selected for this purpose (Fig. 1).
The observations by optical microscopy and SEM-EDX showed a
complex composition with a high number of layers (from 4 to 10).

3.2.1. u-XRD

Valuable information was provided by pw-XRD. The sample SA-
13 was taken from the headdress of Saint Anne (supplementary
Fig. S1), and the cross-section photomicrographs (Fig. 1a) showed
that it contained ten layers. The images from the SEM (Fig. 1b)
with backscattering electrons showed two bright zones (layers 1
and 2; and 4, 5, and 6) due to the high atomic number of the
elements present in both layers. The -XRD study of the lower lay-
ers (approximately 1, 2 and 3) showed the presence of lead white
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Fig. 2. XRF spectra collected on the internal areas (a) and external areas (b) of the
sculpture. (For interpretation of the references to colour in the text, the reader is
referred to the web version of the article.)

(hydrocerussite (Pb3(CO3),(OH),) and cerussite (PbCO3)) and gyp-
sum (CaS04-2H,0) (Fig. 3a). The lead white corresponded to the
lowest layers (1 and 2) composed of elements of high atomic num-
ber (Fig. 1b), while only gypsum was present in layer 3. The w-XRD
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Fig. 3. u-XRD diagrams collected on the cross-section SA-13: layers 1, 2 and 3
(a) and layers 7, 8, 9 and 10 (b). Cer =cerussite, Hy = hydrocerussite, Rut =rutile,
Gy = gypsum, Zn = zincite and C = calcite.
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Fig. 4. p-XRD diagrams collected on the cross-section SA-5: layers 2 and 3 (a), lay-
ers 4 and 5 (inner zone) (b), and layers 4 and 5 (upper zone) (c). Cer = cerussite,
Hy = hydrocerussite, Cin = cinnabar, M = minium, H = hematite and Gy = gypsum. (For
interpretation of the references to colour in the text, the reader is referred to the
web version of the article.)

diagrams of approximately the layers 4, 5 and 6 showed similar
compositions to the previous ones (lead white) with a very thin
layer (5) situated between layers 4 and 6. The w-XRD study of
the upper layers (7, 8, 9 and 10) (Fig. 3b) showed the presence
of zincite (zinc white, ZnO). In addition, small amounts of rutile (a
crystalline form of titanium white, TiO, ) and calcite (CaCO3) were
also detected. Gypsum was also observed in layer 7.

Sample SA-5 was collected from the red dress of Saint Anne
(left side of the sculpture, supplementary Fig. S1). Nine layers were
observed in the cross-section (Fig. 1c). The w-XRD study of the
white layers (2 and 3) showed the presence of gypsum (Fig. 4a).
The characterisation of all red layers located at the top of the cross-
section was difficult because five coloured layers were observed
by optical microscopy and SEM-EDX in a narrow zone. However,
the XRD diagram of the approximately lower red layers (4 and 5,
Fig. 4b) showed the presence of cinnabar (vermilion pigment, HgS)
and minium (Pb304), both being red pigments. In addition, cerus-
site, hydrocerussite and gypsum were detected. The gypsum was
probably released from the lower layer (3). The diagram obtained
from the upper red zone (also in layers 4 and 5, but several microns
higher) showed similar composition to the other inner red zone
(Fig. 4c). However, the intensities of the minium peaks decreased,
as did the cerussite and hydrocerussite peaks, while the intensi-
ties of the cinnabar peaks increased. These results suggested the
presence of two layers, one lower mainly composed of minium,
cerussite and hydrocerussite, and one upper mainly formed from
cinnabar, cerussite and hydrocerussite. In the latter -XRD diagram
(Fig. 4c¢), a peak of small intensity also appeared at d=0.269 nm
(26=33°), suggesting the presence of hematite (iron oxide, Fe;03).

The gilding was studied in sample SA-18 (Fig. 1d), and gyp-
sum and brass were detected by w-XRD. Main diffraction peaks of
brass (Cu-Zn alloy) were observed at d =0.212 nm (20 =42.5°) and
d=0.183nm (260=49.7°).

Sample SA-23 was taken from the blue dress of St Anne
(supplementary Fig. S1). The cross-section (Fig. 1e) showed the fol-
lowing layers: a broad layer of white at the bottom (1) followed
by three layers of blue (2), white (3) and blue (4), respectively. The
W-XRD study of the broad white layer (1) showed the presence of
gypsum (Fig. 5a). The w-XRD diffractions of the inner blue layer
(2) showed zincite as the major component, with gypsum (com-
ing from the lower layer), calcite and lazurite [Nag(Al;3_xSixO24)Sn |
in lower proportions, the latter responsible for the blue colour
(Fig. 5b). The white layer (3), observed between the two blue layers,



