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Abstract: The study of rare objects requires the use of mobile non-invasive methods such as a portable
X-ray fluorescence instrument (pXRF), but this involves an analysis from the outer surface, while
the depth analyzed depends on the element measured and, in addition, the material can be very
heterogeneous at different scales. The concept of elemental composition, therefore, has no “absolute”
meaning for painted enamel decorations. This work evaluates this concept by comparing the pXRF
measurements made with different configuration procedures, allowing to evaluate the consequences
on the variability of the XRF signals, and discusses the contents of certain chemical elements. For this,
two shards from the Qianlong period are analyzed, a shard of blue and white (underglazed) porcelain
and a fragment of an ‘imperial’ bowl with painted enamel decoration (huafalang). The variability of
measurements is compared for visually appearing homogeneous or heterogeneous areas.

Keywords: pXRF; accuracy; porcelain; glaze; enamel; heterogeneity; surface; section

1. Introduction

Enameling makes it possible to produce colorful objects with sophisticated and almost
unalterable decoration. Painted enamels are the most sophisticated type of enameled
decoration: numerous glass layers with various thicknesses, ranging from a few microns
to a few hundreds of microns and colored with a variety of coloring agents (ions, metal
nanoparticles or pigments), are deposited on a metal, glass or ceramic substrate. Painted
enamels flourished in Europe during the second part of the 17th century and were given
as gift to Chinese emperors by European missionaries, kings and ambassadors. European
missionaries then contributed to develop the production of painted enamels in China [1–3].
The porcelains intended for the Emperors of China attested by their marks are considered
great masterpieces of the Arts of Fire and have been among the most appreciated objects for
several centuries [1–3]. Copies, or fakes, have therefore been made for a long time [4]. The
Emperor Kangxi occupies a special place in the evolution of ‘Chinese’ taste [5]. The Manchu
Dynasty, opened to foreign cultures, showed an interest in realistic painting that decorated
the gifts offered by Europeans as well as Tibetan objects with multicolored decoration. This
led Kangxi to ask the Jesuits, whom he installed at Court for their skills in astronomy and
mathematics, to set up in the French Church Beitang, close to the Forbidden City [6], a
workshop to produce glass, porcelain and metal objects decorated with enamels similar to
those made in Europe. The archives of the Forbidden City as well as the correspondence of
the Jesuits (Fathers Fontenay, Gerbillon, Ripa, de Mailla, . . . ) report the arrival of European
missionaries who were experts in painting (e.g., Fathers Castiglione and Gravereau) and
also of a dozen collaborators with the expertise of enameling as well as the importation of
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ingredients and documentation [7–15]. Chinese records indicate that the palette went from
a few to several dozen colors [9]. It is considered that this occurred because of the interest
of Emperor Kangxi for the enameled objects given as gifts [16–20]. The Emperor requested
that his workshops were able to manufacture such objects. Indeed, while the French
enamellers of the middle of the 17th century were able to produce realistic works in enamel
comparable to those of oil paintings due to a wide palette of opaque and intimately mixable
colors [21], Chinese artisans only had a reduced number of transparent colors, allowing
for decorations to be made which were analogous to watercolor. With the exception of the
pioneering works of Zhang [22] and Kingery [23], it is only recently that the decoration
of imperial objects has been made the subject of in-depth analysis [11,24–32]. This also
contributed to reviving analyses of porcelain and enameled metal objects intended for the
‘ordinary’ Chinese market and of objects, in particular emblazoned objects, produced for
export to Europe (armorial porcelains, ‘porcelaines de commande’) [33–36]. Our objective is
to assess the reliability of the portable X-ray fluorescence measurements carried out on
site with the constraints imposed by the rarity and value of the artifacts, which not only
exclude any sampling but also any contact with the instruments and limit the manipulation
of these objects.

In fact, shards of artifacts with an imperial mark are rare, even rarer than intact ar-
tifacts. About 400 pieces of porcelain bearing the imperial mark are kept at the Palace
Museum in Taipei, which preserves a large part of the imperial collections. This num-
ber makes it possible to estimate the number of imperial ceramics of the first reigns of
the Qing Dynasty at less than (a few) thousand(s). Imperial bowl fragments from the
Qianlong reign (from the same bowl or from similar bowls) have been analyzed by a few
teams [24–27]. One of these fragments is used in this work to comprehend the variability of
pXRF measurements. Although mobile devices for both Raman microspectroscopy [37–40]
and X-ray fluorescence [41–48] have been marketed for more than 20 years, their use, indeed,
has long been limited in archaeometric studies and often their disadvantages precluded
their use. The growing practical and administrative constraints concerning the movement
of rare objects to a laboratory has led to the development of new methodologies that do
not require the movement of objects from their place of conservation. The weaknesses,
inherent in the analysis solely of the outer surface without the possibility of visualizing the
stratigraphy as is possible on a cross-section of a shard, are now well established [48]: the
main one is due to the variable penetration/absorption of the X-ray photons according to
their energy, which for a silicate matrix leads to the fact that the light elements are measured
at the surface layer (a few µm thick), the transition metals at a depth close to the thickness
of the enamel (~100–200 µm) and the heavy elements at a depth up to one millimeter. The
measurement of the latter is therefore strongly ‘polluted’ by the contribution of the paste or
the substrate, while that of the light elements can be disturbed by surface corrosion [48,49].
In this work, we compare the measurements made at different points on the top surface
and on the section of two shards from the Qianlong reign that have already been analyzed
by SEM-EDS and Raman microspectroscopy [24,36]. We will try to establish the intrinsic
variability of the studies of such pieces to be able to discuss the perfectly non-invasive
analyses made on the masterpieces of the Qing Dynasty.

