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Lead-tin/Naples Yellow provides a bright yellow color often used in combina-
tion with a blue-colored glass to obtain a variety of green hues to decorate
enameled glass, metalware, and ceramics. From the analysis of about hun-
dreds of enameled objects from French and Chinese productions of the 18th
century, we identify and compare the Raman signatures representative of these
yellow pigments. For the first time, we propose several procedures that allow
us to compare our data with those obtained from the literature on the spectra
of synthesized pigments also characterized by XRD. A first approach is a rea-
soned analysis of the parameters obtained from the spectral decomposition
carried out on spectra visually selected as the most different and the “purest.”
A second approach uses multivariate analyses with principal component
analysis (PCA) or hierarchical clustering of the spectra and of the band
parameters originating from a spectral decomposition. It appears that the pre-
cise identification of the phase from simple observation of the sole Raman
signature may be unreliable when only main peaks are detected due to the
large non-stoichiometry of the phases and the resulting similarity of the
Raman signatures. PCA analysis of the total Raman spectra does not allow
relevant classifications due to the strong contributions induced by the bands of
the silicate matrix. However, the combination of a reasoned analysis of the
Raman spectra with the PCA of spectroscopic parameters extracted from
Raman spectral decomposition appears effective in categorizing the different
pigments. From the results discussed, at least three types of Raman signatures
are identified for each Sn- and Sb-based pigment and correlate with the type,
the period, and the location of enamel production.
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1 | INTRODUCTION

In glass and ceramic production, the yellow colors of
glass (amorphous silicate) can be obtained by different
processes. In the simplest technique, based on the disso-
lution of ions in the silicate network (called transparent
colors)," the yellow color is obtained with Fe®' ions.
The other way is to use a yellow pigment obtained by
precipitation or addition of a crystalline phase to the
glaze. This old technique used from ~1500 BC in Egypt
and Mesopotamia®™* is then achieved by saturating a
lead-based glaze glass with antimony to obtain the pre-
cipitation of Pb,Sb,0,; (oxyplumboroméite, previously
bindheimite, belonging to pyrochlore supergroup).” This
yellow coloring agent was widely used by Roman glass-
makers, who also used cassiterite (SnO,) as an opacifier,
and this way led to more complex compositions by incor-
porating tin and other metals (Pb,Sb,.x,Sn,M,0;) likely
from internal reaction in the molten silicate.” Some ions
having indeed several valences, the firing atmosphere will
control the valence state of multivalent ions and the
oxygen non-stoichiometry. The lead antimonate seems to
have been gradually replaced by that of lead stannates
during the first centuries AD, and the latter becomes
mostly employed by the fourth century.’ Because of the
mention of the 16th century recipe in the famous book of
Picolpasso and/or due to their large use in 18th century
enameled ware including Capodimonte productions’
as well as in Italian paintings,>®'° these pigments are
generally called “Naples yellows.” From the end of 19th
to middle of 20th century, uranyl ion first and then CdS
replace them, and now, vanadium- or praseodymium-
doped cassiterite, -zirconia, or -zircon pigments are only
used in crockery production.'"'?

The ancient yellow pigments are complex solid solu-
tions based on lead and tin oxides, whose compositions
depend on the time and place of production in relation to
the raw materials and technologies used. The fine charac-
terization of pigment structure is necessary for the identi-
fication of ancient technologies, and we are interested in
characterizing non-invasively these pigments using
Raman spectroscopy, which can be performed using
mobile instruments. However, given the variety of neigh-
boring phases that can form and the complex environ-
ments in which they are present (glazes where
amorphous and crystalline phases coexist in various
amounts to control the hue/decoration), the mere obser-
vation of the presence/absence of the dominant Raman

bands in the spectroscopic signatures is not sufficient to
obtain a clear identification of the crystalline phases. Fur-
thermore, the intensity of the Raman peaks that could be
associated to the pigment is highly variable, and in most
of the case, only the strongest peaks can be visible. X-ray
(micro)diffraction (XRD) is the alternative approach to
characterize mineralogical structures, but to date, it is
not readily available with a mobile instrument, especially
when micron-sized analysis volumes are required. Fur-
thermore, due to the low proportion of crystalline phases,
without a strong focus of the X-ray beam, X-ray diffrac-
tion is expected to be insufficiently efficient. As non-
invasive on-site analyses are mandatory for the study of
masterpieces,””'**® in this work, we attempt to refine
the possibilities of identifying the different types of yel-
low pigments from the Raman spectrum alone obtained
on the glazes. Finally, glasses and ceramics are pre-
pared from natural raw materials—and not from “pure”
chemical products—which induces the formation of
non-stoichiometric phases that may exhibit structural
distortions not found in the synthetic phases character-
ized in the literature, making structural identification/
definition more difficult.

In order to better categorize the yellow pigments and
the phases that can be associated with them, we will
compare the Raman spectra from the literature in which
yellow phases have been characterized both by Raman
microspectroscopy and by X-ray diffraction with the dif-
ferent Raman signatures identified in our previous
works'#171972¢ on several dozen of exceptional enameled
objects produced in Europe or in China during the 17th
and 18th centuries, analyzed on-site with mobile Raman
set-up. We will compare the classifications obtained by
the reasoned approach of solid-state chemistry analysis
and a multivariate approach (principal component and
hierarchical clustering) of different datasets: spectra in
their entirety, of certain spectral intervals, or of parame-
ters extracted from spectral decompositions. This
approach is relatively new and has only been used to
some extent in the study of the Raman signatures of
stained glass windows recorded on-site with mobile
Raman set-up.”’ Our goal is to go further in the develop-
ment of “tools” for the classification of Raman signatures
collected on-site in a non-invasive way and to use them
to study the transfer of enameling technologies from
Europe to China since the end of the 17th century
(Kangxi reign, Qing Dynasty) conducted by the Jesuits
hosted at the Qing Court.>*°
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2 | BACKGROUND ON YELLOW
SYNTHESIZED PIGMENTS

We first summarize the information extracted from the
literature on the different types of lead-based yellow pig-
ments that have been characterized to date. Table 1 sum-
marizes the different phases previously identified by XRD
analyses.>®%37 Different types of yellow lead stannates
have been distinguished, with “pure” lead-tin yellow type
I (Pb,Sn0,)***>% (Table 1: unit-cell a ~ 0.87276-
0.87371 nm for tetragonal (P,2/mbc) group and
a ~ 0.87288-0.87358 nm for orthorhombic [Pbam]
group), and lead-tin yellow type I’ (PbSnO; or
Pb,Sn,0s with pyrochlore®> or perovskite®® structure)
(Table 1: unit-cell a ~ 1.0695-1.07186 nm, cubic [Fd-3 m]
system), which may contain additional silicon
(PbSn;_,Si,05).”” The lead-tin yellow type II has been
detected in many vitreous material excavated from
Roman sites dated from the first century BC.®%*°
Beyond the characterization provided by XRD, in most
other studies, the pigment identification is only deduced
from the detection by elemental analysis of tin, anti-
mony, and other elements likely to enter the composi-
tion: zinc, iron, knowing that the presence of silicon is
linked to the silicate matrix. Long ago, probably up to
Renaissance, these phases were formed by precipitation
during the cooling of molten enamels and not by prior
synthesis of pure pigment powder, which was then added
to the glassy silicate matrix.

