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Abstract

:

The authentication and dating of rare ceramics is generally carried out using subjective criteria, mainly based on visual interpretation. However, the scientific study and evaluation of the materials used could contribute objectively. The analytical data relating to the major and minor elements of the coloring agents of the decoration or the base marks, and the characteristics of the raw materials (related to geology and ore processing), can be obtained on the conservation site non-invasively using a pXRF instrument and the phases formed may be identified using Raman microspectroscopy. This approach is applied to 28 objects assigned to the production of the Meissen Factory, from the collection of the Musée National de Céramique, Cité de la Céramique, Sèvres. They have polychromic or blue-and-white decorations and are supposed to have been produced in the 18th and 19th centuries. Some have a production date that has been perfectly established, others may have been produced using an earlier mold, or even have been decorated on an unknown date different from that of the firing of the biscuit. The combination of several classification criteria concerning the type of glaze, previously identified in the study of French and Chinese 17th and 18th centuries productions, i.e., the elements associated with cobalt present in the mark or the blue decoration and the relative levels of impurities of the glaze matrix, both characteristic of the raw materials and giving a strong XRF signal, leads to the identification of groups of homogeneous objects (respectively, counting seven, three, two and two objects for which at least four out of five criteria are identical); the other objects present too many differences to be considered as having been produced with the same raw materials. The first group brings together almost all the objects with a reliable pedigree made before ~1750, but includes two objects with decoration types closer to those of the 1800s. The comparison of the pXRF signals confirms the possibility of identifying the use of European ingredients for the production of painted enamels in the Qing dynasty.
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1. Introduction


After poorly documented attempts to prepare porcelain by E.W. von Tschirnhaus and J.F. Böttger in Dresden, the Meissen Porcelain Factory was founded in 1710, a few miles from Dresden, under the auspices of Augustus the Strong, Prince Elector of Saxony and King of Poland [1,2]. An almost exhaustive study of regional raw materials was carried out by the two arcanists and, after the discovery of iron-rich kaolin allowing the production of boccarro (a red porcelain) [1,2,3,4,5,6,7], white clays and iron-free kaolin were discovered in different places of Saxony, allowing the first production of a mullite-based porcelain in Europe [3,4,5]. Indeed, the porcelain called soft-paste, that was produced in France at the end of the 17th century in the Rouen and Paris areas, was a very siliceous paste in which quartz grains were bound with a glassy phase, in a rather similar way to Iznik fritware [8,9,10,11,12], different from Chinese porcelain based on a mineralogical point of view. The rare Medici ‘porcelains’, produced over a decade in the 16th century in Florence, have a hybrid character, halfway between soft- and hard-paste porcelain [13]. The Meissen factory plays a very important role in European porcelain history. Then, the number of porcelain factories in Europe increased from less than five active in 1730 to more than fifty in 1780 [3,4,9] (Figure 1). The period of activity of certain factories was reduced to a few years.



At the same time, Chinese export production to Europe developed with, for example, the multiplication of the number of French ships trading with China from a few per decade in the beginning of the 18th century to nearly 50 in the decade of 1770 [14], and with trade via British and Dutch ships becoming multiplied by almost ten times in the second half of the 18th century. This followed a search for information on Chinese know-how encouraged by the authorities as evidenced by the letters of Père d’Entrecolles (also called Dentrecolles) in 1712 and 1722 [15] or the correspondence of French Minister Henri Bertin from ca. 1753 to 1780 [16]. If this quest for know-how, led by Europeans, on producing the best porcelains with the whiteness and blue-and-white decoration of Chinese (and Japanese) models is well known and documented (e.g., [3,4,15,16]), it was only recently that the opposite quest of the Chinese authorities and producers for European know-how in polychrome enameling has been discovered in studying historical reports and began to be studied by collecting information kept in the artifacts [17,18,19,20,21,22,23,24,25,26,27]. Canton (Guangshou) became a center for the enameling of export porcelain and metalware designed on European models and decorated largely with ingredients and recipes imported from Europe, while the imperial enameling workshop at Beitang (The French Church district close to the Forbidden Imperial City) worked for the court under the guidance of the Jesuits, who were mainly French, but also German and Italian [24,25,26,27]. The first analytical studies show connections between the techniques and ingredients used in France [25,26], but the presence of a German Jesuit at the head of the glass workshop (also located at Beitang, Beijing) suggests a possible connection with Meissen, likely the leading porcelain factory in terms of decoration and polychrome during the 18th century (Figure 1). This is why the study of Meissen productions with the same procedures as those used for French [9,10,13] and Chinese [22,23,24,25,26] productions was undertaken and is reported here.



Böttger produced the first red porcelain (boccaro ware) and then white porcelain [1,2,3,4,5,6,7], but a blue pigment, lapis lazuli grains, which is easily detected using Raman microspectroscopy [5], was added by J.F. Böttger to whiten the glaze, which was only opacified by microbubbles. Blue decoration appeared in 1719 and is attributed to David Köhler [1,28]. The first flux used by J.F. Böttger, alabaster (gypsum, calcium sulphate), was replaced after ca. 1730 by feldspar (alkali/earth–alkali aluminosilicate) according to the recipes of Höroldt [1,28]. The analysis of a few shards and broken objects with polychrome decoration by Domoney et al. [29] provided details on the productions between 1725 and 1763 and confirmed the change in composition of the glaze after the Böttger period, from a calcium-based to potassium-based flux. There is evidence of variability in the lead content of the overglaze: 15 to 70 wt% PbO for the blues, ~25–27 wt% for the purples and 33 to 75 wt% PbO for the yellows [28,29]. It is not clear if this variability corresponds to different recipes or if the results of the measurements are distorted by the contribution of the substrate (glaze, body) due to the multilayer nature of the decoration. Arsenic oxide (0.2 to 1 wt%) is detected in the blues, sometimes with traces of barium [28,29]. Tin oxide is observed in the enamels, from 0.5 to 10 wt% for certain purples. The study by Klisinska Kopacz et al. [28] of six figurines corresponding to the initial models of J.J. Kandler from around 1750 shows that a significant rate of zinc oxide characterizes the productions of the 19th century.



We present here the portable X-ray Fluorescence (pXRF) and µRaman spectroscopy study, carried out in the reserves of the Cité de la Céramique in Sèvres, of 24 objects with polychrome decoration or, more rarely, dichromatic blue-and-white decoration, plus four artifacts only analyzed using Raman microspectroscopy. The objectives are multiple: (i) to evaluate the usefulness of non-invasive measurements for the precise dating and documenting of enameling techniques by focusing on the characterization of decorations and base marks using blue—this color using a rare and geologically peculiar element, cobalt [30]—and gold for gilding or using Au° nanoparticles to obtain a purple to red color, and on impurities characteristic of the raw materials, namely yttrium, rubidium and strontium; (ii) to use the results obtained to discuss whether the transfer of enameling technology carried out under the auspices of the Jesuits to the Qing Court is to be linked to the know-how of the Meissen or Parisian factories. These analytical procedures are those previously developed in the analysis of painted enamels and base marks of 18th century French and Chinese porcelains [22,23,24,25]. In fact, the intrinsic heterogeneity of the complex enameled decorations, added to the obligation to carry out the analysis from the surface, leads not only to trying to determine a composition whose accuracy is distorted by the variation in the volume of material probed by XRF as a function of the considered element, on a thickness from a few microns for the light elements (K, Si, …) to several mm for the heavy elements (Pb, Sn, Ba, …), but to compare the intensity of the signal of characteristic elements in ternary diagrams or in a hierarchical classification [24,25,31]. This procedure has proved its effectiveness [23,24,25,26].




2. Objects and Methods


2.1. Objects


Table 1 presents the objects and their marks as well as the dates of the supposed date of manufacture in the museum’s database [32]. The date of entry into the collections and the dimensions of the objects are given in the Supplementary Materials (Table S1). The production date is subject to discussion, except for certain objects either dated at the Meissen manufactory on the body or having a fully documented history. The objects are presented in an order depending on their supposed date of production (assignment made by curators in the 1960s and noted in the museum’s internal database; of course, some of these assignments need to be reconsidered). Certain objects entered the collection in 1837 through an exchange between the museum established by Alexandre Brongniart at Sèvres as a reference collection for the French National (Royal/Imperial) Factory of ceramics and its counterpart in Meissen (serie MNC 2274.x) [33], particularly of artifacts that belonged to Augustus the Strong (MNC 2274.20). Some objects were manufactured in honor of specific events (for example, as a gift to Marie Leszcynska or a wedding present for the Dauphin of France and M.-J. of Saxony) [34]. More characteristics are given in Table S1 (dimensions, etc.).



Almost all the artifacts bear the blue mark of two crossed swords on the foot, affixed to the body (see Table 1). This mark is often covered by the glaze. A few specific marks differ: a square imitating a Chinese character (chocolate pot MNC 14229.1), the inscription “Meissen 7 August 1726” (bowl MNC 2274.2/2274.9) and marks engraved with a lapidary (e.g., W, butter cup MNC 2274.20) or painted in black (e.g., K.H.C., Louis XV figure MNC 23181) specific to pieces that belonged to the collection of Augustus the Strong [35]. Only two marks appear brown (Imari-style dish MCSR XXXXV and tureen MCSR LXXIX). The positioning constraints of the object that were incompatible with the focusing of the X-ray beam (pXRF) or the laser beam (µRaman) prevented the analysis of certain marks.





 





Table 1. View of the studied artifacts and their marks. The expected date of production is given (MCSR-Musées Nationaux Récupération [36]). Red spots help to optimize the focus of the X-ray beam. Perfect focus is achieved when both spots superimpose (photos P. Colomban). More details (dimensions, date of acquisition, etc.) are given in Table S1 (Supplementary Materials).