466 M.L. Franquelo et al. / Talanta 89 (2012) 462-469

Rut

Intensity (arbitrary units)

n 1 n n
L ir‘ '_
>
5
(9)
<

2-Theta-Scale

Fig.5. -XRD diagrams collected on the cross-section SA-23: layer 1 (a), layer 2 (b),
and layer 3 and 4 (c). L = lazurite, An = anatase, Rut = rutile, C = calcite, Zn = zincite and
Gy = gypsum. (For interpretation of the references to colour in the text, the reader
is referred to the web version of the article.)

was mainly composed of zincite. In addition, rutile, anatase (tita-
nium white, TiO) and calcite were also found by -XRD. The upper
layer of blue colour (4) was composed of zincite, calcite, anatase,
rutile and lazurite (Fig. 5¢). According to the continuous rings seen
for the lazurite diffractions in the 2D XRD detector, we suspected
the presence of artificial lazurite.

Sample SA-22 was taken from the neck of the Virgin
(supplementary Fig. S1). The cross-section (Fig. 1f) showed two
layers of carnation (1 and 3) separated by another layer of white
(2). The p-XRD showed the presence of gypsum in the white layer,
whereas the layers of carnation contained hydrocerussite, cerus-
site and a small amount of cinnabar (vermilion), responsible for
the reddish colour.

3.2.2. p-Raman

r-Raman was used to study the pigments in the red layers that
were not detected by w-XRD (see Section 3.2.1). The Raman spectra
of the small layer of dark red colour (1) that appeared at the bottom
of sample SA-5 (Fig. 1c) showed the presence of hematite and sili-
cates (Fig. 6a). The bands at 251, 280 and 343 cm~! and the bands
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Fig. 6. p-Raman spectra of the different layer samples: dark red (1) of SA-5 (a),
red (4) of SA-5 (b), red (5) of SA-5 (c), inner blue (2) of SA-23 (d), and superficial
blue (4) of SA-23 (e). H=hematite, Si=silicate, Ver (Cin) = vermilion, M = minium,
L =lazurite, Rut = rutile, C = calcite. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of the article.)

at 118, 147,221,307, 386 and 546 cm~! were attributed to vermil-
ion (Fig. 6b) and minium (Fig. 6¢), respectively, detected in layers
4 and 5. Raman spectroscopy also detected the presence of iron
oxides and silicates in layers 8 and 9, corresponding to the upper
red zone. These data confirmed that the peak at 26 =33° observed
by -XRD and the iron detected by SEM-EDX belonged to iron oxide
pigments from the most external layers.

The Raman spectrum (Fig. 6d) of the inner blue layer of sample
SA-23 (Fig. 1e) showed the presence of lazurite (bands at 260, 549,
1098 and 1102 cm~1), in agreement with the w-XRD results. Fur-
thermore, the bands at 447 and 609 cm~! were attributed to rutile.
The Raman spectrum (Fig. 6e) of the superficial blue layer (4) of
the same sample showed bands at 260, 549, 1098 and 1102cm™1,
attributed to lazurite. Due to its application in a recent restoration
carried out in 1966 to eliminate an insect attack, combined with
the p-XRD data (see Section 3.2.1), the presence of artificial lazurite
(ultramarine blue) was suggested.

The Raman spectrum of the thin layer (4) of sample SA-22
(Fig. 1f) showed the presence of zincite, rutile and calcite. Zinc white
is a particularly difficult pigment to detect by Raman spectroscopy
as it is highly fluorescent, but in our case, it was detected thanks
to its Raman bands at 433 and 377 cm~'. These minerals were also
found in layers 9 and 10 of sample SA-13 (Fig. 1a). These results
matched those derived from the w-XRD data.

3.2.3. SEM-EDX and j-FTIR

The EDX analysis of a black sample collected from a black
colour zone (I1B) showed the presence of phosphorus and calcium
(Fig. 7a), suggesting that the black colour was given by ivory black
(mainly calcium phosphate, Caz(POg4), +carbon, C). XRF analyses
agreed with those from EDX. Although unfortunately phosphorus
was not detected (Fig. 2a) due to the experimental constraints of
the XRD/XRF apparatus, calcium peak is clearly observed.

Iron, silicon, aluminium and potassium were detected by EDX
(Fig. 7b) in the small layer of dark red colour at the bottom of the
cross-section of sample SA-5 (Fig. 1c), in agreement with the -
Raman results (see Section 3.2.2). The characterisation of all red
layers located at the top of the cross-section was more difficult
because five coloured layers with different elemental compositions
were confirmed by SEM-EDX analyses in a narrow zone. EDX anal-
ysis showed two layers (4 and 5), one layer containing mercury,
sulphur and lead and another layer with only lead. This observa-
tion confirmed the presence of cinnabar mixed with lead white and
another layer of minium and lead white determined by -XRD and
i-Raman spectroscopy. In the red zone, the EDX analysis showed
another layer (6) containing aluminium with lead, calcium and car-
bon (Fig. 7¢), which suggested the presence of a red lac impossible
to characterise by XRD due to its amorphous character.