All above mentioned phases are built with two sub-
lattices, one based on Pb>" (heavy) ions (hereafter called A
ions) and a second based on covalent-bonded octahedron
connected by corner or edge (hereafter called BOg4). Conse-
quently, their Raman spectra show rather similar signa-
ture, a strong peak at low wavenumber arising from the T’
(translational) mode of Pb®" ions and vibrational, bending
and stretching modes of BOg tetrahedron at higher wave-
number. The differences between the spectra of com-
pounds derived from these solid solutions will be subtle.

Pyrochlores belong to a large family of crystalline
materials (A,B,XgY general formula, a framework of cor-
ner shared BOg octahedron, the X site being partially
occupied by an oxygen atom [or an OH™ group] and
hence the common A,B,X; formula, e.g., Pb,Sb,0;5)
with a rich variety of technologically important
functional properties.®® Perovskite family is larger (ABO5
general formula, also a framework of corner shared octa-
hedral, the A site being occupied by different M*" ions,
Pb*" in our case, and with a non-stoichiometry of oxygen
which is frequent) and are used in many applications
(electronics, piezoelectric, energy production, etc.). These
phases are very often formed together during synthesis,
and the preparation of single phase ceramic is rather
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complex.®* Both structures developed a diversity of possi-
ble structural transformations including iso-symmetric,
reconstructive, and phase transitions of second
order.®®®"® The structures are ideally cubic (Fd-3m),
but distortions are common (e.g., rhombohedral, ortho-
rhombic, and monoclinic), in particular depending on
the synthesis temperature, non-stoichiometry, and order-
ings and involves changes of the Raman signature.>®>%®
It has been established that partial substitution by alka-
line ions is necessary to stabilize the pyrochlore PbSb,0,
phase.®® Consequently, the composition of the glassy
matrix in which the crystals form should control the
structure of the pigment.

The Raman efficiency can be very different; for
instance, ideal cubic perovskite does not have Raman
spectrum, and its Raman signature arises from distorted
domains.®® The firing conditions may also lead to the for-
mation of PbSb,0g, with a rhombohedral trirutile struc-
ture.>® The homolog CaSb,0¢ has been well known as an
opacifier since Antiquity’® as well as the more oxidized
compound, the pyrochlore CaSb,0;. In the trirutile struc-
ture, the octahedra are connected by the edges to form
crowns (lattice: ~0.0522 x 0.0501 nm), and the D34 Sym-
metry leads to numerous Raman lines. All these struc-
tures therefore have fairly similar Raman signatures,
especially when only the most intense peaks are visible,
and it is therefore difficult to make a phase assignment
on simple visual criteria.

3 | EXPERIMENTAL

3.1 | Studied artifacts

The Raman data are those previously measured on yel-
low and green glazes of a corpus of European artifacts,
such as watches with sophisticated enamel decoration
that were almost exclusively produced in France
(mid-17th to mid-18th century),'”® and French porce-
lains, mainly of soft-paste type (late 17th to mid-18th
century).'”?* They also include Chinese painted and
cloisonné enamels on metal objects (late 17th to late
18th century, i.e., the Kangxi [1661-1722], Yongzheng
[1722-1735], and Qianlong [1735-1796] reigns of the
Qing Dynasty) and on porcelains assumed to have been
made for the Emperor, some of which are also assumed
to have been produced at the workshop of the Forbidden
City (Zaobanchu, &¥#)%E, Beijing, named huafalang
ETERE or falangcai FER[FS), or in the imperial kiln
of Jingdezhen, named yangcai ;5%2.>° > Pieces that were
produced specifically for export in official kilns (waixiao
ci #MHZE) or in private kilns (armorial and Chine de
Commande Export porcelains) are also considered."?
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Raman spectra and fitting

The spectra used in this work were previously pub-
lished'”'*** and recorded using a mobile Raman set-up
consisting of a HE 532 spectrometer and its remote head
SuperHead® (Horiba Scientific, Jobin-Yvon) equipped
with either a 50X (NA = 0.45) Nikon or a 200X
(NA = 0.62) Mitutoyo long working distance (of 17 and
13 mm, respectively) microscope objectives, and a Ventus
Quantum frequency-doubled Nd:YAG laser of 300 mW.
All elements are linked by optic fibers. The laser power
at the sample ranges between 15 mW (colorless glaze)
and 2 mW (dark colored enamel). Figure 1 shows the
most representative spectra visually selected (a more
complete set of representative spectra has been published
in Colomban et al.>*). The spectra selection criteria are a
low intensity of the signature of the glassy silicate matrix
(contribution of the broad vibration modes of SiO,4
around 500 and 1,000 cmfl) and a low contribution of
crystalline phases such as quartz and cassiterite, in order
to obtain signatures that are as representative as possible
of yellow pigments alone.

The spectra from the literature presented in
Figure 2 (see Table S1 for more information on the
phases selected from the literature) were first converted
into a picture in jpeg format from the original PDF of the
articles with Able2Extract® (Version Professional 15.0)
and then extracted with the WebPlotDigitizer® (Version
4.5) software available online in open access.”” This
second step involves loading the image of the spectra and
then aligning and calibrating the axes corresponding to
the Raman wavenumber (cm™ ') and the intensity. By
selecting the color corresponding to that of the spectrum
on the image, it is then possible to extract in .csv file for-
mat a large number of data points corresponding to the
variables of the latter and thus to save the spectrum in .
txt format usable on Raman spectroscopy software.

Whether for the spectra of our studies or those
obtained from the literature, a linear segment baseline
was subtracted using Labspec® software (5.25.15, 2007,
Horiba Jobin-Yvon’>’*), and the spectra were then
decomposed into a sum of elementary bands using
Peakfitting Origin® software (6.0, 1999, Microcalc Inc.).
Lorentzian and Gaussian shapes were used for narrow
and broad components, respectively.

39,49-51,71

3.3 | Multivariate analysis

After baseline correction (Figure 3A), the spectra from
objects analyzed in the previous works were normalized
with the online ChemFlow® (Version 20.05)”° software
following the Singular Normal Variate (SNV)

transformation (Figure 3B).”® The SNV transformation,
method introduced by Barnes et al.,”’ sees each spectrum
having its mean value subtracted and being then divided
by its standard deviation, such as its new mean and
standard deviation are 0 and 1, respectively. Principal
component analyses (PCAs) are then performed, again
using ChemFlow®, with a calculation based on a maxi-
mum of 20 principal components. The first analysis is
conducted on the full spectra (i.e., the variables are the
intensities at each point in the spectrum), and then,
others were carried out on selected restricted spectral
ranges—100-1,200, 100-700, and 100-590 cm '—in
order to progressively exclude phases not necessarily
related to the compounds of the Naples Yellow pyro-
chlores and related pigments.