Table 1. View of the studied artifacts and their marks. The expected date of production is given (MCSR-Musées Nationaux Récupération [36]). Red spots help to optimize the focus of the X-ray beam. Perfect focus is achieved when both spots superimpose (photos P. Colomban). More details (dimensions, date of acquisition, etc.) are given in Table S1 (Supplementary Materials).












	Inventory Number

(Type)
	Period

(from Ancient Assignments)
	View
	Mark
	XRF

Analyzed Spot





	MNC 2274.38

(Figure)
	1709–1730
	[image: Ceramics 06 00134 i001]
	[image: Ceramics 06 00134 i002]
	[image: Ceramics 06 00134 i003]



	MNC 469.11.1

(tea cup)
	ca. 1720–1725
	[image: Ceramics 06 00134 i004]
	[image: Ceramics 06 00134 i005]
	Not pXRF analyzed



	MNC 8160.2

(dish)
	ca. 1720
	[image: Ceramics 06 00134 i006]
	Not pXRF analysed
	Not pXRF analyzed



	MNC 2274.9

(2274.2)

(bowl)
	1726 (mark)
	[image: Ceramics 06 00134 i007]
	[image: Ceramics 06 00134 i008]
	[image: Ceramics 06 00134 i009]



	MCSR XXXXV

(Imari-style dish)
	ca. 1730
	[image: Ceramics 06 00134 i010]
	[image: Ceramics 06 00134 i011]
	[image: Ceramics 06 00134 i012]



	MCSR LXXIX

(tureen)
	ca. 1730
	[image: Ceramics 06 00134 i013]
	
	[image: Ceramics 06 00134 i014]



	MNC 19014

(coffee cup with coats of arms of France and Poland)
	1737

Gift from August III to Marie Leszcynska
	[image: Ceramics 06 00134 i015]
	[image: Ceramics 06 00134 i016]
	[image: Ceramics 06 00134 i017]



	MCSR LVII.1

(coffee cup with Watteau-like décor)
	ca. 1745
	[image: Ceramics 06 00134 i018]
	[image: Ceramics 06 00134 i019]
	Not pXRF analyzed



	MNC 8322
	ca. 1740–1760
	[image: Ceramics 06 00134 i020]
	
	[image: Ceramics 06 00134 i021]



	MNC 23181

(Louis XV figure)
	c.a. 1746

(wedding of France Dauphin and M.-J. de Saxe)
	[image: Ceramics 06 00134 i022]
	[image: Ceramics 06 00134 i023]
	No blue mark



	MNC 11205

(Bacchus and bacchante group)
	Käendler period

ca. 1760
	[image: Ceramics 06 00134 i024]
	[image: Ceramics 06 00134 i025]
	Not pXRF analyzed



	MNC 2274.20

(butter cup)
	18th c.

c.a. 1730
	[image: Ceramics 06 00134 i026]
	[image: Ceramics 06 00134 i027]
	[image: Ceramics 06 00134 i028]



	MNC 19032.2

(mustard cup)
	18th c.
	[image: Ceramics 06 00134 i029]
	[image: Ceramics 06 00134 i030]
	[image: Ceramics 06 00134 i031]



	MNC 14229.1

(chocolate pot)
	18th c.
	[image: Ceramics 06 00134 i032]
	[image: Ceramics 06 00134 i033]
	[image: Ceramics 06 00134 i034]



	MNC 11213.2

(coffee cup)
	18th c.
	[image: Ceramics 06 00134 i035]
	[image: Ceramics 06 00134 i036]
	[image: Ceramics 06 00134 i037]



	MNC 14234

(orange cup)
	18th c.?
	[image: Ceramics 06 00134 i038]
	[image: Ceramics 06 00134 i039]
	[image: Ceramics 06 00134 i040]



	MNC 11051.2

(boy figurine)
	18th c.?
	[image: Ceramics 06 00134 i041]
	[image: Ceramics 06 00134 i042]
	[image: Ceramics 06 00134 i043]



	MNC 11064

(Group of three child geometers and astronomers)
	18th c.?
	[image: Ceramics 06 00134 i044]
	[image: Ceramics 06 00134 i045]
	[image: Ceramics 06 00134 i046]



	MNC 19944

(singing angel)
	18th c.
	[image: Ceramics 06 00134 i047]
	No mark
	



	MNC 9638

(bowl)
	18th c.
	[image: Ceramics 06 00134 i048]
	Not pXRF analyzed
	Not pXRF analyzed



	MNC 14201

(tea pot)
	18th c.
	[image: Ceramics 06 00134 i049]
	[image: Ceramics 06 00134 i050]
	[image: Ceramics 06 00134 i051]



	MNC 23298.1

(cup for Turkish market)
	ca. 1774–1814
	[image: Ceramics 06 00134 i052]
	[image: Ceramics 06 00134 i053]
	[image: Ceramics 06 00134 i054]



	MNC 469.9.1

(coffee cup with painting copy)
	ca. 1774–1814

(Marcolini period)
	[image: Ceramics 06 00134 i055]
	[image: Ceramics 06 00134 i056]
	[image: Ceramics 06 00134 i057]



	MNC 886.4.1

(coffee cup)
	end of

18th c. to beginning

of 19th c.
	[image: Ceramics 06 00134 i058]
	[image: Ceramics 06 00134 i059]
	



	MNC 469.5.1

(coffee cup)
	19th c.?
	[image: Ceramics 06 00134 i060]
	[image: Ceramics 06 00134 i061]
	[image: Ceramics 06 00134 i062]



	MNC 25340

(figure)
	19th c.
	[image: Ceramics 06 00134 i063]
	[image: Ceramics 06 00134 i064]
	



	MNC 886.3

(dish)
	1825
	[image: Ceramics 06 00134 i065]
	[image: Ceramics 06 00134 i066]
	[image: Ceramics 06 00134 i067]



	MNC 2247.10

(dish)
	19th c.?
	[image: Ceramics 06 00134 i068]
	[image: Ceramics 06 00134 i069]
	









2.2. pXRF Analyses


X-ray Fluorescence analysis was performed on-site using a portable ELIO instrument (ELIO, Bruker, Berlin, Germany) as described in previous studies [23,24,25]. The set-up includes a miniature X-ray tube system with a Rh anode (max voltage of 50 kV, max current of 0.2 mA and a 1 mm collimator) and a large area Silicon Drift Detector (SDD, 50 mm2 active area) (ELIO, Bruker, Berlin, Germany) with an energy resolution of <140 eV for Mn Kα. Depending on the object, the measurement is carried out by positioning the instrument on the top or on the side. A perfect perpendicularity to the area being measured is needed. When the shape of the object does not allow a perfect positioning, scattering contribution between ~19 and 22 keV becomes important. Focusing is controlled by the red laser (see photos in Table 1). Measurements were carried out using the point mode with an acquisition time of 120 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 signal-to-noise ratio (SNR) of the spectral signals was optimized with the set-up parameters described above. The analysis depth, defined as the thickness of the top layer from which 90% of the fluorescence originates (which depends on the photon energy, type of material (atom number) and material density), was calculated using Beer–Lambert law [37]: the probed thickness is estimated to be close to 6 µm at Si Kα, 170 µm at Cu Kα, 300 µm at Au Lα and 3 mm at Sn Kα. Due to the resolution of the energy-dispersive detector and the close location of the Fe Kβ lines (7.0593 keV) and the Co Kα lines (6.9309 keV), the two peaks are overlapping.



After recording the raw data with ELIO, the spectra files in Bruker spx format are opened using the Artax 7.4.0.0 (Bruker, AXS GmbH, Berlin, Germany) software. The major (e.g., K, Ca), minor (e.g., Fe, Ti, Co) and trace elements (e.g., Ag, Bi, As and U) are added in the periodic table. For the correction, escape and background options are 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 for the exporting of results. The net area under each peak was calculated at the characteristic energy of each element selected in the periodic table and the counts of the major, minor and trace elements were plotted in the ternary scattering plots drawn using the software Statistica 13.5.0.17 (TIBCO Software Inc., Palo Alto, CA, USA). For a comparison of these data with the older measurements, especially those carried out with Bruker instruments but using its different portable models, a normalization procedure can be applied by taking the ratio of the major (K, Ca), minor (Mn, Ni, Fe, Cu, As) and trace elements (Ag, As, Bi, U, Zr, Y, Sr, Rb) with the number of XRF photons derived from the elastic peak of the X-ray tube of rhodium. We also normalized the data to the major element found in the matrix that we analyzed; for instance, Si in the enamel, in addition to the calculation of the ratios of the net number of XRF photons of the elements (K, Mn, As, Ni, Fe, Cu, Zn, Bi, Ag) versus cobalt (coloring element for blue).



For the interpretation of the results using a statistical approach, a hierarchical Euclidian clustering diagram was drawn by using the data obtained from the XRF photons of Pb, K, Mn and As with the software Statistica (Statsoft-TIBCO Inc., Palo Alto, CA, USA).



Corrected XRF spectra are presented in Figure S1 (Supplementary Materials).




2.3. Raman Microspectroscopy


Raman analyses were carried out in the storage room of the Sèvres museum with a mobile HE532 Raman set-up (HORIBA Scientific Jobin-Yvon, Longjumeau, France) as extensively described in reference [22]. For each colored area in the objects concerned, at least three Raman spectra were recorded to check the representativeness of the collected data on a statistical basis. The reliability of the Raman spectrum starts above 80 cm−1 but a flat spectral background is only obtained over 500 cm−1. A 50× (17 mm long working distance, Nikon France SAS, Champigny-sur-Marne, France) objective was used (surface spot waist ~2–4 µm; in-depth < 5–10 µm, the values varying with the color) by positioning it perpendicular to the sample surface, which allowed for the recording of spectra which are not affected or only minimally affected by the sub-layers and/or the silicate matrix if the grains are bigger than ~5 µm. Obviously, the power of illumination at the sample should be minimal (~<1 mW) for dark colored areas due to the absorption of light, although up to 10 mW is required for the examination of light-colored or colorless areas of the enamels and more than ~20 mW for paste.