2. Materials and Methods
2.1. Samples

Figure 1 shows the two samples investigated in this work: (i) A fragment of an imperial
bowl with a falangcai decoration of flowers on a red background dating from the Qianlong
Dynasty (here after called QL), of which other fragments bear the imperial mark [26] which
has already been analyzed. Cut pieces of the fragment have been analyzed by SEM-EDS
and Raman microspectroscopy [24]. (ii) A fragment cut from a dish decorated in blue
and white underglaze representing a willow tree (called ww), analyzed by SEM-EDS and
Raman microspectroscopy previously [36]. No specific treatment was applied to sample
except standard washing with water and drying in the open air.
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Figure 1. Fragment of an imperial porcelain bowl (QL) with falangcai enamels (a) and corresponding
cross-section (a’), and the dish with blue and white underglaze decoration (ww) (b) and its cross-
section (b’), both objects being from the Qianlong reign period.

2.2. Experimental

X-ray fluorescence analysis was performed on site using an ELIO instrument (Bruker,
AXS GmbH, Karlsruhe, Germany). The pXRF instrument included a microfocus X-ray
tube system with Rh anode (max voltage of 50 kV, max current of 0.2 mA for a maximal
power of 4 W and a ~1 mm2 collimator) with an energy resolution of <140 eV for Mn Kα.
The working distance was ~1.4 cm. We measured the Diorite DR-N geostandard from the
ANRT (Association Nationale de la Recherche Technique [50,51]) to control the calibration
performance of the instrument. Depending on the object, the measurement was carried out
by positioning the instrument on the top or on the side. To ensure the reproducibility of the
measurement geometry, a perfect perpendicularity of the excitation beam to the measured
area is essential.

Measurements were carried out in the point mode with an acquisition time of
150 s, using a tube voltage of 50 kV and a current of 80 µA. No filter was used between
the X-ray tube and the sample. The analysis depth during the measurement of the enamel
(i.e., a silicate matrix), estimated from the Beer–Lambert law (analysis depth, defined as
the thickness of the top layer from which comes 90% of the fluorescence) [49], was close to
6 µm at Si Kα, 170 µm at Cu Kα, 300 µm at Au Lα and 3 mm at Sn Kα. Within the energy
resolution of our pXRF instrument, the Fe Kβ peak, which may refer to the red pigment,
and the Co Kα peak corresponding to the blue color are located in the same energy range.

We undertook the analyses following two procedures (Table 1). The first one was
conducted by fixing the spectrometer on a rack with micrometric displacements on a
bench top. This enabled us to obtain perfectly stable measurement geometry. In this
configuration, we sought to place the sample under the beam so that the analyzed surface
was perpendicular to the beam, i.e., horizontal. The position of the spectrometer thus
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fixed the working distance and was adjusted by placing the sample on a laboratory lifting
platform to place it as close as possible to the optimal focus.

Table 1. Area analyzed and corresponding analysis number for each of the analytical configurations
and samples. Details on the measured spots are given as Supplementary Materials (Figure S1).

Area
Bench Setup Tripod Setup

Spot Number Part of the Shard
Analyzed Spot Number Part of the Shard

Analyzed

Falangcai bowl (QL)
Body 7, 11, 12 Cross-section 35 Cross-section
Glaze 8, 9, 10 Inner surface 34 Inner surface
Black line

Outer surface

37

Outer surface
White 5 33
Red background 3, 4, 13, 14 32
Red flower 6 36
Yellow “regular” 2, 15, 16, 18 31
Yellow “thick” 17 _