In a second step, PCAs were conducted using as vari-
ables the parameters characterizing the elementary bands
assigned/related to the Naples Yellow pyrochlores
(i.e., ~140, ~330, ~450, and ~510 cm ') obtained from
the spectral decomposition procedure of our spectra and
those from the literature (the values of the width
[FWHM], area, and center of gravity of the peaks).

Some of the PCA analyses are performed on all sam-
ples (those considered as “references” and those studied
considered as “unknowns”) in order to perform the calcu-
lation and examine their groupings. Other PCA analyses
are performed by differentiating the two sets of samples.
A first PCA analysis is performed, taking into account
only the spectra considered as “reference,” in order to
define the most discriminating/relevant space/plane of
principal components. Without participating in the defi-
nition of the principal components, the samples studied
are then projected onto this space of principal compo-
nents defined by the “reference samples” in order to visu-
alize their affinities with the reference samples.

4 | RESULTS

4.1 | Considering the variability of
expected structures

The similarity of the pyrochlore, perovskite, and trirutile
structures and of the compositions will be reflected in
the Raman signatures recorded on enameled decoration.
Let us consider the corresponding expected Raman
signatures.

Due to the high polarizability of Pb*>" ions and their
high mass, the strong peak(s) below 150 cm *
correspond(s) to the translation mode (T') of the Pb*"
ions whatever the structure, and the comparison of spec-
tra of pyrochlore phases with different amount of tin and
antimony led Vandenborre and Husson>*>> to assign
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FIGURE 1 Representative spectra of the different Raman signatures (A to F; see the supporting information, Table S2) obtained for
yellow or green enamels with their decomposition into elementary bands. Spectral decompositions were performed after baseline subtraction
and using a Lorentzian shape for narrow peaks, a Gaussian shape for wide peaks and minimizing the number of bands needed to fit the
experimental spectrum.

peaks around ~400 and 500 cm ! to the internal modes different experimental studies of colored enamels’™®
involving Sn-O and Sb-O bonds, respectively, using calcu- (Figure 1). It has also been shown that the position of the
lations and atom substitutions. This was confirmed by = peak T’ depends on the firing temperature.””*® This can
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FIGURE 2 Selection of spectra from literature representative of the different mineral phases studied (yellow pigments).

be understood because the pyrochlore (as perovskite)
phases undergo phase changes that shift the lattice
modes. The firing of these glazes and its impact on the
kiln atmosphere lead to changes in the O,/CO/CO, bal-
ances, and therefore, the speciation of multivalent ele-
ments, such as Sb, can be changed and the structure
distorted. Thus, as noted by Mihailova et al®** “as for
perovskites, the factor group analysis can hardly explain
the spectral behaviour of the phase.” This behavior is
general for structures composed of several vibrationally
independent sub-lattices due to the mass contrast and/or
the type of chemical bonds (here ionic/covalent).®* The
ion lattice is sensitive to the symmetry group seen by
X-ray diffraction, while the covalent entities are more
sensitive to site symmetry. The Raman signature will be
thus sensitive to partial substitution and vacancies. This
is both an advantage, since a spectrum will be a

fingerprint of a given composition and firing process, in
other words, the fingerprint of a workshop, and a draw-
back in deducing from Raman spectra a detailed descrip-
tion of the structural characteristics of mineral phases.

A cubic perovskite structure does not have an active
Raman signature,®** and the observed spectrum is weak
and due to local regions where the chemical heterogene-
ity (i.e., the local non-stoichiometry) induces a structural
distortion that exhibits a first order Raman spectrum®>°;
the intensity of the resulting signal measures the extent
of the distortion. The spectrum of perovskite phases is
very broad, except for low wavenumber translation/
lattice modes, which can be better defined. The presence
of such phases is likely to be poorly detected in a compos-
ite material, especially using mobile Raman set-up.

For the cubic pyrochlore, factor group analysis®*>™®’ of
A,B,X; predicts six Raman active modes:
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FIGURE 3
studied objects (56 different spectra):
(A) after baseline subtraction; (B) then
after Singular Normal Variate (SNV)
transformation.
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and seven F,, active IR modes. Some IR modes can
be Raman active due to the local disorder.*® With the par-
tial substitution, as for perovskite, each local (e.g., tin-
based or antimony-based) domain will contribute, and
hence, the number of active modes will be increased.
Stress induced by the amorphous matrix may also give
phase transition and new modes. As usual, Raman A,
mode is expected strong and can be roughly described as
a motion of oxygen atom of corner sharing octahedron
coupled with some tilting mode.®® It will appear at rela-
tively high wavenumbers, as expected for M-O stretching
mode in which oxygen atom motion is important. This is
consistent with assignment of the ~450 and 510 cm ™'
bands to Sn-O and Sb-O bond modes.

Factor group analysis of trirutile structure (A;B,O¢
tetragonal) also led to a much higher number of Raman
active modes.*’

The spectra of Figure 1A,B as well that of Figure 2
“PbSn0O5” correspond well to that expected for a pure
cubic pyrochlore. However, in Figure 2, the rather broad
modes above 150 cm ™! for PbSnOs indicate a disorder for
the covalent/oxygen sub-lattice and the formula of the
corresponding phase should be closer to Pb,Sn,Oq , 5
than to PbSnO;. The observation of a Raman spectrum
exhibiting a high number of modes could indicate the
presence of two or more phases with different composi-
tions (that can coexist in a single grain as sub-domains)
or even different distortions in relation with thermal

500 700 900 1100
Wavenumber / cm™

history, stress, or (local) composition heterogeneity. We
expect that perovskite phase cannot be detected by
Raman scattering when mixed with pyrochlore phase
due to the poor intensity of perovskite spectrum with a
cubic or close to cubic structure.

4.2 | Considering the experimental
variability of Raman signatures

Figure 1 summarizes all the different types of Raman sig-
natures observed in the series of yellow or green enamels,
where the green color is obtained by the dispersion of yel-
low pigment in an glassy matrix colored by Co*" ions.”
Despite the use of high magnification optics, generally
50X and even 200X in some cases, that is, focusing on
volumes of the order of several pm® to about one pum?,
respectively, the contribution of the Raman signature of
the silicate matrix can remain notable (underlined by
deformation modes of the SiO, tetrahedron around
500 cm ™', stretching mode around 1,000 cm ™", and libra-
tion and translation/boson peak modes below
250 cm ™ ')."*?1%2 This result suggests that, in some cases,
the size of the pigment grains can be in the micrometer
range, below the volume analyzed. The types of pigment
spectra are distinguished by considering the position of
the most intense peak, which either varies between
126 and 139 cm™' or between 505 and 510 cm ™, the
presence of a peak around 90-100 cm ™, a doublet well
defined at ~330 and 440 cm ™', and the possible presence
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of peaks around 200 or 250 cm L. Note that, in the litera-
ture, the low wavenumber range, below 150 cm™!, is not
always measured (e.g., Figure 2, Sn-Sb-Si-Zn pigment).
For some spectra, other phases may also be present, as
quartz (main peak around 464 cm ', a residue of raw
materials, not dissolved), cassiterite (doublet at 633 and
775 cm ™, an opacifier), wollastonite (peak at 975 cm™ %,
a phase formed when high calcium content led to precipi-
tation of this phase), and lead (calcium/potassium) arse-
nate (peak at ~810-820 cm ', an opacifier). The later
phases will be discussed in a companion paper in this
special issue volume.”?