-FTIR spectra of layer 6 showed absorption bands at 1643 and
1406 cm~! of U(C=0) and 1138 cm™1, attributed to the presence of
the calcium salt of carminic acid. These data agreed with the pres-
ence of red lac suggested by EDX [32]. Layer 7 was composed of
a resin, as confirmed by p.-FTIR spectra bands (2869, 2946 cm™!
assigned to the C—H elongation vibrations, 1695 cm~! to C=0 and
1643 cm~! to C—C) [33]. Layers 8 and 9 were small, narrow and not
continuous, so they could not be studied by w-XRD. The EDX anal-
ysis of these two upper layers detected sulphur, calcium, barium,
iron, zing, silicon and aluminium (Fig. 7d). The presence of sulphur,
barium and zinc suggested the presence of lithopone (BaSO4 +ZnS),
barium white and/or zincite. The iron might have been responsible
for the red colour (Fig. 1c) that appeared in these most external
layers.

The brown colour that appeared in layer 8 of the cross section of
sample SA-13 (Fig. 1a) was produced by a resin, similarly to layer
5, as confirmed by p.-FTIR (bands at 2869, 2944 cm~! assigned to
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Fig. 7. SEM-EDX analysis carried out on the different studied samples: black fragment in zone I1C (a), dark red layer (1) of sample SA-5 (b), red layer (6) of SA-5 (c), red layers
8-9 of SA-5 (d), top of layer (6) or layer (7) of SA-18 (e), white layer (3) of SA-23 (f and g), and carnation layer (3) of SA-22 (h). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of the article.)

C—H elongation vibrations, 1696 cm~! to C=0 and 1641 cm™! to

C—C)[33].

The gilding was observed in sample SA-18 (Fig. 1d). At the bot-
tom, a layer of lead-based compounds (1) appeared, followed by
another layer of copper (2) covered with another of lead-based

compounds (3). Layer 4 contained compounds based on calcium
and sulphur, possibly gypsum, followed by a burnish layer (5) com-
posed of iron, aluminium, silicon (possibly clay minerals) and lead
compounds. The gilding (6) was made with brass (copper and zinc),
as mentioned before thanks to w-XRD analyses (see Section 3.2.1).
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Finally at the top of the polychrome (6), gold appeared (Fig. 7e).
This gilding was first made with false gold then covered with gold
leaf during a later restoration that had practically disappeared (7).

The EDX analyses of the white layer (3) of sample SA-23 (Fig. 1e)
observed between the two blue layers showed the presence of zinc,
barium, titanium and sulphur (Fig. 7f and g). Using j.-XRD, the pres-
ence of rutile, anatase and calcite was found in this same layer. EDX
analyses confirmed the presence of vermilion due to the detection
of sulphur and mercury (Fig. 7h) in layers 1 and 3 of sample SA-22
(Fig. 1f).

4. Discussion

For XRF, the depth of analysis depends on the nature of the ele-
ments assayed and also on the energy of the fluorescing X-rays
used for the detection of the elements (e.g., Pb-L E=9.2-15.8 keV
or Pb-M E =2.3-2.6 keV). For instance, the theoretical penetration
in alayer composed of pure cerussite is approximately 1.5-2 wm at
E=8.0keV (Cu-Ka radiation) and at X-rays beam incidence angle
of 10° [34]. The presence of lead in almost all the external areas of
the sculpture and the thickness of the polychromy (200-500 p.m
approximately, Fig. 1) limited the amount of information obtained
by XRF to only the exterior of the polychrome. Access to lower lay-
ers through occasional holes was not sufficient to determine the
entire complex structure of the polychromy.

Iron is almost always present in XRF spectra because Fe fluores-
cence is strongly excited by the copper radiation used as the X-ray
source [16]. Iron oxides and/or iron oxyhydroxides are suspected if
the iron amount is very high; in other cases, iron could be assigned
to the presence of rests and/or contamination (iron-compounds in
very low concentration). However, light elements are not detected
by this technique because of the strong absorption in the beryllium
window (from detector) and in air (2-3 cm) between the sample
and the XRF detector. X-ray transmission in air is only about 5%
for a 3cm path and 40% for a 1cm path at Si-K energy (1.7 keV)
[16,35]. The detection limits for light elements could be improved
by reducing the distance between the sample and the detector or
by replacing the air with helium [35,36]. In our case, phosphorus
detected by EDX could not be detected by XRF due to the limitations
mentioned above. XRD is therefore essential to identify compounds
materials that often contain light elements (e.g., oxides, carbonates,
and phosphates).

