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A B S T R A C T

In enamelling technology, the natural (raw) materials used before the middle of the 19th century combine by
nature different elements whose role in the process can be important even in small quantities. Some of these
elements – particularly boron, lithium – are difficult to measure non-invasively and are therefore rarely analyzed.
Boron and lithium, often used as additional flux in glazes, were quantified by PIXE and PIGE analysis with the
extracted beam of the New AGLAE facility in 18th century porcelains samples, French soft-paste from the
Manufacture royale de Sèvres and Chinese hard-paste from the reign of the Qing dynasty. The results were
compared to previous conclusions made using SEM/EDS and pXRF in order to assert the presence of boron,
previously suspected by Raman microspectroscopy, and to detect the presence of lithium, both provided by a
particular flux (borax), mentioned in the historical French and Chinese enamel recipes.

1. Introduction

Enamelled decoration is the most technically and aesthetically so-
phisticated part of many objects prepared by firing. The analysis of this
decoration allows studying the history of production techniques, the
transfers of know-how and tastes between production areas, thus help-
ing to authenticate objects (originals, copies or fakes) or to date them.
For decades, attention has been paid to the exchange of ceramic objects
and associated technologies between Asia and Europe. We know indeed
that the “porcelain disease” in the 17th and 18th centuries led to the
importation of Chinese and Japanese porcelain into Europe and to the
creation of European porcelain and faience factories to produce
“equivalents” [1–8]. However, it is less known that the polychrome
decoration of Chinese and Japanese porcelain is the result of the transfer
of European enamelling techniques to Asia by missionaries, mainly Je-
suits, at the end of the 16th in Japan [9] and of the 17th century in China
[10–20], respectively. Not only were the recipes imported from Europe
but also the ingredients and some craftsmen, as established by French
and Chinese historical records [10–13,15,16,21].

One aspect of the preparation of enamels is the addition and
adjustment of fluxes to enable them to be vitrified (these are mainly
alkali ions (sodium and potassium), alkaline earth ions (calcium and
barium), but also lead, boron as well as arsenic and phosphorus). If an
abundant literature is interested in measuring the contents of sodium,
potassium, calcium and lead in enamels (see for example the series of
books published by Kingery [22,23]), because of the lack of analytical
techniques for measuring them, very few work focus on lithium and
boron even if the use of borax, a natural product containing these ele-
ments, is mentioned in many ancient French recipes [24,25].

In traditional techniques, the glaze “powder” applied on the object’s
surface before firing combines the “corpo” which constitutes the bulk of
the silicate matrix (90 % and more by weight) with the “anima” which
contains the colouring agents (transition metal ions or metal nano-
particles for periods prior to ~1850–1880) [26,27]. The “corpo” is a
ceramic preparation based on pulverized natural raw materials (quartz,
flint, feldspar/pegmatite, kaolin, chalk, etc.), while the “anima” is pre-
pared with a mixture of silicates and colouring agents. The elements
which generate the liquid phase during firing (Li, Na, Ca, Ba, B, Pb, As,
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P) are present in both preparations. The elemental composition of the
"final" enamel will differ from that of the starting powder because the
elements that are volatile at firing temperatures, namely Li, B, Pb and
As, are partially lost during the process. Furthermore, smaller cations,
such as lithium, easily diffuse deep into the substrate. Given the intrinsic
heterogeneity of the decoration obtained, a “global” composition does
not specifically characterise the colouring agents (and especially those
present in the form of pigment grains), which underlines the need to be
able to grasp the volume on which the analytical technique collects in-
formation, in particular for the non-invasive examination [28–31].