On the basis of observations of the variability of the
spectra visible to the eye, initial parameters are proposed
for the classification of the spectra using binary diagrams
representing the wavenumber of the strongest low wave-
numbers peak (T'p, mode) and the area ratio of the
~510 cm ! peak (vgp.o mode) to that at ~130 cm™*. The
Figure 4 shows three groups of pigments, those for which
there is no identifiable narrow peak around 500-510
(Group 1, assigned previously to pure lead-tin yellow>>),
those for which this peak is the stronger (Group
3, assigned previously to antimony-rich yellow>®), and
the others (Group 2, assigned previously to mixed compo-
sitions®) for which the fine peaks around 130 and
510 cm ' are both observed. It should be kept in mind
that to have a spectrum that is not dominated by the con-
tribution of the spectrum of the silicate matrix, a very
local analysis is required (high magnification objective)
to collect the spectrum mainly corresponding to a grain
of pigment. The relative intensity of the peaks then may
also depend on the orientation of the grain with respect
to the polarization of the laser beam, which could con-
tribute to uncertainty on the horizontal axis of Figure 4.
When information is available for elemental
composition,’® ' Group 1 indeed correspond to lead-tin
yellow, and Groups 2 and 3 to complex compositions
with antimony. Subgroups can be identified, for example,
in Group 2. This one presents a greater variety for the
ancient sample where pigments are embedded in an
amorphous silicate matrix than for the pigments synthe-
sized alone, without a matrix. For ancient samples
(Figure 4A), the separation between Groups 1 and 2 is
clearer than for reference samples.

Examination of the reference samples reported in
Figure 2 confirms that Group 3 corresponds to composi-
tions rich in antimony (Figure 4B). It is tempting, consid-
ering Figure 2, to associate subgroup 1, which has a band
centered around 129 cm ™}, with “Pb,Sn0,,” and to asso-
ciate the other sub-group, that is, centered at 136 cm !
with “PbSnO;.” Recent work shows that Pb,SnQ, is char-
acterized by an intense peak at 80 cm ™! outside the limit
of the spectral windows of spectrometers commonly used

for the study of Cultural Heritage artifacts.*> The diver-
sity of the spectra in Figure 2 for the antimony-
containing phases is consistent with the broad areas
defined for Groups 2 and 3.

4.3 | PCA conducted on the global
Raman spectrum

Figure 3 clearly shows one of the difficulties in the
Raman identification of pigments embedded in a glassy
matrix, namely, the great variability of the relative contri-
butions of the vitreous silicate matrix (broad bands at
500 and 1,000 cmfl) on which the signature of the crys-
talline phases (“narrow” peaks) is superimposed.

The PCA conducted on the global spectra was per-
formed over the 100-1,200 cm ' interval (Figure 5). The
comparison of the first and second component—being,
respectively, 29.4% and 20.7% of the total variance, as
shown in Figure 5—seems to isolate a group of 10 sam-
ples from the rest of the corpus. These 10 samples (all
from Chinese workshops) are distinguished mainly by
the fact that the Raman signatures feature the greatest
intensities for the peak at ~820 cm™ ' characteristic of the
As-O bond,’* associated with a shoulder at around
~775 cm™ !, which refer to the presence of opacifier, a
form of arsenic apatite (Na, x »,K Ca,Pb,[AsO,]5).">**
The two samples #53-R957-green and #32-F1467-green
(see Table S2 for precise description of the studied arti-
facts), which are isolated from the rest of the corpus on
Figure 5, also present this peak at ~820 cm ', but the lat-
ter being broader. This is tentatively assigned to the pres-
ence of another lead arsenate phase or to the very small
size of the disordered apatite phase. The three samples
grouped together in the lower right part of the diagram—
#5-OA7074-green, #7-OA8338-yellow, and #21-F1448C-
yellow—have Raman signatures clearly distinguishable
from the others by combining, among others, both the
peak at ~820 cm ™' and those at ~630 cm™ ' characteris-
tic of cassiterite. Thus, the PCA conducted over this wide
range of wavenumbers does not provide any relevant
information, as the highlighted groupings can be
observed directly on the spectra and are not related to the
characteristics of the yellow pigments. In any case, with
this data processing, it is not possible to differentiate
groups on the basis of information linked to the yellow
pigments or even to the silicate matrix. It is the informa-
tion linked to the opacifiers that mainly determine the
groups underlined in Figure 5.

It is obvious that the variability of the contributions
of the crystalline phases (pigments, residues, and opaci-
fiers) and of the amorphous matrix do not allow the study
of a particular pigment, as they cause a large variance in
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FIGURE 4 Distribution plot of the values of the Raman shift of the principal peak (T' Pb*") around 130 cm ™" versus the area ratio of

the peak at ~510 cm™" (linked to the presence of antimony) to that at ~130 cm™': (A) studied samples; (B) “references phases” from

literature.

the spectra. This is particularly the case for painted
enamels in which the mixtures of different pigments are
made at sub-millimeter scales, even of the order of the
micron as has been shown.?*>*72>

4.4 | PCA conducted on selected spectral
windows

We therefore looked at whether a stricter selection of the
spectral window used, defined by excluding the regions
where the “parasitic” phases give intense peaks, would

allow a more efficient discrimination regarding the
yellow pigments.

Thus, PCA were carried out over the 100-700 and the
100-590 cm ' interval (Figures S1 and 6, respectively) to
enable us to exclude the variance introduced by the main
peak characteristic of As-O type structures, as well as
those of the area of the stretching SiO, multiplets (900-
1,100 cm™1),°* plus those of the main peak of cassiterite
by considering the second, even more restricted, interval.
In these configurations, it is the comparison of the
second and the third principal component that was the
most discriminating.
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FIGURE 5

Diagram from PCA analysis with the first and second component calculated from the global (100-1,200 cm ™) spectra of the

corpus of studied objects and, below, the resulting loading plots showing the projection of PC 1 and 2 on the initial variable space. The inset

circles represent the contributions on the principal component plane of some of the wavenumbers used in the PCA calculation.

In Figure 6, which shows the results of the PCA per-
formed with the 100-590 cm™! interval, three main
groups of points stand out. The samples with negative
loading values for the second component and positive
values for the third one are, are those whose profiles of
the peaks at ~330 and ~510 cm™ L in particular, are the
most marked in the sense that they are less influenced by
the Raman signature of the massif corresponding to the
SiO4 bending mode of the silicate matrix. This group
brings together all the European samples with the excep-
tion of #7-OA8338-yellow and #5-OA7074-green, as well
as five Chinese samples, four of which can be detached
from this group by their more isolated position on the

diagram. These four samples have a very characteristic
Raman signature with the presence of peaks around
130, 200, 340, 388, 450, and 510 cm ™~ '; a broad band cen-
tered at ~640 cm ™ '; and a doublet at 726-780 cm ™.
Thus, in the present case, what clearly differentiates
these two groups of samples from the third main one is
the ability to distinctly observe, or not, the peaks related
to the pyrochlore phases within an interval of wavenum-
bers that can be “drowned out” by the peaks of the sili-
cate network. It is interesting to note that the samples
that clearly show these pigments-related peaks are
mainly from European productions and seem to illustrate
the use of complex Naples yellow pyrochlores that can be
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calculation.

substituted with Zn and/or Sn for instance. In the case of
samples whose glassy matrix is the most impactful in the
Raman signatures, the PCA does not make it possible to
differentiate them according to the nature of the
pigment used.