As-recorded Raman spectra are presented in Figure S1 (Supplementary Materials).





3. Results


3.1. Information on the Elemental Composition


To obtain a sophisticated decoration, the painted enamels (also called overglaze) are applied thinly, a few tens to hundreds of microns in thickness, and a high heterogeneity in the concentration of coloring agents is required at a few millimeter scale [11,30,38]. Due to the intrinsic variation in the volume of material analyzed by pXRF as a function of the energy of characteristic element peaks, and the beam diameter being much larger than the size of the coloring pigments [37], it is not possible to calculate the exact composition of the enamel from measurements made at the surface [23,24,25]. On the other hand, a comparison of the signals (corrected for the continuous background and the operating conditions, and, if necessary, normalized with respect to the signal of another element) allows for a comparison of the relative content of selected elements of the raw materials with similar composition. Previous studies have shown that a comparison of elements with similar Z number (i.e., with the XRF peak in a similar energy window and hence similar in-depth penetration) is reliable [12,24,25]. However, the signal of the coloring element(s) and associated elements can be reduced by the contribution of the colorless glassy matrix. Moreover, for example, for the marks, the colored zone can have an inferior thickness and surface than that of the measured zone that increases the contribution of colorless neighboring volume (body and/or glaze). The volume of matter under and over the painted mark will contribute significantly to the XRF signal.



Figure 2 shows the XRF spectra representative of the different categories of glazed decoration. The elements lithium and boron are never detectable by pXRF and sodium cannot be detected in our conditions, where we operated a pXRF without a vacuum pump or He flux. The differentiation between a potassium- (MNC 2274.9) and calcium-based flux glaze (e.g., MNC 469.5.1 pink) and a Pb-rich glaze (MNC 469.5.1) is obvious. Indeed, the detection of lead (MNC 469.5.1) is evident in the energy range below 15 keV. In the case of gilding, despite its low thickness (about 1 µm [38]), the spectrum is dominated by Au-L lines. As with lead, numerous transitions are intense, in particular Lα, Lβ and Lγ. Note the significant intensity of the peaks of the impurities Rb, Sr, Y and Zr (Kα transitions) in comparison with that of the majority element, Si. The pXRF analysis will be particularly effective for these elements because of the poorer effect of attenuation on their high energy lines that can be used to separate ingredients from different geological contexts. Moreover, note that, for the resolution of the instrument, the Fe Kβ and Co Kα lines are almost superimposed. It is necessary to consider the relative intensity of Fe Kα/Kβ and the width of Fe Kβ line to visually detect cobalt in small quantities. It is the same for the superposition of Pb Lα and As Kα, only As Kβ is visible just below Pb Lβ line [23,24,25,39,40]. Slight surface pollution on the entire surface of the porcelain during overglaze firing is detectable, as for the MNC 2274.9 bowl, due to the large sensitivity of XRF analysis in the detection of lead.



The 20–40 keV range contains the characteristic peaks of heavy elements like Sn, Ba and Ag (Figure 2).



The Artax processing procedure allows the precise measurement of the areas of the characteristic peaks and their comparison. All of the XRF spectra are given in the Supplementary Materials and the elements identified are listed in Table 2, classified as major or minor/trace elements.



Figure 3 shows the Raman spectra (as-recorded) representative of the different glazes and overglazes. Similar Raman signatures have been recorded and assigned in previous papers [5,7,9,22,23,24,25,26].



The spectrum of the orange cup MNC 14234 corresponds to the colorless glaze and to the same glaze colored blue by cobalt ions. The Raman signature is identical, but the blue color absorbs a large part of the fluorescence that flattens the background, which makes it easier to see the Raman spectrum, which is typical of a potassium–calcium flux porcelain glaze [9] fired at a high temperature; an intense band towards 500 cm−1 is characteristic of the deformation modes of the SiO4 tetrahedron (the vibrational unit of silicates [41,42]) is observed. The band around 1000 cm−1, characteristic of the symmetric stretching A1 mode of the SiO4 tetrahedron, has a much weaker intensity. For a lead-rich glaze, the intensity of the SiO4 stretching mode is the strongest and observed at a lower value, typically 900 cm−1 [41,42] (see, e.g., the spectrum of sea-green area in the MNC 8322 artifact or the grey or yellow areas in the MNC 9638 artifact (additional narrow peaks arise from the crystalline pigment(s))). Similar K-Ca-glaze spectra are observed for the MNC 23181 object (colorless and blue glaze). The wavenumbers of the principal component(s) of the stretching band are given in Table 2.



The spectrum of the pink to purple color of the MNC 9638 and MNC 23181 objects shows a characteristic spectrum of the fluorescence linked to the metal nanoparticles at the origin of the color [43]. The other spectra that show a series of well-defined peaks are characteristic of the crystalline phases, which can be identified using the literature [10,44,45,46,47,48,49,50] and are dispersed in the vitreous silicate matrix (the SiO4 tetrahedron modes at ~500 and 1000 cm−1 are more or less visible). They are hematite for red to orange areas (MNC 8322 and MNC 9638, Figure 3) [7,46] and pyrochlores (called Naples yellow or lead-tin yellow depending on the composition, MNC 23181, MNC 8322 and MNC 9638, Figure 3)) for yellow, grey and green areas [45,46,47,48,49]. All of the Raman spectra are given in Figure S1, Supplementary Materials.




3.2. Glaze and Enamel Flux


Ternary diagrams are constructed using the XRF characteristic signal of elements that, in some way, distort the composition diagram; these distortions could be constructed from the contents of these elements, like the replacement of a geographical map by its equivalent, as a result of the time necessary to join the localities via public transport. The data forming clusters in these diagrams would also have formed clusters in a composition diagram. On the other hand, the distances between clusters depend on the elements considered.



We are going to look at the distribution of the intensities of the characteristic signals of the elements leading to the lowering of the melting temperature of enamels (ingredients called fluxes), namely lead, alkaline–earth metals (Ca, Ba) and potassium. Figure 4a compares the relative intensities of the elements making up the flux and detected using pXRF: Pb, Ca and K. We will also discuss the presence of the characteristic barium peak, as visually observed on certain spectra. At the bottom of the Ca-K line are the measurements made on the blue marks (the marks of the Imari-style MCSR XXXXV and tureen MCSR LXXIX are brown) and on the uncolored covers (‘white’) measured close to the mark (see the photographs in Table 1). The painted mark is thin and, consequently, the fluxing elements of the substrate (the paste) and the colorless glaze that cover the mark can be dominant in the probed volume.



At the top near the Pb vertex are the lead-based overglazes. The values distributed between the top and bottom values arise from the variable lead contents and/or variable thicknesses; indeed, the large depth contributing to the Pb-L signals implies a contribution from the glaze under the overglaze, or even from the paste, both containing a significant amount of calcium and potassium. The substrate may also contribute to the measurements made on gilded areas. The gold foil is about 1 µm thick [50], in comparison to the in-depth explored by the X-ray beam, which is a few hundreds of μm; these different values are (roughly) aligned on the line joining the Pb peak to the average value of the Ca/K ratio of the glaze. A few objects appear abnormal out of the group, and we will discuss these later: MNC 11064 light blue; MNC 19032.2 dark blue-very light blue-purple; MNC 469.11.1: blue; MNC 469.5.1: blue; MNC 11051.2: dark blue-light blue; MNC 19944: gold; and MNC 2274.38 (triangle and circle): white-blue. The Ba-Ca-K ternary diagram (Figure 4b) shows the presence of traces of barium associated with gilding, probably coming from the flux added to the gold nanoparticles. Two groups are observed on the ternary scattering plot of Ba-Ca-K. One is aligned on the Ca-Ba distribution and the other is aligned on the Ca-K axis. The first one corresponds to the analyses of glazes rich in calcium and the second one refers to the analyses of marks painted over a paste richer in potassium. The contribution of the substrate imposes the clustering in this diagram.



The trace elements Y, Rb, Sr and Zr were chosen (Figure 5) because the signals of these traces are intense in XRF and contain much information. Previous works have shown that the contents of these elements separate the Asian raw materials from those imported and used by French porcelain factories [24,39,51] due to the very different geological context (in a simplified way, the old Hercynian mountains and sedimentary basin in Europe, and Himalaya-driven modern orogenesis in Asia [30]).



Five groups are identifiable in the Y-Rb-Sr diagram (Figure 5): two groups on the Y-Sr line, the first corresponding to blue glazed areas (Group 1Y), the second to half of the gildings (Group 2Y); a group very close to the Rb-Sr line associating the base marks, glaze and some gilding (Group 3Y); and, finally, two other groups, one in the center of the diagram corresponding to the other blue zones (Group 4Y) and, below, a last group (Group 5Y) mainly bringing together the purple zones and remaining gildings. The diagram with zirconium is not very discriminating, except for a distribution on a line going from the Rb peak to a Zr/Sr ratio close to 50% and the absence of Rb for part of the gildings. This comparison confirms the efficiency of the classifying character of the Y-Rb-Sr ternary diagram.