If in some cases (when similar archaeological shards existing in large
numbers) it is possible to use precise but destructive techniques such as
XRF analysis on borax-based glass pellets [32], LA-ICP-MS [33] or LIBS
[34], the analysis of rare objects requires the use of non-invasive tech-
niques, which therefore only probe surfaces or quasi-surfaces. Moreover,
because of the high costs of conditioning, transporting and insuring
heritage objects, these analyses must be carried out on the conservation
site with mobile instruments such as Raman microspectroscopy [28–31,
35,36] and pXRF [28–32], or with instruments installed in the conser-
vation site (as in the case of the particle accelerator used in our study
[37,38]). Among the techniques commonly used to characterise the
elemental composition of ceramics (such as XRF, SEM-EDS, INAA,
ICP-MS, etc.), few allow the determination of light elements such as Li
and B. The techniques that do allow this are ICP-MS, LIBS, Prompt
Gamma Neutron Activation Analysis (PGNAA) and Particle-Induced
Gamma-ray Emission (PIGE). PGNAA does not allow local analyses,
while ICP-MS, even in its laser ablation version (LA-ICP-MS), and LIBS
are micro-destructive. Only PIGE allows non-invasive measurement of Li
and B in ceramics, which is mandatory for the analysis of rare objects.

We present here the PIXE/PIGE analysis conducted at the New
AGLAE facility on porcelain and plates representative of 18th century
Chinese and French productions. This work is preliminary to the ex-
amination of series of imperial objects previously studied on site by
pXRF and Raman scattering [14,29–31]. This makes it possible to
measure B and Li (by PIGE) as well as the remaining elemental
composition (by PIXE) at the same analysis point, which is useful for
highlighting possible correlations in these very heterogeneous samples.
Ancient recipes [17,24,25,39] and for rare samples, the non-invasive
Raman analysis technique [40] previously suspected the presence of
borate in the enamels. If the use of borax, a natural compound of com-
plex composition (Na2-xLixB4O7.10 H2O) generally collected in salt lakes
and geothermal deposit (e.g. in Turkey and Tibetan plateau) [41–43], is
fairly well documented in recipes [17,24,25,39], detecting its use in
enamels by measuring B or Li is not achievable by most non-invasive
methods. This is also the case for Na, which is difficult to quantify
using the most commonly used mobile non-invasive elemental analysis
technique with portable X-ray fluorescence (pXRF) instruments. This is
because it requires devices with a measurement environment that limits
the presence of air, which is achieved by using a vacuum pump or He-
lium flow. Another way to detect the presence of B is through structural
characterisation of boron-containing phases using Raman micro-
spectroscopy, which can detect the B-O bonds and different BO3 and BO6
species [44–48], but this is generally best achieved using a special laser
excitation (in the blue) that is not available with mobile instruments.
The results obtained by Raman analyses [40] showed a strong hetero-
geneity in the distribution of boron in the glazes, explained by its
volatility and by the very small thickness of the overglazed enamels, of
the order of (a few) tens of microns.

2. Materials and methods

2.1. Samples

The shards and the plates analysed are shown in Fig. 1. Information
on their origins is summarized in Table 1 and more detailed information
can be found in previous publications reporting their analysis by Raman

microspectroscopy, optical microscopy, SEM-EDS and/or pXRF [40,49,
50]. The choice was made among porcelains already analysed by
different techniques as part of a program to study European glazing/e-
namelling techniques and their transfer to Asia by missionaries, partic-
ularly the Jesuits, at the end of the 16th century in Arita (Japan) and at
the end of the 17th century in Canton and Beijing (China) [9,14–20,
28–31]. In these objects, the use of borax in certain overglazes is
documented or suspected [40,49,50], and in some spots, Raman analysis
using a blue laser has detected vibrational modes compatible with an
attribution coming from the BO3 or BO6 entity [44,48].

The stratigraphy of the ceramic decorations is complex, as is their
distribution (owing to the fineness of the designs), which makes them
difficult to characterise analytically (see Fig. 2 for a schematic cross-
section). The thickness of the (under-)glaze or transparent enamel var-
ies between 300 and 600 µm [25,36,40,50,51]; this layer being usually
fired at the same time of the paste. The thickness of the overglazes or
enamels, such as black or red lines used to structure the drawing, is
much thinner, ranging from 30 to 100 µm [25,36,40,50,51]. In some
cases, several layers of overglaze can be superimposed. For the mea-
surements carried out and the objects considered in this study, it is
assumed that the “probed” surface areas are homogeneous (represen-
tative of the same stratigraphy). However, this is certainly not always
the case, because certain decorative techniques derived fromminiaturist
techniques use millimetre dots of variable colours, and one dot may
contain several pigments or colouring agent [29–31]. These consider-
ations concerning thicknesses and stratigraphy are decisive for the
exploitation of analyses using irradiation or illumination from the sur-
face. In fact, the excitation beam is progressively absorbed by the sample
and therefore explores a given depth, and the radiation produced during
the interaction is then more or less absorbed before emerging from the
sample and reaching the detector [28].