For the PCA performed using the 100-700 cm '
interval (Figure S1), which includes the influence of the
main cassiterite peak at 630 cm™L, it enables us to obtain
the same groups of samples, but it separates less the
group of the four “unique” signatures of samples
#31-F1467-yellow, #36-F1467-yellow, #54-TH457-yellow,
and #55-TH457-yellow. This PCA also isolates one

sample—#7-0OA8338-yellow—which is the only one for
which the highest intensity peak in its Raman spectrum
is the main representative of the cassiterite at 630 cm ™.
This sample has also the particularity of presenting one
of the lowest intensities for the peak of the Pb-O bond of
the pyrochlore phases centered around 140 cm ™.

In short, the PCA conducted on spectral windows of
the global spectra initially made it possible to separate
the Raman signatures according to the presence/absence
of the peak of the As-O bond in the 100-1,200 cm '
interval and then to separate the samples distinctly pre-
senting the association of the four peaks, ~340, ~388,
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~450, and ~510 cm ™}, when we reduced the intervals up
to 700 cm ! and then 590 cm™!. In these latter cases, the
categorizations that could be made on the spectra were
greatly influenced by the bulk of the peaks of the bending
mode of the SiO, multiplets of the silicate matrix. By
using this data treatment, it is not possible to classify the
samples according to the nature of the pigment used but
rather according to the pigment/vitreous matrix ratio.
The discriminating aspect of this method remains inter-
esting insofar, as it makes it relatively possible to separate
European productions from Chinese ones. Indeed, since
it is the signature of the silicate matrix that has the great-
est impact on the definition of clusters in these PCAs,
European lead-rich enamels stand out from Chinese
lead-alkali ones.'”'"">* In any case, the obtained classifi-
cations can be achieved by visual observation of the spec-
tra without multivariate processing, which limits the
interest in using PCAs without combining them with
other processing or pre-processing of the data.

4.5 | PCA based on spectroscopic data
extracted from spectral decomposition
4.51 | Samples selected as references

We now performed PCA on the data extracted from the
spectral decomposition of the spectrum assigned to
the pigment phase(s). Such an approach has already been
used to discriminate between the different types of
stained glass from their Raman spectra recorded on-
site.”” The variables used in the PCA are the center of
gravity, the width, and the area of the characteristic
peaks assigned to the Naples yellow family pigments,
namely, those located around 120-140, 330, 450, and
510 cm ™. Figure 7 shows the distribution of the phases
presented in Figure 2, extracted from literature where
phase characterization was made by XRD and Raman
techniques, according to the first and second component
calculated for the PCA.

We observe that the distribution of the phases repre-
senting the different types of yellow pigments is divided
into four groups which are named A, A’, B, and C (+C')
(Figure 7). In the present case, the constitution of these
groups results exclusively in the absence of one or several
peaks used as variables, illustrating the sensitivity of the
classification to variations in the spectral profiles associ-
ated with changes in structure/symmetry. Group A con-
sists of the four samples of lead-tin yellow I (Pb,SnO,)
whose Raman signatures show peaks at ~130 and
~450 cm ™, and Group A’ concerns the other type of lead
stannate pigment (PbSnO,) featuring the two same peaks,
plus those at ~330 cm™'. We expect that the pigments of

both groups have the pyrochlore structure and a true
composition close to Pb,Sn,Og.5, that is, with different
speciation of tin. The samples of Group B seem to consist
of the five samples of “pure” Pb,Sb,0, and the sample of
mixed Pb,Sb,....,Sn,Si;,Zn,0,, a group that seems to be
characterized by peaks at ~140 and ~510 cm ' among
the variables used. It seems from the literature that
incorporation of silicon reduces distortion of the pyro-
chlore phase and promotes the cubic structure.® Group
C is the one that contains the most “compounds.” All
the spectra found in this group present the four peaks,
which explain why we find all the phases of lead antimo-
nate doped with another metal, either Fe, Zn, or Sn. Only
the lead antimonate sample, with a Pb:Sb ratio of 1.2:1
(Pb;1Sby oM Og 7 1 nx), constitutes Group C'. This sample
features the peaks ~140, ~450, and ~510 cm ™.

With the exception of the supposedly Si mixed com-
pound (composition to be questioned?), the PCA carried
out with the reference phases, and the parameters
extracted from the decomposition of their Raman spectra
separate perfectly according to the type of composition
(stannate, antimonate and mixed) and structure/oxygen
stoichiometry (Pb,Sn,Og5). As this classification is based
on the number, position, and width of the Raman peaks
that characterize the profiles of the Raman spectra, it high-
lights a reliable correlation with the structural symmetry.

4.5.2 | Corpus of yellow pigments in
enamels studied

We use the space of principal components defined by the
PCA carried out on the reference phases (Figure 7), and
we project on it the parameters obtained from the decom-
position of the Raman spectra collected on artifacts
(Table S2). These samples therefore do not play a role in
determining the classification presented in Figure 8.
Quite distinct from the others, one new group—D—
and a sub-group B’ consisting solely of analyzed enamels
samples were established. Because of their proximity, B’
appears to be a variant of B. It consists of one sample of
European enamel on metal object and five enamel sam-
ples from Chinese metal objects. These eight samples of
Group B’ feature the peaks at ~140, ~330, and
~510 cm™!. The new group, named D, contains four
samples of Chinese enamel on metal, all of green color,
whose Raman signatures present the peaks at ~140 and
~330 cm ™, but not at ~450 and ~510 cm ! (Figure 9).
Groups A’ and C bring reference phases and enamel
samples very close together. The enamels of Group A’
represent only samples from Chinese artifacts dated to
the late 17th and 18th century. A total of 22 analyzed
enamels are in this group: one enamel on porcelain and
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FIGURE 7 PCA diagram of the first and second components calculated from the corpus of spectra from the literature and the

parameters extracted from their spectral decomposition (variables are the center of gravity [C], the width [W], and the area [A] of the peaks

at ~140, 330, 450, and 510 cm™; centering option: yes; scaling option: no; number of PC max: 20). The vectors show the projection of the

variables on the principal components plane. Variables grouped together are positively correlated, while variables positioned on opposite
sides of the plot origin (the 510 vs. the 330 for example) are negatively correlated. The further a variable is from the origin, the more it

contributes to the components of the factor plane.