3.3. Blue Zones and Elements Associated with Cobalt


Cobalt ion was the main coloring agent of blue glass and enamels until the 1960s. Cobalt is a rare transition metal and a previous review has shown that geological sites could be classified into three groups [30]: (i) primary sites issued from metallic nodules of the deep ocean floor, formed by oxyhydroxides of all transition metals (Fe, Mn, Co, Ni, etc.) in many Asian mining places; (ii) the veins resulting from the dissolution of the primary sites and the precipitation of five elements (Ag, Bi, Co, Ni and Cu) in the form of arsenides and sulfides [30,52] at European sites in the Hercynian mountains; and iii) salt lake evaporites from ultimate dissolution, as for some ancient Egyptian glass [30].



Figure 6 compares the ternary diagrams of the signals of the Ag-Cu-Bi and Ni-Zn-As elements. Previous studies (see reference [30] and references therein) have pointed out that these elements discriminate the origin of cobalt ores. Let us recall that the analyses of the blue decorations of the very first porcelains of the 17th century show a significant signal of copper in association with that of cobalt [30,39] and cobalt was initially a by-product of the exploitation of silver (zaffre obtained from residual slag and then converted into smalt by mixing with potash glass) [30,53,54,55]. Then, cobalt is also a by-product of bismuth mining. However, it is difficult to know the precise relationship between the date of production and the levels of silver or bismuth. For the 16th and 17th centuries, it is assumed that, when the production of cobalt is a by-product of the productions of silver and bismuth, the detection of large traces of these elements is in agreement with this type of mine. Two groups are identifiable from the Ag-Cu-Bi ternary diagram of Figure 6a: the ones that are ‘rich’ in silver (the visualization mode based on the comparison of the signals exacerbates the differences and classifies them as relatively ‘rich’ compositions whose contents remain low) and without bismuth and the ones with bismuth. We believe that this corresponds to different mines. The Schneeberg mine (Saxony), exploited since the early Middle-Ages, is known to also produce bismuth [56]. On the other hand, the neighboring Freiberg mine also produced silver and cobalt but with zinc and uranium [57,58,59,60]. Indeed, Figure S2 (Supplementary Information) shows that the uranium signal defines different groups that may correspond to the above-mentioned mining places: Group 1U-As being rich in uranium traces—likely the Freiberg mine—and Group 2U-As being almost free of uranium, which may correspond to the Schneeberg mine.



Most of the marks belong to the ‘silver-rich’ or silver-containing group. Note the special behavior of gilded areas that also contain U, Ag and As traces. However, the added contribution of the substrate and flux is certain due to the thinness of the gold layer.



The Ni-Zn-As diagram (Figure 6b) shows three groups, one ‘rich’ in nickel (Group 1Ni-Zn), the second ‘rich’ in zinc (Group 2Ni-Zn; previous studies associated a high level of Zn with 19th century production [28]) and the third containing arsenic (Group 3Ni-Zn, Table 3). Half of the marks only contain arsenic.



The observation of a fairly well-defined data cluster leads us to hierarchically classify the data concerning the signals of cobalt and associated elements (Figure 7). The hierarchical classification for all of the non-colored areas (glaze, Figure 7a) using elements associated with cobalt shows great homogeneity (most data belong to one group) except for the MNC 11051.2 figurine (Group 5Ag-Zn) and, to a lesser extent, the MNC 23298.1 (Group 4Ag..Zn) (tureen for Turkish market), MNC 886.3 (large dish) and MNC 2247.10 (large dish) artifacts (Group 3Ag-Zn). These last two objects, purchased in 1825, were probably produced on that date. Artifact MNC 14229.1, the chocolate pot with a Chinese-style mark, is specific (Group 2Ag-Zn) and its blue decoration contains arsenic.



This great homogeneity of the classification related to the glaze (Figure 7a, most of them belong to Group 1Ag-Zn) makes it possible to examine the classification carried out for the blue zones and the blue marks, the modification (‘pollution’) of the pXRF signal by the composition of the glaze covering the mark (underglaze mark), or located under the blue overglaze decoration, being similar and considered as constant. Thus, for the marks (Figure 7c), we obtain three groups (called Group “1”, “2” and “3”) with little differentiation apart from a few artifacts (called Group “4” and “5”), respectively, the MNC 23198.1 (Turkish market) and the MNC 14201 mark (tea pot with country decoration and gilding). Are these marks from the 18th century or later?



An examination of the diagram of all the blue zones (marks included, Figure 7b) according to the variables Ag, Bi, Cu, Ni, As and Zn shows two supergroups (“1 + 2” and “3 + 4”), those containing zinc (group 1 + 2, assigned to 19th century according to reference [28]) and those containing arsenic (3 + 4), plus one (MNC11051.2) and two objects (MNC 2274.38 (a figurine) and MCSR LXXIX (tureen with Chinese decoration)) being at the margins. Additional similarity diagrams using all variables, or specifically the Y/Sr/Rb, Pb/Ca/K/Ba and Sn/Zn/As groups, also detect particularities (Figure S3, Supplementary Materials).



In conclusion, the variability measured for the mark is weak, likely due to the strong contribution of the glaze and substrate that moderates the contribution of cobalt. We distinguish, however, As-free (Group 1, Figure 6b) and As-containing cobalt (Groupe 3). The classification from the decoration measurement is efficient (Figure 7c) with the identification of two supergroups, blue with zinc (1 + 2) and with only arsenic (3 + 4).



The Raman spectra obtained on the blue areas do not show any characteristic signature of a particular pigment (spinel, cobalt aluminate or cobalt/olivine silicate [30]), which indicates that the Co2+ ions are perfectly dissolved in the amorphous silicate network. Indeed, up to middle of the 19th century, the coloration of silicate glass was obtained without the use of pigment, with cobalt ions being dissolved in the silicate network [30]. However, an intense mode characteristic of the As-O bond around 820 cm−1 is observed, e.g., for the objects MNC 2274.38, MNC 19032.2, MNC 11213.2, MNC 11064 and MNC 9638 (see Figure S1, Supplementary Materials for Raman spectra). This is typical when cobalt ore rich in arsenic is used to color a lead-rich glaze [30,38,43].




3.4. Other Colors: Green, Yellow, Red to Purple


The pink-to-purple color presents the Raman spectra characteristic of the presence of metallic nanoparticles, i.e., a broad fluorescence background (as for MNC 23181 (pink areas in Figure 3)). The diagrams of the relative intensities of the characteristic peaks of the elements Sn, Zn and As (Figure 7d) and Sn, Au and As (Figure 8b) show significant levels of tin in pink areas. This indicates that gold nanoparticles have been prepared using the Kunckel’ method, also called Cassius’ purple [61,62], and not using the Perrot method based on the reduction of soluble gold ions with arsenic [63,64]. The latter route is observed for many Qing Dynasty enameled porcelains, according to their relationship with French recipes [25,26].



The overglazes that contain tin show the characteristic Raman doublet (635–775 cm−1, e.g., MNC 19014, Figure 9); this is observed in the blue, yellow or green decorations of some objects (MNC 19032.2 and MNC 11205, Figure S1). Some purples are clearly obtained by adding cobalt (MNC 11213.2 and MNC 469.5.1) to pink recipes.




3.5. Gilding


While the gold used for the gilding seems very pure (with no significant amount of silver, as is usually observed for many cases [50]), the gold used for the nanoparticles giving the pink to purple colors contains silver (Figure 8a), as observed for gilding made by Parpette or Coteau, both contemporary famous French enamellers [64].



The comparison of the signals of the Co and U elements recorded on gildings (Figure S2) shows two types of gilding, one with traces of uranium (Group 2Au°, MNC 11213, MNC 11205, MNC 19014, MNC 2274.9, MNC 11064, MNC 23181, MNC 23298.1, MNC 469.5.1, MNC 469.11.1 and MCSR LXXIX), and the second with traces of cobalt (Group 1 Au°, MNC 469.9.1, MNC 886.4.1, MNC 14201, MNC 19944 and MCSR XXXXV) (Figure 6 and Figure 8). These two groups are identified in the Co-U-Mn (Figure 8d) and Co-U-As, Co-U-Ag, Co-Mn-Cr and Co-Ni-Cr diagrams (Supplementary Materials). It is assumed that the different impurities are characteristic of a different provenance/mining of gold (at least two different sources). The traces of uranium in the gold are always very weak and, therefore, the uranium observed by pXRF in the golden zones or colored by gold nanoparticles cannot come from the gold itself but either from a phase associated with the gold or from ingredients added for firing, in particular for the flux allowing adhesion (the addition of bismuth?).



A comparison of the Raman signatures measured on the areas colored in blue (light blue to dark blue), in green and yellow-green and in yellow shows an unexpected variety (Figure 9 and Figure S1). Some signatures are fairly well documented, such as cassiterite (doublet at 633–775 cm−1) [10,31], lead-antimony pyrochlore pigment (doublet 131–507 cm−1) and its homologous lead-tin (135–340 cm−1) [45,46,47,48,49] and lead calcium/potassium arsenate apatite (~820 cm−1) [30]. The presence of a band above 830 cm−1 in the blue glaze has been attributed to impurities containing chromium [30] according to pXRF data (Figure 8f).



Precise elementary analyses of the points showing these Raman signatures are necessary to attribute these vibrational signatures associated with chrome. It is possible that this could allow the establishment of groups indicating the use of the same raw materials.