The set of coloured areas analyzed is summarized in Table 1. The
selected objects are a soft-paste porcelain with polychrome floral
decoration produced at Sèvres Royal Factory in 1781, already analyzed
by different methods [25,39,49], and six Chinese porcelains produced
during the reign of the Kangxi (Imari-like dish, ca. 1700–1720),
Yongzheng (Famille rose, ca. 1723–1735) and Qianlong (1735–1796)
Emperors [40,50]. The samples were chosen to cover the 18th century
and the different enamelling techniques (blue-and-white, polychrome
decoration and gilding), and to include areas where the use of borax had
previously been suspected.

2.2. PIXE and PIGE analysis

PIXE/PIGE analysis were conducted at the New AGLAE ion beam
analysis facility [52]. An external microbeam of 3 MeV protons allows
the simultaneous measurement of X-rays (PIXE) and gamma-rays (PIGE)
emissions. PIXE analyses were performed with four X-Ray detectors, one
with a flow of helium in front dedicated to the measurement of light

Fig. 1. Samples and artefacts analyzed by PIXE/PIXE analysis (see references
[25,40,49,50] for details on the shards and artefacts).

J. Burlot et al.
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elements and three carrying 50 µm Al filters for measuring heavy ele-
ments. The PIGE spectra were recorded using an unfiltered High Purity
Germanium (HPGe) detector.

We use a 50 µm diameter beam and in order to homogenise the
measurements over a small area considered to be homogeneous, the
beam is continuously scanned over 500 µm during each acquisition.
Sufficient counting statistics (especially for PIGE spectra) are obtained
with analysis times between 3 and 5 minutes per measurement point.
Fig. 3a and b shows the details of the external beam setup and its multi-
detector system, and Fig. 3d-l give some examples of the rectangular
analysis zone made visible by the luminescence of the sample under the
proton beam.

The software suite developed by the AGLAE team not only drives the
acquisitions but also quantifies the PIXE measurements using GUPIX
[53,54]. Measurements and their accuracy are monitored using nine
standards (NIST 93a, MA-N, Brill-A, Brill-B, Brill-C and BGIRA3)
analyzed under the same conditions [55–57]. The representative PIXE
spectra of these standards are shown in Fig. 5 and according to previous
measurement campaigns the composition determined is close to the
recommended values (error from 5 % to 10 % according to the element
(Fig. 4).

PIGE measurements are quantified by calibrating the gamma emis-
sion response of boron and lithium with the NIST 93a and MA-N stan-
dards, respectively. For lithium, it is the emission at 478 keV (from

nuclear reaction: 7Li(p,p’γ)7Li) and those at 429 keV (from reaction: 7Li
(p,n1γ)7Be). The latter cannot be separated from the boron emission at
429 keV (from reaction: 10B(p,aγ)7Be), as the instrumental resolution
does not allow the contributions to be separated. In this energy window,
we also have the contribution of gamma-ray emission from Na at
440 keV (from nuclear reaction: 23Na(p,p’γ)23Na), which partly over-
laps the peak at 429 keV. As discussed later, to assess the presence of
boron despite spectral interference on the peak at 429 keV when boron
and lithium are present, the intensity ratios of the peaks at 478 keV (Li)
and 429 (Li and B) are calculated. To quantify Na, Li and the contri-
bution (Li+B), three evaluations are performed. Two of these are based
on a Lorentzian adjustment of the peaks to obtain their areas and in-
tensities, which are used separately. The third evaluation is carried out
by recording only the intensity at the maximum of each of the peaks
(which will be called the “intensity at maximum”).