Blue-and-white plate (ww)
Body 28, 29, 30 Cross-section

_Glaze 25, 26, 27
Outer surfaceBlue (hatched motif) 22, 23, 24

Dark blue 19, 20, 21

Since we worked with two shards of different shapes, we also had to place them on the
platform in two different ways. The shard of the falangcai bowl (QL) features a closed shape
and therefore has a relatively pronounced convex outer surface. The sample was stuck on a
piece of hard-plastic foam in which an incision was made (Figure 2a). Alternatively, we
stabilized and orientated it in a box filled with glass mini-beads (or silica sand) to obtain
the most horizontal surface possible, which could prove to be complex for certain zones, in
particular those located at the extremities of the shard. The shard from the blue and white
plate (ww), on the other hand, has a very flat shape, which allowed us to lay it directly on
the lifting platform. Once the working distance was set for this sample, we moved it in the
X and Y directions to move from one zone to be analyzed to the next, always respecting
the perpendicularity and the position in the Z axis, and thus preserving the focus of the
beam (Figure 2c). These configurations corresponded to the analyses conducted on both
the glaze and the enamels of the two samples. The analyses on the body were conducted
on the cross-section.

The second procedure was only used for the QL sample because its closed form
was precisely what presented the special challenge. In the second configuration, the
spectrometer was fixed on a tripod designed as camera support, which made it possible to
adjust its height as well as its orientation. It was indeed possible to direct the beam from
vertical to horizontal. The shard was placed on the hard-plastic foam positioned on the
lifting platform. It was oriented and stabilized through the positioning of other blocks on
either side (Figure 2b). Once the sample was positioned, the spectrometer was oriented
so as to present an excitation beam perpendicular to the analyzed surface and to respect a
working distance that allowed a good focus. Figure 2d, for instance, illustrates a not well
focused beam on a convex surface.

Notwithstanding the analysis configuration, the diameter of the beam spot (~1 mm)
was such that it was sometimes impossible to analyze only a designated color, in particular
concerning the QL shard. Some motifs painted with white enamels (Figure 3d) and others
with red ones, such as the center of the flower (Figure 3c), were indeed smaller than the
diameter of the beam. For this reason, adjacent colors will also contribute, namely, black
lines, in the case of the analysis of the white patterns, and white areas in the case of the
analyses of the red area representing the center of the flower. Note that for sample ww,
we distinguished two levels of blue with dark and light (Figures 3a and 3b, respectively).
The difference was that the dark tone represents entirely blue areas and the less dark one
represents areas marked by hatched blue patterns, which were therefore more influenced
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by the glaze. Concerning the analyses of the bodies conducted on the cross-sections of the
two shards, their thickness was enough for the analysis beam not to interfere with the glaze
applied on the surfaces.
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Figure 2. The two measurement configurations: (a) vertical instrument fixed to a movable support
placed on a bench; (b) use of a tripod; (c,d) example of focus showing a ‘good’ focus on a flat
perpendicular area (support on a bench) and a ‘less good focus’, elongated, on a convex surface close
to another colored area. Note the heterogeneity of the yellow area. Center halo diameter ~ ×1.2 mm.
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Figure 3. Differences between the dark blue (a) and the blue (b) areas analyzed on sample ww. Red
flower enamel (c) and white one (d) analyzed on sample QL (yellow dots: analyzed area).

2.3. XRF Data Processing

The procedure has already been described in previous papers [29,30,32]. After record-
ing the raw data with ELIO, the recorded spectra files were analyzed through the Artax
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7.4.0.0 (Bruker, AXS GmbH, Karlsruhe, Germany) software. For the data treatment process,
the studied objects were considered as infinitely thick samples. Before evaluating the
analysis data, all of the spectra were imported, and a new method file was created via
the “Method Editor” of Artax for an applied voltage of 50 kV and current of 80 µA. The
corresponding major (e.g., K, Ca), minor (e.g., Fe, Ti, Co) and trace elements (e.g., Ag,
Bi, As) were added to the list of elements used to fit the experimental spectrum. For the
correction, escape and background options were selected in the Method Editor, and 10
cycles of iteration were selected starting from 0.5 keV to 45 keV. The deconvolution method,
Bayes, was applied to export the data table. The net area was calculated under the peak
at the characteristic energy of each element selected for spectrum fitting, and the counts
of the major, minor and trace elements were determined in the colored areas (white, red,
yellow, blue and black). Before plotting the scatter diagrams, the net areas of each element
were normalized by the number of XRF photons derived from the elastic peak of the X-ray
tube of rhodium. An additional normalization with respect to the signal of Co was made
for the comparison of certain elements. Then, these normalized data were plotted in the
ternary scattering plots drawn for the interpretation and discussion of the results with the
software Statistica 13.5.0.17 (TIBCO Software Inc., Palo Alto, CA, USA).