4. Comparison with Earlier Böttger Production


The previously studied boccaro wares can be considered the first hard porcelains produced in Europe, although these objects are often called stoneware [1,2,3,4,6,7,65,66]. Polished artifacts show a very high level of densification [5] according to the qualification of porcelain. Indeed, the first kaolin identified by Böttger and von Tschirnhaus, coming mainly from Zwickau, was rich in iron and led to a red paste [1]. Alabaster was used as a flux, replaced in 1733 by feldspar [1,3,67,68,69,70], the common source of flux for continental European hard-paste porcelain [3,4,5,71,72,73]. Our previous work on French and Chinese porcelain glazes [24,25] demonstrated that the pXRF signals of impurities such as Y, Rb and Sr (rubidium is an impurity of sodium and potassium, strontium of calcium and yttrium of quartz) effectively classified the productions at the scales of the large geological contexts of the raw materials used for the different glazes. A comparison of the relative signals Y, Zr, Rb, and Sr of the objects of this study (Figure 10) with the previous data [6,7] concerning the red pastes of the Böttger stoneware and of 20th century replicas shows a small shift within the Y-Rb-Sr diagram, which agrees with the use of almost similar raw materials, regardless of the time elapsed between the two periods of production (both the data close to those recorded on the mark and on neighboring ‘white’ areas).



However, the Zr-Rb-Sr ternary (Figure 9b) shows a specific difference, with the boccaro wares being richer in zirconium, likely due to the use of a particular sand and/or the replacement of alabaster with feldspar after the death of Böttger and/or or a less refined cleaning/washing of raw materials. A comparison with modern productions (first half of the 20th century) also shows a shift due to the evolution of raw materials. This may offer some criteria to identify modern productions made using an ancient mold. The Pb-Ca-K (Figure 10c) and Ba-Ca-K (Figure 10d) ternaries show few differences, the Böttger data being close to those obtained in the present study for the marks and the contribution of the body being significant. Of course, larger differences are observed with data related to blue and polychrome glazes. Gold decorations appear to contain more barium, indicating the addition of a component with this impurity to the flux used for gilding.




5. Tentative Dating and Discussion of Authentication Criteria


The first objective was to identify, through the resemblance/dissemblance of the signatures of the composition (minor elements and traces) of the marks, the colored zones and the silicate matrices for the objects whose glazes and marks were expected to have been made with the same natural raw materials (and could be from the same period of production). Moreover, given the context of the processing of raw materials (there was little chemical treatment of ores during the 17th and 18th centuries [30,53,54]), objects produced during the same period should form clusters on ternary and hierarchical classification diagrams. Several parameters must be taken into account, including the following:




	(i)

	
The first is the heterogeneity of the areas analyzed. Although the enamels are made of glass and a part is prepared using prior fusion, the heterogeneity should be important because of the raw materials’ variability with time (the composition of rock shifts with its location in many quarries) and the decoration’s realization. Also, we will use the elements associated with the coloring elements but that give a visible signal pXRF.




	(ii)

	
The second is that, during the period considered, the 18th and 19th centuries, the processing of ores, for example, cobalt, evolved considerably and, therefore, the residual content of the associated elements evolved too [30]. Furthermore, different qualities (e.g., grades of smalt) may have been reported [74].









We present in Table 3 several classifications using different criteria:




	(i)

	
The first concerns the silicate matrix constituting the glaze (Raman data);




	(ii)

	
The second considers the elements associated with cobalt in the blue areas;




	(iii)

	
The third, the elements detected in the mark;




	(iv)

	
The fourth, those—cobalt included—detected in all the blues (décor and marks);




	(v)

	
Those according to the groups identified in the Y-Rb-Sr ternary diagram;




	(vi)

	
And, additionally, the characterization of gilded areas.









The combination of these different classification criteria leads to the identification of the “homogeneous” groups listed in Table 3. We will classify the artifacts as Group X, for which most of the classification criteria are identical. Group A comprises seven objects, Group B has three pieces and then two Groups are associated with two artifacts (Group C and Group H). For the other seven objects, differences concerning the criteria do not make it possible to associate them in a clear way. Thus, the first conclusion of this work is that, with the exception of objects produced during the first half of the 18th century, productions were carried out by combining raw materials from different origins in a variable manner. On the other hand, the base marks show less heterogeneity. The variability of the ingredients used to make the body appears low.



Group A contains objects whose decoration and/or marks, but also historical information, allow dating after ca. 1725–1730 (post Böttger period) but before the middle of the 18th century. Unexpectedly, two cups with characteristic end-of-18th-century—early 19th century decoration (the ‘Marcolini’ period) belong to this group, which indicates continuity in the use of raw materials for certain objects, likely those for quality customers. For two objects (MNC 14234 orange cup with swords and K-mark and MCSR XXXXV Imari-style plate with black mark), the cobalt of the marks calls into question the authenticity of these marks.



Group B corresponds to three cups with a sophisticated polychrome decoration. For these objects, the Y-Rb-Sr criterion associated with the silicate matrix of the enamel is different, no doubt due to the firing constraints of the polychrome decoration. One artifact (MNC 469.11.1 cup) shows very characteristic 19th century decoration. As for the two 19th century cups of Group A (MNC 469.9.1 and MNC 886.4.1), it is obvious that these artifacts were made with the same raw materials as those used in the 18th century for the production of sophisticated pieces. One can conclude that specific raw materials were used specifically for high-quality objects during these decades.



A few remarks can be made for the other objects. The two dishes purchased in 1825 (MNC 886.3 and MNC 2247.10) are very similar in decoration but differ in the impurities associated with the marks. The MNC 2274.38 figurine does have a mark like Group A—its model is given from 1709 to 1730 in the old catalogue—but, in terms of the other criteria, it deviates from Group A. We can assume that the polychromatic decoration was posed and fired in the 19th century on a biscuit fired before. The MNC 23298.1 bowl with a famous decoration intended for the Ottoman Empire market has a specific glaze and mark (Table 1).



The two groups based on traces associated to gilded areas do not correspond to other groups; however, it seems that Group 1Au (with Co) corresponds more to older productions than Group 2 Au (with U). The uranium level must be confirmed using a more precise (but destructive) method on the shards.




6. Did Chinese Enamellers Use Parisian or Saxon Recipes?


Previous works comparing Chinese and French porcelains showed that the Chinese enamels from Qing Dynasty data fell into three groups:




	(i)

	
Those made using imported raw materials, mainly from the Paris region, were rich in traces of yttrium, located at the top on the Y-Sr line;




	(ii)

	
Those based on Chinese raw materials on the Rb-Sr line (i.e., without Y) are located on the side rich in Rb (as for Yuan and Ming Dynasty production);




	(iii)

	
Those located on the line parallel to Y-Rb were obtained by mixing Chinese and imported ingredients.









Table 4 summarizes the specific information related to the composition and phases in Qing Dynasty overglazes as a function of the recipes, both the traditional ones used during the Ming Dynasty or new ones imported from Europe.



Let us recall that the importation of ingredients from Europe is attested both by the correspondence of the Jesuits [28] and the Qing archives of the Imperial City [17,18,19,20,21].



A comparison with the data obtained on the productions of Meissen both confirms the previous conclusions but also moderates them. Four groups are identifiable: the group of measurements concerning the marks where the kaolin-based mullite paste and the glaze contribute strongly to the signals is located, as for the Chinese porcelains, near the Rb-Sr line. On the other hand, a certain number of blue decorations are similar to the production of French soft-paste porcelain, which is rich in yttrium traces. Some blue decorations are located on the line parallel to the Y-Rb line, a criterion indicating a distribution between end-members. As reported in Table 4, yttrium traces appear to be characteristic of the European ingredients. If this cannot correspond to a mixture of European and Chinese cobalt—we are considering Meissen porcelain—, this indicates the use of different cobalt, as the diagrams using the signals of uranium, silver and bismuth prove. This opens up the possibility that certain raw materials were imported to China from Germany via the connections of the German Jesuit K. Slumpf. Consequently, the assignment of the use of a mixture of imported French and local Chinese ingredients should be changed to the use of imported Meissen ingredients (or their mixture with Chinese ones). The number of objects prepared using raw materials originating from Europe should be larger than in our previous conclusions. The Y-Rb-Sr diagram is not effective in differentiating the marks due to the contribution of the paste substrate or even that of the glaze. It is essential to consider the elements associated with cobalt (Figure 8) in order to check the presence of Fe and Mn characteristic of Asian ores.




7. Conclusions


This analysis of a series of objects from Sèvres museum, which are categorized as representative of 18th and 19th century Meissen productions, shows both variability and permanencies concerning the use of raw materials recognizable by the minor elements or traces associated with the silicate matrix of the glazes and the cobalt used in the mark or the decoration. The natural raw materials come from quarries where the composition and assembly of rock are variable. This is why, today, this intrinsic variability is averaged by mixing many clays, kaolin and feldspar/pegmatite to obtain a product with an almost stable average composition and constant rheological/plasticity properties, as well as dilatometric/sintering behavior. This variability means that the analytical criteria obtained through elemental analysis must be compared with those obtained using other techniques, such as the identification of the phases (pigments, opacifiers) which depend not only on the raw materials but also on the firing process and the information obtained from stylistic analysis (the model that defined or influenced the decor, color palette and touch specific to an enamel painter) or historical information (document, text, engraving, etc.).



The combination of several classification criteria concerning the type of glaze, the elements associated with cobalt in the mark or the blue decor and the relative levels of impurities characteristic of the raw materials and giving a strong XRF signal leads to the identification of four groups of homogeneous objects (respectively, seven, three, two and two objects), the other seven objects presenting too many differences to be considered as having been produced with the same raw materials (seven other artifacts have been only analyzed using Raman microscopy). The first group brings together almost all the objects with a reliable pedigree, but includes two objects with decoration types from ~1800 period. The three objects in the second group are characterized by polychromatic decoration. For some artifacts, the gap between the conclusions made on the mark and the decoration leads us to suppose that an enamel decoration was placed on biscuits produced several years earlier. Obviously, cobalt was being sourced from different mining places, likely from Saxony but also likely from other places. Valmont de Bomare reports that many grades of smalt were available in Paris by 1774 [75] and this was likely the same at the Meissen factory.