Given the multi-layered structure of the samples analysed, as well as
their variable composition, which is often rich in heavy elements such as
lead, the question of the depths at which the various elements are pro-
bed is a major concern. The depth probed by the PIXE analysis is esti-
mated using the GUPIX software [54], assuming 90 % absorption of the
incident proton beam and of the X-ray fluorescence emission. Table 2
gives the penetration values according to the elements considered in this
study and the two typical silicate matrices encountered, with and
without lead. We note that, as expected, the characteristic depths probed
are approximately twice as weak as in analysis of X-ray Fluorescence
excited by X-rays (XRF) [28,58] because the proton beam path is much
more circumscribed than that of the X-rays conventionally used in XRF
(this is due to the different interactionmechanisms of protons and X-rays
in matter). More generally, for complex samples, PIXE measurements
can be quantified more reliably than portable X-ray fluorescence mea-
surements because the proton pathway in the sample is well modelled
and more limited than for X-rays.

PIGE analysis, on the other hand, is much less affected by issues of
self-absorption of gamma emissions and variations in matrix composi-
tion, and probes a depth of around 70 µm, which corresponds to the path
of the protons. This lower absorption of gamma rays compared to X-rays
means that we can obtain compositions that are not solely representative

Table 1
Analysed samples. Areas in which boron was suspected are underlined and in bold. See Supplementary Material and Fig. 2 for details.

Sample
labels

Origin (date) Analysed area Number of
measure

Measure
label

Previous
analyses

Refs

MAG Sèvres Factory (1781) Soft-paste porcelain white (colourless glaze) 1 10 Raman, SEM-
EDS, XRF

[25,39,
49]dark blue 3 9,11,12

FR Yongzhen reign (1723–1735) Famille rose hard-paste
porcelain

blue 2 18,19 Raman, SEM-EDS [50]
white 1 20
gilding 2 21,22
pink (rose) 2 23,24
black line 1 25

QL Qianlong reign (1735–1796) imperial bowl dark blue 3 32,33,39 Raman, SEM-EDS [50]
white overglaze 3 34,41,48
black line 2 36,38
pale yellow green 2 42,43
yellow 2 44,40
pink 3 40,47,49
glaze (colourless) 1 41
red (background) 2 35,37

BPL Qianlong reign (ca. 1780) blue-and-white porcelain with
weeping willow decoration

dark blue 3 13,14,15 Raman, SEM-EDS [40]

IMARI Kangxi reign Porcelain (1770–1720) (Imari copy) dark blue 2 16,17 Raman, SEM-EDS [40]
white (colourless glaze) 1 69
gilding 2 67,68

LAC Qianlong reign (ca 1740–1750) Famille rose porcelain
with lake landscape decoration

red 1 30 Raman, SEM-EDS [40]
gilding 2 26,28
white (colourless glaze) 2 27,31
black line 1 29

ROSE Qianlong (ca 1770) Famille rose porcelain with rose
flower decoration

blue and black line (map) 1 64 Raman, SEM-EDS [40]
blue, black line and white
(colourless glaze) (map)

1 65

black line and pink (rose) (map) 1 66

Porcelain body

Glaze

Overglazes

300-600 µm

60-100 µm 30-50 µm

Fig. 2. Schematic sectional view of porcelain covered with glaze and overglaze.
Typical thicknesses are shown.

J. Burlot et al.
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of the extreme surface (see Table 2 for depths probed by X-rays). The
volume probed and the compositions determined by PIGE are therefore
less influenced by the mechanisms or alterations affecting the surfaces.

PIXE and PIGE measurements/quantifications are therefore less
affected by the multi-layer structure of the objects studied. Considering
the typical stratigraphy (Fig. 2) and the estimated depth of analysis
(Table 2), the signals of the elements studied will be well representative
of the coloured surface layer (glaze or overglaze), without notable
contribution from the underlying layer. In addition, the high gloss of the
studied enamelled surface guarantees an absence of significant corro-
sion, which means that there is no significant loss of alkaline ions by
leaching to take into account. On the other hand, it is likely that a sur-
face loss of volatile elements (lithium, boron, or even sodium) at the
firing temperature may occur.