3. Results
3.1. XRF Fingerprint

Figure 4 presents representative XRF spectra obtained on different parts of the frag-
ments, the paste (body), the transparent glaze or blue-stained glaze and the enameled areas
of different colors (red, yellow, white and black). All recorded spectra are shown in the
Supplement Materials (Figure S1). The elements at the origin of the peaks are indicated.
Note that sodium was detected in SEM-EDS [24], boron by Raman [52] and the triad of
sodium, lithium and boron by PIGE [53], but was not detected by portable XRF (without
having a vacuum or a light element atmosphere). The analysis points were taken at differ-
ent zones on the surface and also on the section to be able to assess the variability of the
material analyzed (for example, for the yellow regions of the falangcai bowl, we visually
observed extra thicknesses at the darker yellow areas, and more or less dark blue areas on
the second shard) and also the effects of disturbances coming from the surface measure-
ments from the underlying layers or the mediocre quality of the focus due to the curvature
of the analyzed zone. Table 1 lists the points of analysis. It should be remembered that the
intensities of the XRF peaks are not directly proportional to the respective element contents,
thus the peak of rubidium, an impurity of potassium (a few hundred ppm), is relatively
much more intense than that of silicon, the major element (more than 50 wt%). The direct
visual comparison of the spectra is therefore quantitatively relevant only peak-to-peak for
measurement areas rather comparable in composition and thickness. It should indeed be
remembered that because of the variable energies of the photons that are characteristic
of the different transitions of the elements, which are absorbed differently by the sample
matrix, the depths of explorations of heavy/light elements are very different [48,49]. The
measurement of the light elements concerns the surface of the material (~a few µm) and
the detection of the transition metals is roughly related to the thickness of the enamel (~200
µm), while the intensity of the peaks of the heavy elements (lead, tin, antimony, etc.) will
be polluted by the contribution of the underglaze, glaze or paste layer, depending on the
case. This is why, following the procedure described in references [30,32], we will compare
the areas of the characteristic fluorescence peaks obtained after correction of the continuous
background in ternary diagrams in order to evaluate the similarities and differences of the
elemental ‘compositions’.
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Figure 4. Left and center, representative pXRF spectra recorded on the body section, the colorless glaze
(surface), the red background and the different colored overglazes of the imperial bowl excavated
fragment (QL, Figure 1a). Right, representative pXRF spectra recorded on the body section, the
colorless glaze (surface) and the blue area of the blue and white cut fragment (Figure 1b, ww).

3.2. Silicate Matrix

The comparison of the lead-calcium-potassium signals in Figure 5a,a’ show no disper-
sion of the data for the yellow areas of the bowl because of the high lead content of these
zones. We see two clusters for the red, but the one that is rich in lead corresponds to the
flower and not to the background.

The measurements of these major elements are therefore little disturbed by the mea-
surement configuration, except for the Ca and K contents of the glaze and the paste of
the QL sample, the K/Ca ratios being higher for the analyses using the tripod. This is
assigned to the variable thickness of the white enamel that determines the contribution
of the lead-free substrate. The observation of a similar distribution for the blue zones
of the second sample, for which only the bench setting has been used, shows that the
heterogeneity within the specimen, both for the glaze and the paste, is the main cause of
the distribution. The measurement error concerning the major elements is therefore very
limited whatever the measurement configuration. A small dispersion distributed on a line
parallel to the Pb-K side is observed for the overglaze white of the falangcai decoration. This
difference between the two measurements might also have been influenced by the adjacent
yellow area (much richer in Pb, for instance) analyzed at the same time.
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Figure 5. Comparison of the characteristic signals (peak area) of elements of the silicate matrix of the
enamel (a,a’) and those of the coloring or associated components (c,d’). A zoom of the diagrams (a,d)
is given respectively in (a’,d’). In diagrams (d,d’), the signal of the elements associated with cobalt is
normalized by the signal of cobalt for a better comparison. The color of the analyzed area is indicated
(ye: yellow; b: blue; wh: white; re: red; bck: background) and the areas analyzed with the tripod are
represented by a black outline in diagrams (a–d).

Regarding the impurities associated with the raw materials of the silicate matrix and,
in particular, fluxes, rubidium (associated with potassium) and strontium (associated with
calcium), yttrium being assumed to be an impurity of the other raw materials (kaolin,
pegmatite/feldspar or quartz), some dispersion is observed only for the red and yellow
areas. Obviously, in painted enamel, the concentration of pigment is variable, hence the
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dispersion of the compositional data. Consideration of these clusters will therefore be
relevant for the most minor or trace elements, i.e., areas colored by a pigment (pyrochlore
for yellow and hematite for red [24]). The distribution on a line (e.g., Figure 5a,b) is again
characteristic of the variable contribution of same two constituents.