21 enamels on metal objects. The Raman signatures of
these samples show peaks at ~140, ~330, and
~450 cm~'. Twenty-four enamel samples are present in
Group C (Figure 8). Among these samples, 8 are
European enamels on metal, 3 are European enamels on
porcelain, 10 are Chinese enamels on metal, and 3 are
Chinese enamels on porcelain. The signatures of these
enamels, showing the four peaks used for the PCA vari-
ables, illustrate the use of a complex lead antimoniate
pyrochlore that could have been be doped with Zn, Sn, or
Fe for instance, likely with two different structures. How-
ever, based on our Raman measurements and data pro-
cessing, it is not possible for us to define the composition
of these pyrochlores more precisely.

5 | DISCUSSION

The distinction made empirically by visual examination of
the spectra between three types of tin and antimony pyro-
chlores'®”® is confirmed by the PCA performed using the
parameters extracted from spectra decomposition and can
be well illustrated too with the dendrogram obtained from

hierarchical cluster analysis using the Euclidian distance
and the Ward aggregation rule on the same variables
extracted from the spectra decomposition (Figure 10).

For the antimony-rich phases, two groups are clear
from hierarchical cluster analysis, those with the band at
~450 cm ™' (Figure 10: C and C/, lines red and orange)
and those without (Figure 10: B and B', lines green); for
the tin-rich phases that do not show the band at
~510 cm™ ', they are characterized in particular by this
relatively dominant band at 450 cm ™' (Figure 10: A and
A’, lines blue and purple). Thus, three groups of
signatures C, B, B’ and A/, A, and D’—are clearly identifi-
able in the analyzed objects for antimony and tin rich
pigments (Figure 10: lines yellow), that is, one more than
in the identification taking the literature spectra as refer-
ences (Figure 7).

5.1 | Lead stannate yellow

The group characteristic of the Raman signature of the
pigment lead-tin yellow I (PbSnO, according litera-
ture****) (Figure 7: Group A) does not contain any of our
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studied enameled samples. On the contrary, Group A/,
representative of the signature of lead-tin yellow II
(PbSnO;/PbSn; 4., SiyM,03), includes 22 enamel samples
associated with the four references of this pigment
(Figure 8). The criterion that differentiates the two types
of lead stannate yellow, based on our variables, is the
presence of the peak around 330 cm ™. In reference spec-
tra, this is observed in literature between 322 cm™ '°! and
325cm 1,°° while it is reported between 316 and
333 cm™ ' among enamels studied here.

There are several possible scenarios to explain the
presence of lead-tin yellow II in enamels. Either this
pigment was prepared in advance, then dispersed in the
silicate powder before firing, and (partially) preserved
from dissolving and re-precipitation (large grains are
then expected) during firing. Either it was formed dur-
ing cooling from the silicate melt oversaturated in cer-
tain elements and precipitated homogeneously in the
silicate matrix"'"”?%; small (i.e., submicron) grains
being thus expected. Another possibility is that the
craftsmen used a pigment of the lead-tin yellow I type
introduced before firing, which, during firing, and due

to the saturation of the enamel in certain elements
allowing silicon to enter its structure, would have been
“transformed” to form lead-tin yellow II. Thus, to know
if it is type I or II, which was initially used by the
craftsmen, we cannot suppose it, except if type II was
measured in Raman microspectroscopy at very high
magnification in order to detect different forms within
grains. Indeed, the observation of the pure PbSnO;
spectrum with a 100X or 200X objective indicates grains
of a few microns or more in size, consistent with the
use of a pre-prepared pigment and not nucleation-
precipitation by saturation with lead and tin.'? For the
study of lead stannate yellow pigments used in studied
enamels, the lack of distinction between PbSnO; and
PbSnO, leads us to propose instead a formula like
Pb,Sn"V,Sn'y O . 5 with different speciation of tin, that
is, a firing in (partially) reducing atmosphere.

It is interesting to note that the group of samples of
enamels colored by (pure?) lead stannate represents only
Chinese objects, almost exclusively consisting of metallic
objects, as only one porcelain is represented there (with
#19-F1429C yellow; Table S2). Although a great similarity
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FIGURE 8

PCA diagram of the first and second component calculated from the reference sample, onto which the parameters derived

from the decomposition of the enamel spectra are projected (variables are the center of gravity, the width, and the area of the peaks at ~140,

330, 450, and 510 cm™'; centering option: yes; scaling option: no; number of PC max: 20). The vectors show the projection of the variables

on the principal components plane. Variables grouped together are positively correlated, while variables positioned on opposite sides of the
plot origin (the 510 vs. the 330 for example) are negatively correlated. The further a variable is from the origin, the more it contributes to the

components of the factor plane.
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can be observed among the Raman signatures of this
group, it seems that two groups can be distinguished on
the basis of the position of the characteristic Pb peak (T’
Pb®" in Figure 4). Indeed, one group of enamels shows
this peak between 125 and 130 cm ™, while another group
exhibits it between 132 and 139 cm™'. We note in
Figure 4 that all the lead-tin yellow I reference samples
appear in the low Raman wavenumber group unlike the
lead-tin yellow IT samples. Could this be a way to distin-
guish between the pigments originally used in either form
of lead stannate? The question remains open. The other
hypothesis is that these differences in the position of this
peak would result from differences in the temperatures
reached in the firing of these glazes. This was observed
for example by Sakellariou et al.”” by Raman microspec-
troscopy analysis of a synthesized Naples yellow pigment
fired at several temperatures. The Raman wavenumber of
the intense characteristic peak decreases with increasing
firing temperature, 134 cm ' for the pigment fired at
800°C versus 124 cm ™' for the same pigment fired at
1,100°C. Since we are dealing here with comparable con-
ditions and analysis parameters—several studies having
shown that the position of the T'p, band can also depend
on the excitation laser wavelength (or the procedure)
used’>—we could then assume that the enamels showing
this band at the lower Raman shifts would have been
fired at higher temperatures than those showing the same
peak at higher ones.

Since, in the vast majority of cases, the enamels ana-
lyzed on the same object have their Raman signatures
belonging to only one of these subgroups, we checked if
there was a correlation between these two subgroups and
the manufacturing workshops. We find that this is not
the case for two of the three workshops concerned here.
Indeed, two objects come from Jingdezhen and two
others from the Imperial Palace workshops, and they are
respectively distributed in each of the two subgroups.
Only the three objects from Ganzhou are all in the higher
wavenumber group.

Finally, among the enamels featuring the lead-tin yel-
low, only two of the 22 analyzed show the two main peaks
of cassiterite around 630 and 775 cm™'. Considering that
this component can be formed by improper firing condi-
tions of enamels containing these lead-tin pigments, for
example, by a higher firing temperature,”® it would seem
that the Chinese artisans developed a good mastery of this
production technique (Figures 8 and 10: Groups A and A’).