3. Results

3.1. Comparison of “standard” flux content and identification of the
different enamelling technology

We start by looking at the “standard” flux elements, i.e. without
considering B and Li, which provide an initial definition of the types of
enamelling technologies. Fig. 5 presents representative PIXE spectra
from studied artefacts and some of the colour analysed. The presence of
lead is obvious for overglazes/enamels that were fired at relatively low
temperature, i.e. in the 600–1000◦C range. On the contrary, no lead is
detected for blue area of Imari-like porcelain, the blue décor having been
directly painted on the porcelain body before the application of the
glaze. Peaks characteristic of calcium are also detected in most of the
studied areas, with the exception of samples/zones MAG white and QL
yellow, due to their high content of lead.

The strong signal of manganese (Kα) in the blue of the Chinese copy
of the Imari decoration (Japan) (Fig. 5c) is characteristic of the use of
cobalt ore of Asian origin [29–31,50,59]. The strong iron content in the
red enamel of LAC sample (Fig. 5e) is characteristic of the use of he-
matite [40]. These results are in agreement with previous analyses. We
note that the detection of arsenic opacification is clear although, as in
XRF, only the weak As Kβ peak (close to 12 keV) can be observed due to

the confusion of the Pb Lα and As Kα peaks (Fig. 5g). The contribution of
arsenic is also clearly quantified, as shown in Fig. 6e.

The pXRF measurements provide reliable assessments of the pres-
ence of these elements, but as mentioned above, for the samples studied,
the PIXE measurements have the advantage of providing a more
representative measurement of the upper layers only (i.e. the painted
enamel decorations/overglazes). The results obtained can therefore be
considered to be more meaningful in terms of raw materials and glaze
technologies.

To compare the flux contents of the different enamels analyzed, we
use the ternary diagrams featuring the oxides that favour the formation
of liquid phase (and therefore the vitreous phase) and that are well
documented in the literature (phase diagram for ceramists [60]), namely
PbO, Na2O and CaO, but also P2O5 and arsenic oxide, which can also
play the role of flux (Fig. 6). The variability of the element content
plotted in Fig. 6 (PbO, Na2O, K2O, CaO, P2O5, As) concerning the same
coloured zone is attributed, firstly, to the heterogeneity of the coloured
zone itself, secondly, to variations in the concentration close to the
surface (gradient due to evaporation loss during the firing) and, thirdly,
to variations in the thickness of the enamel layer (overglaze) which in-
duces a variable contribution from the substrate. Consequently, the data
appear aligned on a straight line coming from the PbO pole with an
almost constant Na2O/K2O (Fig. 6a) and CaO/K2O ratio (Fig. 6b).
However, we observe the same conclusions as those of previous
SEM-EDS analyses [25,40,50]: the blue decorations of BPL and Imari
objects are without lead, the gold decorations of FR are almost free of
PbO and the yellow areas of QL are very rich in PbO due to the use of
pyrochlore yellow pigment.

The variability observed in the CaO content (Fig. 6) makes it possible
to identify the three different enamelling technologies: i) the underglaze
decoration (BPL and IMARI), ii) the decoration with a low addition of
lead (LAC and the red background, the black lines of QL and pink of FR),
and iii) enamels rich in lead (yellow of QL, blue of QL and MAG). The
presence of P2O5 characterizes the blue BPL decoration (not reported in
XRF studies, where this element is more difficult to detect than in PIXE),
which is free of arsenic, a typical characteristic of the use of “Asian”
cobalt [59,61–63], while the evidence of a low level of arsenic for the QL
and FR enamels confirms the use of ingredients imported from Europe

Fig. 3. View of the extracted beam analysis facility (beam exit, X-ray and gamma detectors, cameras) during the positioning of the IMARI plate (a), of the standards
(b), and detail of the positioning of a shard pasted on a support (c). A camera allows observing the rectangular area irradiated highlighted by the yellow luminescence
induced by the scanning of the beam (~50×500 µm2). An example is shown for each shard or object analysed (d-l): d-e) IMARI; f) LAC; g) MAG; h) BPL; i) FR; j-k) QL;
l) ROSE. See more details on samples in reference [40,50].