If we compare this study to similar studies carried out on Iznik production [75], the variability of pXRF or Raman data is much higher at the Meissen factory than that of Ottoman production (16th–17th centuries), which was carefully controlled by the Ottoman services (nakkashane). A similar remark can be made for Safavid crockery production, which shows low variability [32]. The dispersion of the characteristic data also appears greater than those measured on Qing imperial productions made with Chinese raw materials [24,25]. We might think that the development of production at Meissen at the end of the 18th century and during the 19th century led to diversification in production quality/cost, requiring the use of various raw materials. This information on the diversity of raw materials would have to be compared with administrative information and on the quantities produced to reconstruct the industrial and economic dynamics of the factory. It would be interesting to compare this information with the productions of other large contemporary factories such as those of Sèvres, Strasburg, Capo di Monte, Tournai, Saint-Petersburg, etc.



If some blue glazes show the characteristic Raman signature of lead arsenate with an apatite structure commonly observed in the painted overglazes of French and Chinese porcelains [24,25,32], the other Raman signatures observed do not show this signature, which agrees with the use of ‘purified’ cobalt or of cobalt coming from sources other than Saxony, in agreement with the mention reported by d’Albis and Magetti about the use at Sèvres of cobalt from the Pyrenees Mountains [11]. The common assumption of considering the Erzgebirge (Johanngeorgenstadt, Annaberg, Schneeberg, Marienberg, Freiberg and Joachimsthal,) as the single source of cobalt for blue decoration of European pottery should probably be reviewed and efforts must be made to find information in the archives relative to other European mining places: Schwarzwald, Thuringia and Harz, in Germany, Sainte-Marie-aux-Mines in France, etc., most of them having been active since almost the Middle-Ages. [30,31] This difference in Raman signature between the Meissen productions and, on the other hand, the French and Chinese productions reinforces arguments for attributing the French Jesuits as having a determining influence on the transfer of enameling technology to the craftsmen of the Qing court.



The comparison of the signals of the impurities of the raw materials or the minor elements associated with cobalt reinforces the possibility of identifying the use of ingredients and, in particular, of cobalt imported from Europe for the production of the painted enamels of the Qing dynasty. However, some of the glazes attributed to the use of a mixture of Chinese ingredients and those used in France may, in fact, also correspond to those used in Meissen (Figure 11d). A more complete analysis on the basis of rare elements will provide additional information. This work shows both the potential and the limitation of non-invasive analyses carried out on site, which limit the measurement to the close ‘skin’ of objects. The impossibility of focusing pXRF on the richest area of the coloring agent—as possible on a (polished) section of a shard under a microscope or with an ion beam—makes it impossible to avoid the contribution of the surrounding material, which makes it more difficult to extract relevant information. It is not possible to identify all the elements and their isotopes as allowed by LA-ICP-MS, micro-destructive analysis. However, the post-processing approaches presented in this work allowed us to access significant details that can contribute to elucidating not only the production techniques but also the origin of the objects studied.
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Figure 1. Cumulative number of factories established in Western countries up to 1826. In blue, the production of soft-paste; in black, the production of hard-paste (phosphatic English pastes are included in this class). 
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Figure 2. Examples of pXRF spectra showing the main types of signatures (peaks marked with * arise from the instrument) of MNC 469.5.1, 2274.9, MNC 8322, MNC 22298.1, MNC 2274.38 and MNC 19032.2 artifacts. Main elements at the origin of transition peak are given. Visible images of the analyzed spot (~1 mm diameter) are shown. All XRF spectra are presented in Figure S1 (Supplementary Materials). 
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Figure 3. Examples of Raman spectra (recorded from MNC 14234, MNC 8322, MNC 23181 and MNC 9638 artifacts). The color of the analyzed area is given. 
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Figure 4. Ternary diagrams of the relative intensities of the signal of the elements constituting fluxes: Pb, Ca, K (a) and Ba-Ca-K (b). The inventory numbers MNCx of the objects and the area analyzed (color, mark, glaze) are indicated (see Table 1). 
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Figure 5. Ternary diagrams of the relative intensities for the elements Y, Rb, Sr (a) and Zr, Rb, Sr (b). The inventory numbers of the objects and the area analyzed (color, mark, glaze) are indicated (see Table 1). 
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Figure 6. Comparison of the relative intensities of the signal of (a) the elements Ag, Cu and Bi (normalized by the signal of Co), Ni, Zn and As in the blue zones (mark and decorations) and (b) Sn, Zn and As (Groups 1 to 3 are discussed throughout the text). 
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Figure 7. Diagrams of hierarchical similarity constructed with the variables indicated for the colorless glaze (a), blue areas (b) and the marks; (c) Sn-Zn-As signal diagram for all areas (d). 
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Figure 8. Comparison of the relative intensity of the characteristics peak of the Cu-Au-Ag (a), Sn-Au-As, (b), Co-Au-Fe (c), Co-U-Mn (d), Co-Ni-Cr (e) and Co-Mn-Cr (f) element signal diagrams for colored areas. 
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Figure 9. Comparison of representative Raman spectra recorded on blue (blue line), green/light green (green and light-green line) and yellow (orange line) areas of MNC 2530, MNC 11205, MNC 19014, MNC 190322, MNC 14201 (a) and MNC 2274.38, MNC 469.5.1, MNC 11064 and MNC 11205 artifacts (violet line: light blue area); (b) zoom of the 0-1300 cm-1 spectral range Lines are a guide for the eye. 
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Figure 10. Comparison of the present data relative to Y-Rb-Sr (a), Zr-Rb-Sr (b),Pb-Ca-K (c) and Ba-Ca-K (d) signal with those previously recorded for red Böttger paste (boccaro ware, red open circle; see previous figures for the explanation of other labels) references [6,7]. 
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Figure 11. Comparison of pXRF signals relative to Y, Rb and Sr content for Meissen (a,c) and for Qing Chinese porcelain glazes from the 18th century (b,d); collections of the museums of Paris (Musée des Arts Asiatiques-Guimet and Musée du Louvre) and Geneva (Musée de l’Ariana and Musée de la Fondation Baur) and French porcelain glazes from the end of the 17th and beginning of the 18th century (Por. Fr., Collection Cité de la Céramique, Sèvres) (c,d) according to data from references [26,51]. For comparison, data on blue-and-white porcelains from the earlier Yuan and Ming dynasties (including Vietnamese productions) are also indicated. Blue areas: (c,d); other colors: (a,b). (d) Graphical conclusion. 
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Table 2. Crystalline and amorphous phases (main peak wavenumbers are given in cm−1) and elements identified via visual observation of the Raman and XRF spectra (Naples: Naples yellow; w: wollastonite; cas: cassiterite; ars: lead arsenate; MnO2: MnO2-rich phase; stret.: stretching mode; X: not identified; Fluo: fluorescence). The main elements associated to cobalt are used to define groups (photos P. Colomban).
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	Inventory

Number

(Type)
	Types and Period

Assignment

(This Work)
	View
	Raman Analyzed

Spots
	Phases

(SiO4 Stret.

In cm−1)
	XRF Analyzed

Spots
	Major

Elements

(Other than Si)
	Other Elements





	MNC 2274.20

(butter cup)
	[Cu-Zn] Co

[Ni] Co
	[image: Ceramics 06 00134 i070]
	blue

glaze
	Si-rich (910–1050)

Si-rich (910–1050)
	blue

glaze
	K,Ca,Fe

K,Ca,Fe
	Co,Ti,Ni,As,Rb,Sr,Y,Zr,V

Ni,Ti,As,Rb,Sr,Y,Zr,V



	MNC 2274.2

(bowl)
	[Cu-As-Ni] Co

[Ni] Co
	[image: Ceramics 06 00134 i071]
	green

see ref. [5]
	Si-rich (1100), cas
	green

glaze

pink

gold

mark
	Pb,Ca,Fe,Cu

K,Ca,Fe

Pb,Ca,Fe

Au

K,Ca,Fe
	K,Ni,Ti

Ti,Ni,Rb,Sr,Y,Zr,Pb

Au,Ni,Cu

Pb,Fe,Ca,K

Co,Ni,Ti,Rb,Sr,Y,Zr,Pb



	MNC 19014

(coffee cup

with arm

coat

of France

and Poland)
	[Cu] Co

[Ni] Co
	[image: Ceramics 06 00134 i072]
	blue

green

yellow

brown

orange
	mixed (1000), cas

Sb-Naples, w

Sb-Naples, w

Mn oxide

hematite
	blue

glaze

purple

gold

mark
	Pb

Ca,K,Fe

Pb,Ca,Fe

Au

K,Ca,Fe
	Co,As,K,Ca,Fe,Ni

Ti,Ni,Rb,Sr,Y,Pb

Au,Ni,Rb,Sr

Pb,Fe,Ca,U

Co,Ni,Rb,Sr,Ti,Pb



	MNC 23181

(Louis XV

figure)
	[Cu] Co

[Ni] Co
	[image: Ceramics 06 00134 i073]
	blue

glaze

pink

yellow
	Si-rich (1050)

Si-rich (1050–1100)

Fluorescence

Sb-Naples, w
	blue

glaze

gold

pink
	Pb,Ca,K

K,Ca,Fe

Au,Pb

Pb,Ca,Fe
	Fe,Co,Ni,Sn,Ba

Pb,Rb,Sr,Y

Ca,Fe,U

Au,Rb,Sr,



	MNC 19032.2

(mustard

cup)
	[Cu] Co

[Ni] Co
	[image: Ceramics 06 00134 i074]
	blue

yellow

green

purple

red
	Cass, ars, (1000)