5.2 | Naples Yellow stricto sensu

The reason that leads us to consider the signature group
of glazes B’ “neighbors” of the reference Group B is that,

RAMAN
SPECTROSCOPY

based on the variables used, only the presence or absence
of the band at ~330 cm ™' differentiates them (Figure 8),
which is probably linked to a change in symmetry of the
structure. An increase of that band can be observed in
lead antimonate yellows when there is a substitution of
Sb with Si,”® thus leading to a modification of the Sb-O
and Pb ion vibrational modes.***® Since Group B
includes only “pure” lead antimonate references, it is
normal to not find this band, unlike Group B’ enamels
whose manufacture results from the association of a sili-
cate mixture (corpo) with a coloring mixture
(anima),"*°>1% here potentially Pb,Sb,0,. In the case of
enamels, it is probably one of the components of the sili-
cate mixture (i.e., Fe, K, and Si) that entered into the pyr-
ochlore structure during the firing step and thus
modified the Raman signature of the lead antimonate.
Similarly, we also find this band at ~330 cm™' among
the samples of Group C that present lead antimonates
doped with other metals (Sn, Zn, or Fe), clearly illustrat-
ing here a substitution of Sb with, for example, Sn or Fe,
as it has already been largely observed.*®*719>101.102
Therefore, the samples of enamels in Group B’ corre-
spond to those whose production of the yellow and green
color was most likely based on the use of the Naples yel-
low pigment (Pb,Sb,0;5), transformed or not as frit,
before its addition to the silicate mixture (corpo).

Six enamels feature Naples Yellow pigment applied
on three different objects. These are a watch manufac-
tured in Paris between 1735 and 1750 (OA8338) and two
Chinese metal wares produced in the workshop of the
Imperial Palace during the third quarter of the 18th cen-
tury (F1467 and F1501). We thus observe here that the
use of Naples Yellow pigment concerns productions of
outstanding metal objects after 1735 (Figures 8 and 10:
Groups B and B').

5.3 | Complex lead antimonate yellow
Complex lead antimonate are pyrochlores in which anti-
mony could have been substituted with Zn, Sn, or Fe and
are grouped together in Group C of Figure 7. On the basis
of the variables selected for the PCAs, it should also be
recalled that it is not possible to clearly differentiate sub-
clusters of this group, which could have allowed differen-
tiation of one variant from another.

Rosi et al.*” showed that the Pb mode shifts towards
higher wavenumbers in the samples doped with Zn and
Sn among the modified Naples Yellow references; the
larger shift being for Zn-modified Naples Yellow with
values up to 145 cm ™' (Figure 4). The values measured
for this band among the studied enamels do not exceed
141 cm ™. They range between 125 and 141 cm™ ', which
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corresponds rather well to the range of values measured
for lead antimony iron oxide, lead antimony tin oxide,
and lead antimony tin silicon oxide, the latter having the
lowest values overall in this range (Figure 4). However, it
is frequently reported that a doublet is observed instead
of this peak for Sn-modified Naples Yellow, which could
be explained by the bimodality in the cell size,**'"!
which is not visually the case with the spectra of the
enamels analyzed (Figure 1). However, failing to show
clearly two bands, some Raman signatures show a wider
band, resulting from the combination of two bands
(Figure 1B,C). This larger band is exclusively detected
among Raman signatures of Group C enamels, which
could suggest the presence of lead antimony tin silicon
oxide. Nevertheless, these Raman signatures do not allow
us to further characterize the pigments used among the
modified Naples yellows. Elemental microanalysis is nec-
essary in this case to complete this information.

Five enamels of this group have already been ana-
lyzed by pXRFE.'>?' These are #1-OA6224 green,
#2-OA100079 yellow, #5-OA7074 green, and #8-OA8435
green enamels from French watches and the #55-yellow
enamel from Chinese porcelain TH457. Tin, antimony,
and zinc were measured in the glazes of the French
watches, except for OA7074, where only Sn and Sb were
detected, as in the case of the TH457 glaze. Fe was
detected in these five enamels. Thus, in the first three
cases, we could assume the use of a Naples Yellow pyro-
chlore of mixed Sb-Sn-Zn-(Fe) composition, while the
two glazes without Zn would illustrate more the use of a
Sn-modified Naples Yellow.

In total, 24 of the enamels analyzed show these com-
plex forms of Naples Yellow. They represent 12 objects,
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including seven European metal watches from the 17th
and first half of the 18th century and the two French por-
celains of the corpus dated from the second half of the
18th. These are all the European objects in the corpus,
except for watch OA8338—the latest—whose enamel con-
tains lead stannate yellow. The three other objects in this
group correspond to the two Chinese porcelains of the cor-
pus and one Chinese metalware, all dated to the second
third-late 18th century. This fit well with the use of ingre-
dients imported from Europe (Figures 8 and 10: Group C).

54 | Unidentified pigment

Four enamels feature an unidentified pigment whose
Raman signature show the strong T'p, at ~130 cm™ ' as
well as that of the band around 330 cm™' (Figure 8:
Group D). It concerns only green enamels applied on
three of the Chinese metal wares of the study. It is inter-
esting to note that the spectra of the four enamels show
important signatures of the silicate matrix (Figure 9), so
that the observation of the peaks around 450 and
510 cm ™' is made complicated by the naked eye. Further-
more, we note that the other glazes analyzed on the three
objects concerned—F1448C, F1735C, and R957—are all
of the lead-tin type, whose spectra therefore show the
peak around 450 cm~'. These four samples illustrate
the need to perform precise X-ray micro-diffraction and
elemental analyze (and/or Transmission Electron Micros-
copy) to determine the nature of the phases/pigments
present. To obtain the most accurate results possible, it
would be necessary to carry out measurements on micro-
samples (Figures 8 and 10: Groups A and A’).
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Representative spectra of Raman signatures for two green enamels on Chinese metalware (A and B), which belong to PCA's

Group D of Figure 8. The decomposition were made after subtracting a baseline and using a Lorentzian shape for thin peaks, a Gaussian

shape for wide peaks, and minimizing the number of bands. In both cases, a peak is observed before the T'p, one.
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FIGURE 10 Hierarchical clustering using the Euclidian distance and the Ward aggregation rule on the data from spectra

decomposition of the studied objects and of the ones from the literature (variables are the center of gravity, the width, and the area of the
peaks at ~140, 330, 450, and 510 cm ™ '; scaling option: no; choice of cluster number: 4). Codes of the samples, id. number (bottom line), are
as follow: black for European objects, red for Chinese ones, bold for porcelains, and standard for metalwares.

6 | TRANSFER OF TECHNOLOGY
FROM EUROPE TO CHINA

The construction of groups of enamels by pigment cate-
gory is of course in line with the results and hypotheses
already published concerning this corpus.'”*92*1%

The painted enamel technology was introduced into
China from Europe during the end of the reign of
Emperor Kangxi (1662-1722) and was also accompanied
by the importation of European coloring ingredients
such as the modified lead-antinomy pigment—Pb-Sb-Sn:
Zn, Fe, Si—which had principally been used on metal
wares in Europe,'°>'** as evidenced by its detection on
all the European objects of our corpus, except for the
late watch OA8338 (Table S2). This finding is supported
not only by analyses—the earliest yellow and green
paint enamels applied on Chinese porcelain dating from
the Kangxi period were colored with this modified lead-
antinomy pigment'>'°'%_but also by historical
sources.1>30-3135107.108 phr instance, in a 1714 letter to
Pope Clement XI from Italian missionaries sent to the
court of the Kangxi Emperor, they asked Rome to send
antimony, enamels, and a particular variety of aventu-
rine glass as gifts to the Chinese Court.'”” According to
Bellemare,'®® “it is thus possible that the colourant was
introduced to the overglaze enamelling palette in the
final decade of the Kangxi emperor's reign. This would
explain the mention in 1735 by Tang Ying that the
Jingdezhen workshops were producing ‘Western yellow

CIEL)

ware, a new creation of this dynasty’.