J. Burlot et al.
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[28–31,62–66].

3.2. Search of lithium and bore content

Fig. 7 shows representative PIGE spectra showing the respective
peaks of sodium at 440 keV, lithium at 478 keV, and the peak common
to boron and lithium at 429 keV. In the energy range containing these
three peaks, we can thus qualitatively separate the samples (artefacts
and standards) into four groups on the basis of their spectra:

i) Sodium only: glazes of MAG sample (see Appendix, Table A2,
#09–12).

ii) Sodium and lithium, but no boron as its main peak at 429 keV is
not detected: all enamels and the underglaze of IMARI (#16–17,
#67–69), BPL blue (#13), FR gilding (#21–22), LAC gilding, red
and underglaze (#26, #30 and #27, respectively), QL white
(#34, #41 and #48). We also include standard MA-N in this
group since we know its composition, including ~6 wt% Na2O
and ~0.5 wt% Li but no boron (see Table A1 for its whole
composition); the peak then observed at 429 keV (Fig. 7h) thus
corresponds only to the presence of lithium.

Fig. 4. Comparison of the clustering of flux oxides contents obtained from PIXE analyses (black symbols) and certified compositions (red symbols) of the reference
standards (compositions are given in Appendix, Table A1).

Table 2
Depths analyzed by PIXE estimated by GUPIX software for some elements and for two types of matrix (Brill B and Brill C standards), taking into account the absorption
of the excitation ion beam and the emitted X-rays.

Element Li and B Na Si K Ca Transition metals Pb Sn Sb Remark
XRF transition K L K K

Depth (µm) <1 1 4 5 3 30–45 45 44 45 (Pb-free) glaze (Brill B)
<1 1 4 5 6 13–30 40 46 46 Pb-overglaze (Brill C)

J. Burlot et al.
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iii) Sodium, lithium and possibly boron since the mixed Li-B peak at
429 keV has a relative width or intensity compared to the “pure”
peak of lithium at 478 keV: FR blue, white, pink and black
(#18–19, #20, #23–24 and #25, respectively), BPL blue
(#14–15), LAC gilding, black and underglaze (#28, #29 and
#31, respectively), and QL blue, yellow, green, red, pink, black

and underglaze (#32–33,39, #44–45, #42–43, #35,37,
#40,47,49, #36,38 and #46, respectively).

iv) Sodium and boron, but no lithium as its main peak at 478 keV is
not detected: this group includes only the standard NIST 93a
which contains 12.56 wt% B2O3 and 4 wt% Na2O (see Table A1
for its whole composition).

Fig. 5. Representative PIXE spectra of reference samples (NIST 93a(a), MA-N (b), BGIRA3 (f), BRILL-C (h)) and artefacts (IMARI (c), FR (d,g), LAC (e), MAG (i) and
QL (j)). Colours of studied area are given (see Table 1).

J. Burlot et al.



Journal of the European Ceramic Society 44 (2024) 116746

7

From this visual observation of the PIGE spectra (Fig. 7), we can
think that only enamels in group iii) may contain boron, because of the
peak at 429 keV. However, we cannot be certain of the presence of this
element, since no other boron PIGE peaks were detected, notably at 718
and 2125 keV [for 10B(p,p’γ)10B and 11B(p,p’γ)11B nuclear reactions,
respectively, bearing in mind, however, that these reactions have
significantly lower cross-sections], and all the samples in this group also
contain lithium; thus the 429 keV peak could only represent the sec-
ondary peak of the latter.

To determine whether boron was present in the glazes of group iii),
we decomposed the spectra and calculated the ratio of the intensity of
the 478 keV peak to that of the 429 keV one. We did the same with the
MA-N standard to obtain a reference ratio of the relative intensity of
these two lithium peaks, since this sample contains lithium but no boron.
The calculated ratios of the 478 keV/429 keV peaks are shown in Fig. 8.
In this representation, the lower the ratio, the more the intensity of the
peak measured at 429 keV is influenced by the presence of boron.