Sb-Naples, X

Sb-Naples, X

Fluorescence

Hematite
	dark blue

light blue

glaze

pink

purple

yellow

mark
	Pb

Pb

K,Ca,Fe

Pb,Fe

Pb,Fe

Pb,Fe

K,Fe
	Co,Fe

Co,Fe,As,Ag,Ba

Ti,Ni,Rb,Sr

Au,Ni,Cu,Zn

Au,Ni,Cu,Zn

Mn,Ni

Ca,Co,Ni,Rb,Sr,Y



	MCSR XXXXV

(Imari-style

dish)
	[Cu-As] Co

[Ni] Co
	[image: Ceramics 06 00134 i075]
	dark blue

blue

green

red
	Si-rich (1010–1120)

Si-rich (1010–1120)

Sn-Naples

Hematite
	blue

glaze

gold

mark (black)
	Ca,K,Fe

Ca,K,Fe

Au,

Ca,K,Fe
	As,Co,Ni,Cu,Ti

Rb,Sr,Y,Zr

Fe,Ni

Fe,Ni,Rb,Sr,Y,Zr,Pb



	MNC 14229.1

(chocolate

pot)
	[Cu-As] Co

[Ni] Co
	[image: Ceramics 06 00134 i076]
	blue
	Si-rich (910–1050)
	blue

glaze

mark
	K,Ca,Fe

K,Ca,Fe

K,Ca,Fe
	Co,Ti,V,Ni,Rb,Sr,Y,Pb

Ti,V,Mn,Rb,Sr,Y,Zr

Co,Ti,V,Mn,Rb,Sr,Y,Zr



	MNC 8322
	[Cu-As] Co

[Ni] Co
	[image: Ceramics 06 00134 i077]
	glaze

yellow

green

orange
	Si-rich (1050–1100)

Sb-Naples

Sb-Naples

Hematite
	glaze

blue

pink

mark
	Ca,K,Fe

Pb

Pb,Ca,Fe

K,Ca,Fe
	Ti,Ni,Rb,Sr,Y,Pb

Co,Fe,Ca,Ni,As,Ti

Au,Ni,Ti

Co,Ni,As,Rb,Sr,Y



	MNC 14234

(orange cup)
	[Cu-As] Co

[Ni] Co
	[image: Ceramics 06 00134 i078]
	blue

glaze
	Si-rich (1010–1120)

Si-rich (1010–1120)
	blue

glaze

mark
	Ca,K,Fe

Ca,K,Fe

Ca,K,Fe
	As,Co,Ni,Cu,Rb,Sr,Y

Rb,Sr,Ni,Ti

Co,Ni,As,Rb,Sr



	MNC 469.9.1

(coffee cup

with

painting

copy)
	[Cu-As] Co

[Ni] Co
	[image: Ceramics 06 00134 i079]
	blue

brown

red
	Si-rich (1000–1100)

Si-rich (1050)

hematite
	blue

glaze

gold

mark
	Co

K,Ca,Fe

Au

K,Ca,Fe
	K,Ca,Ti,Fe,Ni,Cu,As

Ti,Ni,As,Rb,Sr,Y,Zr

Fe,As,Ag,Ba

Ti,Co,Ni,Cu,As,Rb,Sr,Y



	MNC 886.4.1

(coffee cup)
	[Cu-As] Co

[Ni] Co
	[image: Ceramics 06 00134 i080]
	Blue

glaze
	Si-rich (1000–1050)

Si-rich (1050)
	blue

glaze

gold

mark
	Co

K,Ca,Fe

Au

K,Ca,Fe
	K,Ca,Ti,Fe,Ni,Cu,As,Rb

Ti,Ni, Rb,Sr,Y,Zr

Fe,As

Co,Ni,Ti,As,Rb,Sr,Y,Zr



	MNC 2274.38

(Figure)
	[Cu-As] Co

[-] Co
	[image: Ceramics 06 00134 i081]
	dark blue

yellow

glaze
	Arsenate

Sb-Naples

Mixed (1060)
	blue

white

pink

mark

body
	Pb,Ca,K

Pb,K,Ca

K,Fe

K,Ca,Fe

K,Ca,Fe
	Co,As,Zn,Fe,Ni,Ag,Ba

Fe,As,Co,Zn,Ni

Ca,Au,Ni,Ti,Rb,Sr

Co,Ni,Rb,Sr,Cu,Ti

Ti,Rb,Sr



	MNC 14201

(teapot)
	[Cu-Zn] Co

[?] Co
	[image: Ceramics 06 00134 i082]
	blue

brown

yellow

green
	Si-rich (1000)

Spinel

Sn-Naples, cas

Sb-Naples
	glaze
	K,Ca,Fe
	Ti,Ni,Pb,Rb,Sr,Y,Zr



	MCSR LXXIX

(large tureen)
	[Zn] Co

[-] Co
	[image: Ceramics 06 00134 i083]
	blue

yellow

green

black
	Si-rich

Sb-Sn Naples

Sb-Sn Naples

MnO2
	blue

glaze

pink

gold

mark
	Pb

K,Ca,Fe

Pb,Fe,Ca,K

Au

K,Ca,Fe
	Zn,Co,Fe,Cu,Ca

Ti,Ni,Rb,Sr,Y,Pb

Au,Zn,Ni,Ti

As,Pb,U

Co,Ni, Rb,Sr,Y,Pb



	MNC 11213.2

(coffee cup)
	[Zn] Co

[Zn] Co
	[image: Ceramics 06 00134 i084]
	blue

yellow

green

red
	Si-rich (1000–1100)

Sb-Sn Naples

Sb-Sn Naples,

Fluorescence
	blue

glaze

pink

purple

gold
	Zn,Pb

K,Ca,Fe

Pb,K,Ca,Fe

Ca,Zn,Pb

Au
	Co,Ca,Fe,Ni,Ti

Ti,Ni,Rb,Sr,Y,Zr,U

Au,Zn,Ti,Rb,Sr,Y,Zr

Co,Fe,Ni

K,Ca,Fe,U



	MNC 11051.2

(boy figure)
	[Zn] Co

[Zn] Co
	[image: Ceramics 06 00134 i085]
	blue
	Si-rich (1000),?
	Dark blue

light blue

glaze

mark
	Pb,Zn

Pb,Zn

K,Ca,Pb,Fe

Fe,Co,K
	Co,Fe

Co,Fe,As,Ni,Ti

Ni,Cu,Zn,Ti

Ca,Ni,Rb,Sr,Pb



	MNC 11064

(Group of three child

geometers

and

astronomers)
	[Zn] Co

[Zn] Co
	[image: Ceramics 06 00134 i086]
	dark blue

light blue

orange
	Si-rich (1000), ars

Si-rich (1000),?

Hematite
	dark blue

light blue

glaze

gold

mark
	Pb,Zn

Pb,Zn

K,Ca,Fe

Au

Fe,K
	Ca,Co,As,Sn,Ba,Ni

Ca,Co,As,Sn,Ba,Ni

Ti,Ni,Pb,Rb,Sr

Ca,Ti,Fe,Ni,Pb,U

Ca,Ti,Ni,Pb,Rb,Sr



	MNC 11205

(Bacchus and

bacchante

group)
	[Zn] Co

[Zn] Co
	[image: Ceramics 06 00134 i087]
	dark blue

blue

brown

green
	?

Si-rich (1050)

Fluo, Sn-Naples

Sn-Naples, spinel?
	Blue

pink

gold
	Pb,Zn

Ca,Pb,Zn

Au
	K,Ca,Fe,Co,Ni

K,Ni,Cu,Au,,U

Ca,Fe,K,Ni,Cu,Pb



	MNC 23298.1

(cup for Turkish market)
	[Zn] Co

[Zn] Co
	[image: Ceramics 06 00134 i088]
	blue

yellow
	-

Sb Naples
	blue

glaze

yellow

pink

red

mark

gold
	Zn,Pb

K,Ca,Fe

Pb

Ca,Fe,Pb

Pb,Ca

Ca,Fe

Au
	Co,Ca,Ni

Ti,Fe,Ni,Pb,Rb,Sr,Y,Zr

Ca,Fe,Sn,Ba

K,Ca,Ti,Ni,Au,Rb,Sr,Y

K,Ti,Fe,Ni,Cu,Au,Rb,Sr

Co,K,Ti,Ni,As,Rb,Sr,Y

Ca,Fe,Pb,U



	MNC 19944

(singing angel)
	[Zn] Co

[Zn] Co
	[image: Ceramics 06 00134 i089]
	blue
	Si-rich (950–1150), ars
	blue

glaze

gold

mark
	Pb,Zn

K,Ca,Fe

Au,Pb,Zn

K,Ca,Fe
	Ca,Fe,Co,Ni

Ti,Ni,Pb,Rb,Sr,Y,Zr



Ti,Co,Ni,Rb,Sr,Y,Pb



	MNC 469.5.1

(coffee cup)
	[Zn] Co

[Zn] Co
	[image: Ceramics 06 00134 i090]
	blue

yellow

green

pink

purple

red
	Si-rich (1000), ars

Sb-Naples

Sb-Naples

Fluorescence

Fluorescence

Hematite
	blue

glaze

pink

purple

gold

mark
	Zn,Pb

K,Ca,Fe

Ca,Pb,Fe

Pb,Ca

Au

K,Ca,Fe
	Co,Pb,Fe,As,Ca,Ni

Ti,Ni,Pb,Rb,Sr,Y,Zr

K,Ni,Ti,Au,Rb,Sr

Ti,Ni,Mn,Cu,Zn,Au



Co,Ni,Rb,Sr,Ti



	MNC 469.11.1

(tea cup)
	[Zn]

[-]
	[image: Ceramics 06 00134 i091]
	blue

glaze

green

yellow

pink
	Si-rich (1050–1100)

Si-rich (1100)

Sb-Naples

?