The maximum dispersions are observed for the ternary diagrams constructed with
the peaks of medium or weak intensities. Figure 6a shows an example with the Ca-Rb-Sr
diagram. We note a certain dispersion for the different measurements of the yellow zones,
with the differentiation of the fine enamel measured on the surface due to the contribution
of the glaze undercoat, which is richer in Ca. The same is true for the red zones, but the
difference between the background and the flower (shift parallel to the Ca-Rb side) is
obvious. We see that, even when the dispersion intrinsic to the measurement conditions
is significant, the clustering effect is greater and the glazes belonging to the different
techniques/decor therefore stand out. The data dispersion measured for the body gives an
illustration of the ‘error’ measurement, the homogeneity of the paste being good for the
area analyzed.
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Figure 6. Comparison of the characteristic signal (peak areas) of the elements Ca-Rb-Sr (a) and
Ag-Cu-Bi normalized with respect to the signal of cobalt (b) for the different colored areas (see
symbols in the previous figure) of the two analyzed samples.

3.3. Coloring and Associated Elements

The choice of the type of representation is effective for cobalt despite the low contents
of this coloring agent due to its very strong coloring power: 0.1 to 0.5 wt% CoO is commonly
observed [54]. Thus, the difference noted between a light blue and a dark blue colored area
is weak, but the varied levels of arsenic are visualized (Figure 5c). It also well highlighted
the presence of traces such as uranium (only visible with high magnification of the XRF
spectrum intensity), whose peak is located in an energy zone without overlap with other
signals. In Figure 5d,d’, the signals of the Mn, Fe and Ni elements associated with cobalt
are better comparable after normalizing with respect to that of (weak) cobalt. Thus, in
the sample representing a willow (ww), we see that two different ‘cobalts’ are used, one
being richer in manganese—the manganese and iron contents are characteristics of Asian
ores [54]—that is, the dark blue color. A grade choice is certainly made depending on
the type of motif: full dark area vs. hatching. The presence of the same traces of nickel
(Figure 5d,d’) leads to the distribution parallel to the Mn/Co-Fe/Co side.

Figure 6b is for normalized element data of which the peaks are low in intensity. The
normalization is made with respect to the cobalt signal because the elements are associated
with cobalt in the veins exploited in Europe [54,55]. Two groups are visible, the data from
the red and yellow areas (plus the whites placed on yellow or red and the black) and the
others (paste, colorless glaze). It appears that the Ag/Cu ratio is almost constant and that
the bismuth content is variable. Bismuth can be an impurity of lead and therefore depends
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on both the lead content and the thickness of the enamel (this is a heavy element measured
over a high thickness [49]). It is also volatile and diffuses widely during the firing, which
accentuates the effects due to the variable thickness of the enamel. Nevertheless, the red
flower is still very well distinguishable from the red background. The consideration of the
specificities of each element in the enameling process is necessary for interpretation.

4. Discussion: Intrinsic Heterogeneity vs. Measurement Error

These results allow us to note certain differences in the measurements related to the
geometries, whether they concern the nature/geometry of the analyzed surface of the
shards or the layout of the analytical device, i.e., bench vs. tripod.

4.1. Effects of the Surface Geometry

Overall, we observe heterogeneity in the elemental fingerprint of the enamels. In
Figure 5b (Rb-Y-Sr diagram), we observe indeed, for instance, a greater variability in the
distribution of the data concerning the yellow enamels, according to visual examination
(Figures 2d and 3d). This is also the case for all the other enamels in the ternary diagrams
of Figure 6. We can partly explain this variability as a result of the enamel thin layers
being variable, in comparison with that of the glazes, which leads to an influence of the
underneath layer(s)—covered glaze—during their analysis. We recall that the in-depth
measurement for the Pb element reaches the order of millimeters in silicate matrixes [49].
The question of the technology used also arises from the fact that, unlike the application of
a decoration painted under glaze as represented by the ww shard, the enameling technique
is such that one can find a wide variety of shades and therefore of local compositions within
an area of the “same” color.

We can make similar observations concerning the signal measured with the analyses
of the red background of the QL shard, although the color looks homogeneous by eye
examination. We suggest that the variability of the measurements could result from the
convex shape of the analyzed surfaces that maximize the effect of the variable thickness,
although we do not exclude the hypothesis that it could also be the consequence of the
variable thickness of this red layer. We do not have similar variations for the analyses of
the colorless glaze applied on the concave inner surface of the same shard, as well as for
the analyses of the glazes of the ww shard which features a flat surface. By comparing the
sections in Figure 1, we observe that the color is more homogeneous in the ww blue sample
than in the QL red one. For the analyses of the porcelain bodies, which were conducted
on a cross-section and therefore a flat surface and a layer of “unlimited” thickness, the
distribution of the measurements is systematically the most homogeneous, whatever the
sample. However, we cannot affirm that this is only due to the less complex geometry of
the analyzed surfaces, since, unlike that of enamels, the composition of a porcelain paste is
very homogeneous intrinsically.

In short, a kind of gradient in the quality of the analyses seems to emerge accord-
ing to the combination of the surface, the material and the technology of the analyzed
layer, which is, in the order of the quality of the analyses, porcelain body in cross-section,
glaze applied on a flat surface and a concave one and glaze and enamels applied on a
convex surface.