In Fig. 8, group A, we can thus see that three enamels have ratios
between 4.5 and 5.5, similar to those calculated for the MA-N standard
without boron. These are FR blue (#18), QL blue (#33) and yellow
(#45), for which we therefore consider that only lithium is present.
Doubts as to the presence of boron arise for the samples in group B of
Fig. 8, as their ratios are relatively high, between 3.1 and 4.3. These are
FR’s second blue enamel (#19), LAC’s three enamels (#28–29,31) and
QL’s two remaining blue enamels (#32,39), as well as its second yellow

enamel (#44) and one of its two green ones (#42). For the samples in
group C in Fig. 8, whose ratios are below 3, we consider that they
contain lithium and boron. These samples include two BPL blue enamels
(#14–15), FR’s white, pink and black enamels (#20,23–25), as well as
one of QL’s two green enamels (#43) and all its pink, red and black ones
(#35–38,40,47,49) plus its underglaze (#46).

In a second step, we compare the sodium, lithium and possibly boron
contents calculated from the area and the height resulting from the
fitting of the three peaks at 429, 440 and 478 keV using ternary dia-
grams (Fig. 9a-b). A third evaluation is shown in Fig. 9c, based on the
“intensity at the maximum” of each peaks.

Examination of the ternary diagrams built with the two first pro-
cedure (Fig. 9a-b) shows three groups of data, those aligned on the Na-Li
line (Imari, QL white, one BPL blue and MAG), and two separate groups
shifted on the Li/B pole side. The clustering of these groups look clearer
on the diagram constructed using the height obtained by the peak fitting
(Fig. 9b). We will therefore first discuss this diagram (Fig. 9b).

The samples which contain the most boron are expected to be those
for which the height of the mixed peak is maximum, which is normal but
cannot be considered as infallible proof of the presence of boron when
the offset is small. These data concern many colour of the QL sample and
to a lesser extent those in the FR sample. Certain colours, such as pinks
(colours obtained by the dispersion of gold nanoparticles), are shifted on
the Li/B pole side, which can therefore be considered as proof of the
presence of boron.

Fig. 6. Comparison of the clustering of flux oxides contents obtained from PIXE analyses of coloured enamels. The label colour corresponds to the colour of area
analyzed for each artefact/shard. Sea Table 1 for explanation of labels. For e) a zoom of the upper part of the diagram is given on the right.
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The ternary diagram constructed from the intensities at peak maxi-
mums (Fig. 9c) shows a larger offset towards the Li/B pole side. The
same type of shift can also be noticed for the data obtained on the blue
zone of the MAG shard, where the Raman spectrum in certain places of

these blue zones shows a Raman signature characteristic of a boron glass
[40]. More generally, the zones analysed for the other shards were also
shifted in Fig. 9 diagrams, only the IMARI sample appears to be defi-
nitely free of boron.

4. Conclusions

The search for an unambiguous and non-invasive evidence of the
presence of boron in enamels appears to be a difficult issue by PIGE,
especially at low levels associated with the presence of lithium (which
produces an emission that interferes with the main emission of boron),
as is the case here. On the contrary, the demonstration of the presence of
lithium is without discussion, since one of its gamma emissions is
measured without spectral interference. The uncertainties about the
presence of lithium are not only analytical but arise from the charac-
teristics of the glazes and the temperature behaviour of the lithium ion
during firing. Due to its small size, which allows it to diffuse very rapidly
in the environment, in the liquid, solid and gaseous phases, its residual
presence in the glass can be affected. The final content in the enamel is
therefore necessarily lower than that of the “enamel” powder deposited
before firing. With the exception of borax, virtually no other raw ma-
terial can provide significant amounts of lithium. Also the detection of
this element must be considered as an indication of the addition of boron
in a glaze.

In the present case, the non-invasive PIGE analysis revealed the
presence of sodium and lithium in all the Chinese enamels, as well as
boron, systematically in the two colours pink and black. Boron was
detected in other colours, except gilding, but not for all samples

Fig. 7. Representative PIGE spectra showing the main Na, Li and B peaks: a-f’) samples; g-h) reference standards; see Table S1 for composition of references.