To obtain information on the composition of all the layers of
polychromes structure, it was necessary to study representative
cross-sections that contained all the layers of interest. Although the
analysed areas were approximately 0.01 and 0.04 mm? for w-XRD
experiments when using collimators of 100 and 200 pwm, respec-
tively, and the different measurements did not correspond exactly
to each layer in the cross-section, we were still able to obtain data
on the different layers without much effort with a proper interpre-
tation of the collected results as shown in this study. Furthermore,
the technique developed here was micro-invasive because only
minor amounts of sample are necessary for measurements, in con-
trast to conventional X-ray powder diffraction. In this case, the bad
state of the artwork made the removal of small samples accept-
able. Finally, the samples can be used for other analyses or archived
following w-XRD.

-XRD was not a completely adequate technique for the char-
acterisation of the two red pigments in layers 4 and 5 of sample
SA-5 (Fig. 1c) due to the size of the X-ray beam. p-Raman was
therefore used for the accurate characterisation of these two lay-
ers of red colour. The zone analysed by Raman was approximately
5pm x 5 wm, a size that allowed differential analyses of each red
colourinthese thinlayers. This was just one illustration of p-Raman

as a good technique for characterising the composition of very nar-
row samples.

Imaging and elemental microanalysis of cross-sections by SEM-
EDX was a valuable tool in this study, particularly for the complex
polychrome structure. SEM-EDX microanalysis provided informa-
tion on elements with atomic numbers larger than 6. It should be
noted that this technique cannot differentiate between samples
with similar elemental composition but different stoichiometry,
especially when they contain light elements (e.g., carbon, oxygen
and nitrogen).

The presence of organic matter cannot be directly established
by XRD, XRF or SEM-EDX. However, j.-FTIR has been a useful tech-
nique to determine the presence of resin and red lac pigment. In
this work, this technique was also used for the characterisation of
compounds containing inorganic polyatomic anions.

The results obtained for the external layers of cross-sections of
carnation colour in sample SA-22 (Fig. 1f) and for the white colour of
sample SA-13 (Fig. 1a) matched those derived from XRF in exterior
studies (Fig. 2). Mercury, zinc, barium and titanium identified by
the portable system are according to the detection of compounds
as cinnabar, zincite and rutile detected by other techniques applied
on the upper layers of the cross-sections.

The compositions of all the layers in the cross-sections were suc-
cessfully determined. The techniques used for this characterisation
were based on elemental analysis (XRF and SEM-EDX) and j.-XRD.
These two sets of techniques provide quality information for the
characterisation of different inorganic pigments present in the lay-
ers of a polychrome on a cultural heritage object. However, pigment
identification was not possible in some cases because of the poor
spatial resolution of w-XRD. In our case, we had to combine results
from other analytical techniques to circumvent this issue.

Due to these analytical results, the story of restoration through
the centuries could be related to the curators/conservators in
charge of the artwork. For example, the pigment zincite appeared
commercially in the 19th century and is a non-poisonous but mildly
antiseptic compound. It requires more oil to form a paste than lead
white (mixtures of cerussite and hydrocerussite) and has a ten-
dency to eventually dry out and become brittle and crack. Barium
white and titanium white (titanium oxides) are pigments that were
used in connection with paints since the end of the 19th or begin-
ning of the 20th century [37]. Ultramarine blue (artificial lazurite)
was first used in paintings around 1830, and lithopone has only
been used recently, suggesting these pigments were used in recent
restorations. Vermilion, minium, lead white, hematite, red lac, gold,
brass, calcite and gypsum are all pigments that have been used since
ancient times.

5. Conclusions

The sculpture studied in this work had been restored/repainted
several times across centuries, which was responsible for the
complex polychrome with many layers (preparation, paints and
repaints) on the piece detected by optical and scanning electron
microscopes. The layers showed different chemical and miner-
alogical compositions, which made their complete characterisation
difficult.

XRF provided a quick and easy view of the compounds present
on the exterior of the polychromy. w-XRD proved to be a highly
effective method for non-destructive analysis of the different lay-
ers of the polychrome cross-sections. The main limitation of -XRD
was the spatial resolution, which made the characterisation of the
thin layers of the polychromy difficult. This difficulty could be over-
come using p-Raman. Alternatively, SEM-EDX microanalysis on
cross-sections also provided valuable information on the chemical
elements present in each layer. Notably, the results derived from
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these different techniques were all in agreement. In some cases, the
complementary use of different techniques was necessary for the
full identification of the compounds present in the polychromy.
This is the first article devoted to the study of the cross-sections
of a polychrome sculpture using a laboratory-made p-XRD system.
The analyses carried out by these techniques identified vermil-
ion, minium, lead white, hematite, red lac, gold, brass and gypsum
in the artwork, all utilized since antiquity. Titanium white (rutile,
anatase), barium white, zinc white, lithopone, lazurite and gold
were also identified in this study and were applied more recently.
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