4.2. Tripod vs. Bench: The Case of Sample QL

We conducted the comparison of the two analytical configurations—bench and
tripod—by systematically analyzing the same type of surface on the QL sample several
times, namely, the paste, the glaze and the enamels for each distinct color. The idea is to
see whether there are differences in the measured intensities that would not be due to the
nature and the geometry of the surface analyzed. In this perspective, we note in the ternary
diagrams presented in Figures 5 and 6 that there is a difference between the results of the
analyses made with the tripod and those obtained with the laboratory bench, especially
concerning the paste and the glaze. For example, the intensities of Ca are lower for the paste
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and the glaze when they are measured with the tripod (Figure 5a,a’ (Ca-Pb-K diagram)
and Figure 6a (Rb-Ca-Sr diagram)). With the colored enamels, whose signal values for
Pb are all above 0.8 in Figure 5a’, the changes between the analytical configurations are
not perceptible. This difference observed for the paste and for the glaze, according to
the configuration of the analytical device, is also shown in Figure 5c (U-Co-As diagram)
and Figure 6b (Cu/Co-Ag/Co-Bi/Co diagram) with lower Co/U and Ag/Cu ratios for
the analyses with the tripod, respectively. Figure 5d’ shows that, for all types of layers
(paste, glaze and enamel), there is systematically a slight loss of Ni intensities with the
measurements using the tripod.

Concerning the quite important difference observed between the two compositions
of the white enamel, this is not necessarily related to the analytical configuration varying
from bench to tripod. We recall indeed that the dimensions of the analyzed white zones are
smaller than the diameter of the beam spot (Figure 3d), so their analyses also accommodate
integrated adjacent areas, namely, other colored enamels, which would further explain the
large differences between the two analyses of the white enamel observed in Figures 5 and 6.
The same is true with the color of the red flower, of which the composition represents a mix
between the white petals and the red stems of the flower (Figure 3c).

Table 2 shows, for each type of area of the QL sample where more than four analyses
were conducted, the mean and the standard deviation calculated from the characteristic
signals (peak area) of the elements used to create the ternary diagrams in Figures 5 and 6.
The difference calculated between the maximum and minimum signal measured on the
same area is also mentioned. The data presented in the first rows correspond to the values
calculated only from the bench measurements, while those in the second rows (marked with
an asterisk) include both bench and tripod measurements (see Supplementary Materials
for details of the calculations).

For the paste and glaze, the differences calculated between the maximum and mini-
mum intensities of the characteristic signals obtained from the ternary diagrams, as well
as the standard deviations, are almost all higher when we combine bench measurements
with tripod ones than when we only consider the values obtained with bench measure-
ments without a tripod. This difference is systematically more than doubled. On the
other hand, for the yellow enamel and the red background, the calculated data are rather
similar between values measured only on the bench and values combining bench and
tripod measurements. The standard deviations are sometimes even lower when we add the
values obtained on the tripod to those obtained on the bench. This refers to our observation
that the heterogeneity of the compositions of the colored enamels is such that the difference
in the analytical methods—bench vs. tripod—does not seem to interfere in the distribution
of the pXRF measurements of such types of layers.

The comparison of the two analytical configurations highlights the fact that, in general
terms, the differences in composition, linked to one configuration or another, are especially
observable when we analyze homogeneous zones, namely, the paste and the glaze in the
present case. For the enamels, whose technology leads to the application of a material
with a more heterogeneous composition at the microscopic scale and therefore a more
pronounced variability of the compositions obtained on different areas of the same color,
the results obtained from the analysis on a tripod do not attest to significant differences
with those obtained on the laboratory bench.
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Table 2. Means, differences between maximum and minimum and standard deviation calcu-
lated Figures 5 and 6 (std = standard deviation). Details of calculations are given in Table S2
(Supplementary Materials).

Ca Pb K Ca Pb K Ca Pb K Ca Pb K
Paste (n = 3) Glaze (n = 3) Yellow (n = 5) Red background (n = 4)

Mean 0.122 0.020 0.858 0.484 0.014 0.501 0.008 0.980 0.012 0.092 0.880 0.028
Diff. 0.009 0.004 0.005 0.043 0.001 0.043 0.009 0.038 0.031 0.053 0.061 0.015
Std 0.005 0.002 0.003 0.022 0.000 0.022 0.004 0.015 0.013 0.026 0.027 0.008

Paste * (n = 4) Glaze * (n = 4) Yellow * (n = 6) Red background * (n = 5)
Mean 0.110 0.026 0.864 0.461 0.014 0.525 0.008 0.981 0.011 0.090 0.878 0.032
Diff. 0.052 0.024 0.028 0.111 0.002 0.112 0.009 0.038 0.031 0.053 0.061 0.028
Std 0.025 0.011 0.013 0.050 0.001 0.050 0.004 0.014 0.012 0.023 0.024 0.012