Fluorescence
	blue

pink

gold
	Zn,Co,Pb

Pb,Fe,Ca

Au
	Fe,Ni,Ca

Zn,Co,Ni

Pb



	MNC 886.3
	[Zn-As] Co

[Ni] Co
	[image: Ceramics 06 00134 i092]
	glaze

blue
	Si-rich (1050–1150)

Si-rich (1050–1150)
	blue

glaze

mark
	K,Ca,Fe

K,Ca,Fe

K,Ca,Fe
	Co,Ti,Ni,Zn,As,Rb,Sr,Y,Zr

Ti,Ni,Zn,Rb,Sr,Y,Zr

Co,Ti,Ni,Zn,As,Rb,Sr,Y,Zr



	MNC 2247.10

dish
	[Ag] Co

[Ni] Co
	[image: Ceramics 06 00134 i093]
	blue

glaze
	Si-rich (1000–1150)

Si-rich (1000–1150)
	blue

glaze

mark
	Ca

K,Ca,Fe

K,Ca,Fe
	K,Co,Ti,Fe,Ni,Cu,Zn,Rb,Sr,As

T,Ni,Rb,Zr,Sr,Y

Co,V,Ni,Rb,Zr,Sr,Y,As



	MCSR LVII.1

(coffee cup

with

Watteau-like

décor)
	
	[image: Ceramics 06 00134 i094]
	glaze

black

yellow

green

orange
	Si-rich (1100)

Spinel

Sb-Naples, w

Sb-Naples, w

Hematite
	not

studied
	
	



	MNC 8160.2

(dish)
	
	[image: Ceramics 06 00134 i095]
	blue

yellow

pink
	Si-rich (1000)

Sb-Naples,?

Fluorescence
	Not studied
	
	



	MNC 25340

(figure)
	
	[image: Ceramics 06 00134 i096]
	glaze

yellow

green

light green

purple

orange

black
	Si-rich (1100)

Sn-Naples, cas

Sn-Naples, cas



Sn-Naples, cas

Fluorescence

Hematite

spinel
	Not studied
	
	



	MNC 9638

(bowl)
	
	[image: Ceramics 06 00134 i097]
	dark blue

yellow

grey

green

pink

orange
	?



Sb-Sn Naples

Sb-Sn Naples

Sn-Naples

Fluorescence

Hematite
	Not studied
	
	










 





Table 3. Classification and validation of the date of production (no: no gilding or not measured) (photos by P. Colomban). The different groups (1, 2, etc.) identified according to different criteria (for the Raman signature of the glaze, the elements associated with the cobalt of the marks and/or blue decorations, the impurities of the glaze and gilding) are listed.
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Inventory Number

(Type)

	
Period

	
View

	
Glaze

	
Co and X

Blue

	
Co and X

Marks

	
CoBiPb

Blue, Glaze and Marks

	
YRbSr

	
Au°

	
Classification






	
MNC 2274.20

(butter cup)

	
c.a. 1730

	
[image: Ceramics 06 00134 i098]

	
1

	
4

	
no

	
2,3

	
4

	
no

	
A Group




	
MNC 2274.9

(2274.2)

(bowl)

	
1726 (mark)

	
[image: Ceramics 06 00134 i099]

	
1

	
no

	
1

	
2

	
4

	
2




	
MNC 19014

(coffee cup with arm coat of France and Poland)

	
1737

Gift from August III to Marie Leszcynska

	
[image: Ceramics 06 00134 i100]

	
1

	
4

	
1

	
1,2

	
4

	
2




	
MNC 469.9.1

(coffee cup with painting copy)

	
ca. 1774–1814

(Marcolini period)

	
[image: Ceramics 06 00134 i101]

	
1

	
4

	
1

	
2,3

	
4

	
1




	
MNC 886.4.1

(coffee cup)

	
End of 18th—beginning of 19th c.

	
[image: Ceramics 06 00134 i102]

	
1

	
4

	
1

	
2,3

	
4

	
1




	
MNC 14234

(orange cup)

	
18th c.?

	
[image: Ceramics 06 00134 i103]

	
1

	
4

	
2

	
2,3

	
4

	
no




	
MCSR XXXXV

(Imari-style dish)

	
ca. 1730

	
[image: Ceramics 06 00134 i104]

	
1

	
4

	
2

	
2,3

	
4

	
1




	
MNC 469.5.1

(coffee cup)

	
?

	
[image: Ceramics 06 00134 i105]

	
1

	
1,4

	
1

	
1,2

	
2

	
2

	
B Group




	
MNC 19032.2

(mustard cup)

	
18th c.

	
[image: Ceramics 06 00134 i106]

	
1

	
4

	
2

	
1,2

	
2

	
no




	
MNC 469.11.1

(tea cup)

	
ca. 19th c.

	
[image: Ceramics 06 00134 i107]

	
1

	
1

	
no

	
1

	
2

	
2




	
MNC 11064

(Group of three child geometers and astronomers)

	
18th c.?

	
[image: Ceramics 06 00134 i108]

	
no

	
1

	
1

	
1,2

	
1

	
2

	
C Group




	
MNC 19944

(Singing angel)

	
18th c.

	
[image: Ceramics 06 00134 i109]

	

	
1

	
1

	

	
1

	
1




	
MNC 11213.2

(coffee cup)

	
18th c.

	
[image: Ceramics 06 00134 i110]

	
1

	
2

	
no

	
1,2

	
4

	
2

	
D




	
MNC 14201

(tea pot)

	
18th c.

	
[image: Ceramics 06 00134 i111]

	
1

	
3

	
5

	

	
4

	
1

	
E




	
MCSR LXXIX

(Chinese decoration)

	
ca. 1720–1730

	
[image: Ceramics 06 00134 i112]

	
1

	
6

	
2

	
1,2

	
2

	
2

	
F




	
MNC 2274.38

(Figure)

	
1709–1730

	
[image: Ceramics 06 00134 i113]

	
no

	
5

	
1

	
1,2

	
2

	
no

	
G




	
MNC 886.3

	
1825

	
[image: Ceramics 06 00134 i114]

	
3

	
4

	
3

	
2,3

	
4

	
no

	
H




	
MNC 2247.10

	

	
[image: Ceramics 06 00134 i115]

	
3

	
3

	
1

	
2,3

	
4

	
no




	
MNC 23298.1

(cup for Turkish market)

	
ca. 1774

	
[image: Ceramics 06 00134 i116]

	
4

	
1

	
4

	
1,2

	
1

	
2

	
I




	
MNC 11051.2

(boy figure)

	
18th c.?

	
[image: Ceramics 06 00134 i117]

	
5

	
1

	
1

	
2

	
1,2

	
no

	
J




	
MNC

11205

(Bacchus and

bacchante

group)

	
18th c.

	
[image: Ceramics 06 00134 i118]

	
no

	
no

	
no

	
no

	
no

	
2

	
K




	
MNC 8160.2

(dish)

	
ca. 1720

	
[image: Ceramics 06 00134 i119]

	
no

	
no

	
no

	
no

	
no

	
no

	
Not studied using XRF




	
MNC 25340

(figure)

	
19th c.

	
[image: Ceramics 06 00134 i120]

	
no

	
no

	
no

	
no

	
no

	
no




	
MNC 9638

(bowl)

	
18th c.

	
[image: Ceramics 06 00134 i121]

	
no

	
no

	
no

	
no

	
no

	
no




	
MCSR LVII.1

(coffee cup with Watteau-like décor)

	
ca. 1745

	
[image: Ceramics 06 00134 i122]

	
no

	
no

	
no

	
no

	
no

	
no











 





Table 4. Main composition and phase characteristics of Qing Dynasty overglaze.
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Color

	
Coloring Agent Colorant/Opacifiant

	
Element(s) Associated with Coloring Agent/Phase(s)

	
Glassy Silicate

Matrix/

Associated Elements

	
Recipes/

Ingredients

Origin

	
Reference






	
White

	
Different types of lead arsenates

	

	
Y

	
Europe

	
[24,25,51]




	
cassiterite

	

	

	
Europe

	
[22,23,26]




	
Blue

	
Co2+

	
As/lead arsenate

Ni,Cu

	
Y

	
Europe

	
[22,23,24,25,26,30,38,40,51]




	
Co2+

	
Fe,Mn

	
Rb,Sr

	
China

	
[24,25,26,30,38,40]




	
Yellow

	
Pb-Sn pigment

	

	

	
China/

Japan

	
[22,23,24,25,26,30,38,51]




	
Pb-Sb pyrochlore

	

	
Y

	
Europe




	
Pb-Sb/Sn/Zn pyrochlore

	

	
Y

	
Europe




	
Yellow-green

	
Co2+ + yellow pigment

	

	
Y

	
Europe




	
Green

	
Co2+ + yellow pigment

	
As

	
Y

	
Europe

	
[22,23,24,26,38,43]




	
Cu2+

	

	

	
Europe/

China

	




	
Red

	
Hematite

	

	

	
Europe/

China

	
[22,23,26,38,43]




	
Cu° NPs

	

	

	
Europe/

China

	
[26,51]




	
Au° NPs

	
As/lead arsenate

	
Y

	
Europe

	
[24,25,26,43,51]




	
Orange

	
Au° NPs

	

	

	
Europe

	
[24,25,26,43,51]




	
Rose/pink

	
Au° NPs

	
As/lead arsenate

	
Y

	
Europe

	
[24,25,26,43,51]




	
Purple

	
Au° NPs

	

	

	
Europe




	
Black

	
Fe-Mn spinel

	

	

	
Europe/

China

	
[22,23,24,25,26,30,38,51]




	
Fe-Mn-Cr spinel

	

	

	
Europe/

China




	
Brown

	
Mn oxide

	

	

	
Europe/

China
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