Fig. 8. Ratio of the intensity of the 478 keV Li peak to that of the 429 keV
(Li+B) peak calculated after the fitting of PIGE spectra. It concerns only
enamels for which the PIGE spectrum features these two peaks, plus the
reference standard MA-N (containing Li and no B) for comparison.
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(Table A2). These results confirm the findings of the Raman micro-
spectroscopy analysis, which detected borate phases in some of these
enamels. For the French sample (MAG), although borate phases were
detected episodically by Raman spectroscopy in some blue glazes,
neither boron nor lithium was detected in the present study. This could
be explained by the heterogeneous distribution of boron in the enamels
and the fact that not exactly the same points were analysed by PIGE and
Raman spectroscopy. This question of homogeneity of composition is
true for this sample, but also for painted enamels in general, whose
compositions are intrinsically heterogeneous. Sample BPL for example,
features both lithium and boron in two of the blue spots analysed, while
only lithium was detected in a third one.

These issues of the representativeness of the analyses suggests that a

greater number of analyses over large areas (approaching the scale of
the decorations) would optimise the chances of detecting traces of borax
and provide a more representative set of compositional data. Non-
invasive spot analysis using PIGE can be used to produce such
elemental maps, the only limitation being the total analysis time
required by the multiplication of analysis points, while maintaining
counting times that allow B and Li to be detected.

LA-ICP-MS is currently the other analytical approach that allows the
spot measurement of elements such as B and Li. It enables these elements
to be detected very effectively, and also allows a certain depth to be
probed in the sample as the ablation proceeds, enabling any surface-
related heterogeneities to be assessed. However, the micro-craters
created by ablation are unacceptable for rare ceramic objects such as

Fig. 9. Comparison of the clustering of (Na, Li, B) flux elements content obtained from the PIGE spectra of coloured enamels using 3 different procedures: fitted peak
area (a), fitted height (b) and intensities at peak maximums (c) (See Table 1 for explanation of labels). The diagrams on the right are enlargements of those on the left.
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produced for the Chinese Emperor. This analytical approach would
therefore only be possible on shards (not complete pieces), which could
also be analysed on their section, without affecting their surfaces.

With regard to the other elements quantified in this work, compared
to X-ray fluorescence analysis, PIXE analysis of glazes provides
elemental compositions that are more representative of thin glass layers.
As we have discussed, proton-matter interactions probe smaller volumes
than X-rays and are better evaluated by the quantification software used
(i.e. GUPIX). Although X-ray fluorescence analysis has the advantage
that it can be carried out by portable instruments (i.e. in the field), its
results can be more easily affected by the ceramic substrates of the
enamel layers. For SEM-EDS analysis, they are limited in their ability to
analyse large samples due to the limited size of their analysis chambers.
Another advantage of the PIXE analyses carried out in this work,
compared to previous data obtained using portable X-ray fluorescence,
is the better detection of light elements such as phosphorus by PIXE (due
to higher cross-sections of reaction with protons). This revealed the
presence of phosphorus in some of the analysed enamels, adding to our
knowledge of their constituents.

This work confirms the difficulty of non-destructive measurement of
a group of widely used boron-based fluxes, which are nevertheless,
mentioned in many ancient recipes that emphasize the use of borax. For
the objects to be studied, the main constraint is the requirement for non-
invasive analyses that can be carried out on small surfaces/volumes. As
we have shown, PIGE analyses have interesting potential for this.
However, the low amounts present and the gamma spectral interference
between Li and B make it difficult to detect B in the presence of Li.
However, as these elements are very likely to occur together in boron-
rich raw materials, the presence of traces of lithium may be indirectly
due to the addition of a boron-containing flux. The possibility of
increasing the number of analyses of ancient objects should make it
possible to better document the use of boron fluxes by the objects
themselves. The specific behaviour of these light elements during the
firing process would also require the use of elemental mapping to pro-
vide a statistically representative view of the presence/distribution of
these light fluxing elements.
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siècle, in: P. d’Abrigeon (Ed.), Le Secret des couleurs. Céramiques de Chine et
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