Rb Sr Y Rb Sr Y Rb Sr Y Rb Sr Y
Paste (n = 3) Glaze (n = 3) Yellow (n = 5) Red background (n = 4)

Mean 0.786 0.104 0.111 0.780 0.120 0.100 0.239 0.244 0.517 0.722 0.161 0.117
Diff. 0.018 0.005 0.013 0.005 0.016 0.021 0.379 0.133 0.308 0.072 0.024 0.064
Std 0.010 0.002 0.008 0.003 0.008 0.011 0.163 0.049 0.128 0.035 0.010 0.030

Paste * (n = 4) Glaze * (n = 4) Yellow * (n = 6) Red background * (n = 5)
Mean 0.789 0.106 0.105 0.776 0.122 0.102 0.227 0.249 0.524 0.729 0.157 0.114
Diff. 0.020 0.012 0.028 0.020 0.017 0.021 0.379 0.133 0.308 0.072 0.035 0.064
Std 0.010 0.005 0.013 0.009 0.008 0.010 0.149 0.046 0.116 0.035 0.013 0.027

Co As U Co As U Co As U Co As U
Paste (n = 3) Glaze (n = 3) Yellow (n = 5) Red background (n = 4)

Mean 0.800 0.009 0.190 0.858 0.032 0.111 0.016 0.984 0.000 0.407 0.593 0.000
Diff. 0.160 0.021 0.165 0.065 0.075 0.038 0.015 0.015 0.000 0.794 0.794 0.000
Std 0.081 0.011 0.085 0.034 0.039 0.020 0.006 0.006 0.000 0.395 0.395 0.000

Paste * (n = 4) Glaze * (n = 4) Yellow * (n = 6) Red background * (n = 5)
Mean 0.727 0.007 0.266 0.820 0.024 0.156 0.015 0.985 0.000 0.362 0.637 0.001
Diff. 0.368 0.021 0.371 0.189 0.075 0.199 0.015 0.015 0.000 0.819 0.814 0.005
Std 0.161 0.010 0.166 0.081 0.035 0.093 0.006 0.006 0.000 0.357 0.356 0.002

Mn/Co Ni/Co Fe/Co Mn/Co Ni/Co Fe/Co Mn/Co Ni/Co Fe/Co Mn/Co Ni/Co Fe/Co
Paste (n = 3) Glaze (n = 3) Yellow (n = 5) Red background (n = 4)

Mean 0.078 0.019 0.903 0.063 0.018 0.919 0.038 0.070 0.892 0.026 0.006 0.969
Diff. 0.002 0.001 0.002 0.008 0.001 0.008 0.023 0.048 0.043 0.024 0.001 0.025
Std 0.001 0.001 0.001 0.005 0.001 0.004 0.009 0.019 0.016 0.012 0.001 0.012

Paste * (n = 4) Glaze * (n = 4) Yellow * (n = 6) Red background * (n = 5)
Mean 0.078 0.018 0.904 0.061 0.017 0.922 0.037 0.069 0.894 0.028 0.005 0.966
Diff. 0.004 0.006 0.003 0.012 0.004 0.016 0.023 0.048 0.043 0.027 0.002 0.026
Std 0.002 0.002 0.001 0.005 0.002 0.006 0.008 0.017 0.015 0.012 0.001 0.012

Ca Rb Sr Ca Rb Sr Ca Rb Sr Ca Rb Sr
Paste (n = 3) Glaze (n = 3) Yellow (n = 5) Red background (n = 4)

Mean 0.163 0.739 0.098 0.634 0.317 0.049 0.404 0.283 0.313 0.523 0.389 0.088
Diff. 0.017 0.010 0.008 0.026 0.017 0.009 0.265 0.339 0.237 0.114 0.077 0.038
Std 0.009 0.005 0.004 0.014 0.009 0.005 0.112 0.136 0.098 0.051 0.035 0.016

Paste * (n = 4) Glaze * (n = 4) Yellow * (n = 6) Red background * (n = 5)
Mean 0.146 0.753 0.102 0.606 0.340 0.054 0.411 0.270 0.319 0.502 0.409 0.088
Diff. 0.078 0.059 0.019 0.123 0.099 0.024 0.265 0.339 0.237 0.169 0.147 0.038
Std 0.035 0.027 0.008 0.057 0.046 0.011 0.102 0.126 0.089 0.064 0.055 0.014

Ag/Co Cu/Co Bi/Co Ag/Co Cu/Co Bi/Co Ag/Co Cu/Co Bi/Co Ag/Co Cu/Co Bi/Co
Paste (n = 3) Glaze (n = 3) Yellow (n = 5) Red background (n = 4)