Among the samples of our corpus, we find this pig-
ment in all the yellow decorated Chinese objects—mainly
porcelains—of the Qianlong period (1736-1795). Con-
cerning metal wares, yellow and green enamels of a 16th
century Chinese cloisonné vessel (id. number: 23604)'%”
and of the metalware F1467 of the present corpus, which
features painted and cloisonné enamels and whose yellow
and green colored enamels, all three types of yellow pig-
ments were detected (see Table S2). Unlike what is
reported by Miao et al.,'> complex Naples Yellow is used
in the overglaze enamel technique beyond the early
Qianlong period. Not only do we find it on porcelains
from this period*~*” but the Pb-Sb-Sn triple oxide yellow
(and green) pigment also seems to have been used until
the mid-19th century. However, its usage became less
frequent, as it was progressively replaced by the lead-tin
yellow pigment.

The first use of “pure” lead-tin yellow in Asia is evi-
denced for a Kan'ei period porcelain (Japan, 1624-1648)
made under the guidance of Portuguese Jesuits that
established a school (the Seminario) teaching the
European techniques of painting and enameling.**''° In
China the “pure” lead-tin yellow start to be used during
Wanli reign (1572-1620, Ming Dynasty) on enameled
porcelain'®'" and cloisonné metal wares.'® The ques-
tion regarding the link between this use in China and the
introduction of the technique at the same time in Japan
by European missionaries remain open. It is established
that Chinese craftsmen from Macau attend the
Seminario.
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For the earliest periods covered by our corpus, this
pigment is present on a Chinese metal object with
cloisonné decoration—F1448C—from the Kangxi period,
as well as on two metallic objects with enamel painted
decoration—F1341C and R957—from the reign of
Emperor Yongzheng (1723-1735) (Table S2). Analyses
carried out so far on Chinese enamels attest to the use of
this pigment in overglaze porcelain enamels only from
the Yongzheng reign period onwards.””'*>'%® Tt is
reported in the Imperial Workshops Archives that, in
1728, the Imperial workshops at Beijing sent enamel
colors for porcelain to Jingdezhen and that, in 1729,
Jingdezhen sent back to the Imperials workshops enamel
colors that they created, among which featured the yel-
low and green ones.'**''*!''*> As Chinese workshops were
no longer dependent on imported products for the pro-
duction of yellow and green porcelain enamels,'** this
pigment seems to become more widely used than the
antimony-based one from the Qianlong period onwards.
Indeed, it is widely used in yellow and green enamels
painted on porcelains,?**1-193195114°116 and still on metal
wares featuring painted decoration technique®®**° and
cloisonné one’***'” (Table S2).

Finally, the Naples Yellow pigment stricto sensu
(Pb,Sb,0-) appears later in the productions in question,
as it is detected in the enamel of a French watch dated to
1735-1750 and in enamels of two Chinese objects with
cloisonné enamel decoration—F1467 and F1501C—dated
to the third quarter of the 18th century. These dates are
earlier than the date from which this pigment is attested
by other groups in Chinese overglaze porcelains manu-
factured in Jingdezhen, that is, around 1911.'%

7 | CONCLUSIONS

Our study highlights the value of using parameters
derived from spectral decompositions of Raman spectra in
PCAs to discriminate structural variations in pigments
present in a glassy matrix. Previous work on silicate
matrices alone showed that for them too, it was necessary
to extract spectroscopic parameters™ in order to classify
them on the basis of their Raman signatures. The dataset
is characterized by the following features: on-site mea-
surements with a mobile instrument produce spectra with
variable backgrounds from one point to another; the vari-
ability in the relative intensities of the Raman signals of
the different phases present leads to masking of the less
intense ones; the compounds of interest are complex solid
solutions that are still poorly documented and for which
crystallographic and spectroscopic data are lacking.

We observe comparable efficiency between PCA and
spectroscopic parameter comparison plots in identifying

different yellow pigment groups. PCA facilitates com-
pleteness and identification of the most relevant parame-
ters for highlighting groups (with phases not predicted a
priori). Indeed, the multivariate approaches used have
the advantage of not requiring prior knowledge of all the
compounds present and their vibrational signatures. This
is particularly the case when, as has been pointed out,
the solid solutions under consideration are complex and
non-referenced poles are highlighted (in this case the A
and A’ groups). Furthermore, the proposed approaches
do not require a detailed vibrational study of the spectral
signatures if the literature offers reliable reference spectra
of all phases. For this purpose, software for extracting
data from published spectra (or their availability) is
indispensable.

The dendrogram from the hierarchical cluster analy-
sis in Figure 10 summarizes the different types of “Naples
yellows” sensu latu observed in the enamels. The modi-
fied lead antimony yellow and the lead antimony/Naples
Yellow stricto sensu are characterized by the observation
of the band around 510 cm ™' related to the Sb-O bond
modes. The complex lead-antimony yellow pigment,
sometimes referred in the literature as lead-antimony-tin
triple oxide, form a group of pigments already well
known in Europe during the 17th century, especially for
the production of yellow and green enamels painted on
metal ware. Its introduction into Chinese porcelain pro-
duction correlates with the development of the painted
enamel technique introduced at the court of the Kangxi
Emperor by European missionaries. From the examina-
tion of our corpus, this pigment, first imported from
Europe, was initially only used in painted enamels on
Chinese porcelain and was then also applied on metal
from the period of the reign of Emperor Yongzheng. The
Naples Yellow pigment stricto sensu, on the other hand,
seems to have been only used in Chinese and European
enamels only later, probably towards the end of the reign
of the Qianlong Emperor.

A third type of pigment identified corresponds to the
lead-tin yellow. Although known in two forms in paint-
ing, lead-tin yellow I (Pb,SnO,) and II (PbSn;,Si,03),
only type II has been identified so far in Chinese
enamels. Initially used in the Chinese production of glass
and metal objects decorated according to the cloisonné
technique, this pigment, whose use in painted enamels
on porcelain seems to have been used in the workshops
of Jingdezhen, will be more and more used in the produc-
tion of Chinese enamels, until it almost supplanted
the pigment of modified lead-antimony type. Further
research is needed to expand the corpus of objects studied
that were produced in Europe and Asia, in order to fur-
ther clarify the history of technological developments
and transfers between these two regions.
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Raman spectroscopy offers a flexible, mobile and
non-invasive analytical approach to characterize the
phases that color enamels. However, given the complex-
ity of the solid solutions represented by these yellow pig-
ments, some complementary measurements involving at
the micro-scale fine structural characterization (X-ray dif-
fraction, electron imaging, or diffraction) and elemental
characterization are still required to clarify the relation-
ships between ancient technologies and the objects
recovered.
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