Mean 0.933 0.046 0.021 0.955 0.047 -0.002 0.080 0.184 0.737 0.213 0.374 0.413
Diff. 0.026 0.022 0.023 0.021 0.021 0.002 0.199 0.267 0.463 0.210 0.369 0.571
Std 0.013 0.011 0.012 0.011 0.011 0.001 0.082 0.114 0.185 0.091 0.172 0.258

Paste * (n = 4) Glaze * (n = 4) Yellow * (n = 6) Red background * (n = 5)
Mean 0.924 0.054 0.022 0.945 0.055 0.000 0.075 0.180 0.744 0.206 0.381 0.413
Diff. 0.048 0.039 0.023 0.049 0.042 0.007 0.199 0.267 0.463 0.210 0.369 0.571
Std 0.020 0.017 0.010 0.022 0.019 0.003 0.074 0.103 0.167 0.080 0.150 0.224

* Values calculated with data obtained from both methods (bench and tripod).



Colorants 2023, 2 54

5. Conclusions

The measurements conducted in different configurations lead to a dispersion of the
data, which remains lower than that of glazes prepared and posed to obtain a different
aesthetic effect concerning the coloring. However, it is essential to evaluate the effects of the
contributions of the underlying layers (glaze, paste) for the elements whose measurement
involves, according to the Beer–Lambert calculation [49], a depth of the order or greater
than the supposed thickness of the enamel (knowledge of the thickness observed on
comparable shards is therefore necessary). The method of visualizing data in the form of
ternary diagrams of the signals of the characteristic elements allows the visualization of the
element ratio or correlation underlining clusters that make sense and that can be discussed
according to the parameters, such as the raw materials and their compositions, mixtures,
thickness effects, etc. The dispersion observed on the measurement configurations in this
work gives a view of the intrinsic dispersion.

Finally, we can conclude by mentioning that the data obtained with pXRF are in good
agreement with those already obtained with SEM-EDS and Raman spectroscopy [24,36].
Indeed, for the QL sample, the SEM-EDS analysis carried out on spots of a few µm2 showed
that the overglazes are lead-based and contain more calcium than the glaze [24], which is
also shown in Figure 5a. Raman spectroscopy data confirmed this observation, since the
spectra recorded on the different enamels from the top surface showed a peak ranging from
ca. 930–990 cm−1, characteristic of depolymerized lead-rich silicate [24]. In the same way,
the combination of EDS and Raman data allowed for the characterization of the presence of
hematite (αFe2O3) in the red background, which is well confirmed with the main Fe peaks
largely dominating in the pXRF spectra (Figure 4). The SEM-EDS and Raman spectroscopy
results attested that the white color is associated with the presence of arsenic and a higher
level of potassium. Of the enamels analyzed with pXRF, only the red flower clearly exhibits
the As Kβ peak (Figure 4). Since the spot of the red flower analysis incorporates both
the red flower core and the white petals (Figure 3c), we can then assume that the arsenic
detection would be due to the white enamel used for the petals. Although for the yellow
color no particular elements were clearly highlighted by SEM-EDS spectra, the Raman
ones indicated the use of a lead pyrochlore, and probably of a lead-tin yellow [24]; this is
confirmed by the presence of tin—and the absence of antimony which could have suggested
the use of a lead antimony tin yellow—recorded in the yellow areas (Figure 4).

SEM-EDS analysis distinguished the glaze of the ww sample from other glazes of 18th
century Chinese export/armorial porcelain by notably high calcium and low potassium
contents [36], which seems to be well demonstrated by the ratio of the main Ca and K peaks
of the pXRF spectra of the glaze and of the blue-painted underglaze decoration in Figure 4.
Manganese, which may be associated with the cobalt-based blue pigment, was measured,
with the highest manganese contents in the blue decoration [36], which is also observed
in the ternary diagram in Figure 5d. This quite high manganese content, and arsenic not
being detected with both methods (SEM-EDS and pXRF), seems to support the hypothesis
of the use of a cobalt-based ore from an Asian source.

Although we are aware that the use of non-contact pXRF may have its limits in the
detection of light elements, such as Na, for instance, whose role as a flux in a glassy matrix
is no longer to be proven, the use of this method has nevertheless proved to be efficient for
the accurate detection and distinction of transition metals, which allowed us to characterize
the cobalt-based pigment used in the blue motifs of the ww sample. This method also
allows good detection of tin (and potentially also antimony) to characterize the type of
yellow pigment used by craftsmen, the lead-tin one in the case of the QL sample. Another
advantage of the method presented in this article, compared to the analysis with SEM-EDS,
is the possibility to observe precisely the color(s) of the area analyzed by the beam spot.
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Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/colorants2010004/s1, Figure S1: Analyzed spots and corresponding
XRF spectra. Table S1: XRF data. Table S2: Details of the calculations of the mean, standard deviation
and difference obtained from the normalized areas of some element of QL sample.
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