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Abstract: Minerals able to colour in blue (and green in combination with yellow pigments) are
limited in number and geologically. After presenting a short history of the use of cobalt as a col-
ouring agent of glass, glaze and enamel in the Western/Mediterranean, Islamic and Asian worlds
since Antiquity, we will present the different forms (dissolved ions, natural and synthetic crystal-
line phases/pigments) of cobalt and associated elements regarding primary (transition metals) and
secondary geological deposits (transition metals and/or arsenic, bismuth, silver). Attempts to
identify the origin of cobalt have been made by many authors considering the associated elements
but without considering the important modifications due to different processing of the raw mate-
rials (extraction/purification/formulation). We review the information available in the ancient
reports and present literature on the use of cobalt, its extraction and production from the ores, the
different geological sources and their relationship with associated elements (transition metals,
bismuth, arsenic, and silver) and with technological/aesthetic requirements. (Partial) substitution
of cobalt with lapis lazuli is also addressed. The relative application of non-invasive mobile Raman
and pXRF analytical instruments, to detect mineral phases and elements associated with/replacing
cobalt is addressed, with emphasis on Mamluk, Ottoman, Chinese, Viethamese and Japanese
productions. The efficiency of Ni-Zn-As diagram proposed by Gratuze et al. as a classification tool
is confirmed but additionally, CoO-Fe203-MnO and CoO-NiO-Cr20s diagrams are also found as
very efficient tools in this research. The relationship between the compositional data obtained from
the artefacts and historical questions on the origin and date of their production are discussed in
order to obtain a global historical view. The need of a better knowledge of (ancient) deposits of
cobalt ores and the evolution of cobalt ore processing with time and place is obvious.

Keywords: cobalt; composition; glaze; glass; enamels; pottery; manganese; arsenic; lapis lazuli;
global history; mining; ore processing; chaine opératoire

1. Introduction

Ancient glassy materials, either as glass objects or glassy coatings in the form of
glaze and enamel, are basically made up of (alumino-)silicates. Colouring agents able to
colour glassy silicates in blue are limited. They are also used to obtain green colours by
mixing with a suitable yellow colouring agent. The limited methods available to produce
blue colour are based on the following mechanisms: i) Co? ions dissolved in the glassy
silicate network, ii) Co?* ions located in specific sites of a crystalline phase, a pigment,
prepared before and dispersed (and unreacted) in the glassy phase or formed by pre-
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cipitation on cooling [1-3], iii) Sn ions located in specific sites of a feldspathoid (lazurite,
the main phase of lapis lazuli) or of a zeolite (synthetic ultramarine) [4,5], and iv) V** ions
distributed in certain sites of zircon (ZrSiOs) and Mn® ions in barium manganate
(BaMnOxs) [1-3,6]. The latter compounds have only been used for a few decades, although
the other colouring agents have been used since Antiquity [4-8]. To the best of our
knowledge, blue chromophores such as copper carbonate minerals (azurite) [9], widely
used for paintings, do not display sufficient thermal and chemical stability to be used as
colouring agents for glass, glaze and enamel. Egyptian blue (CaCuSi«O1), a more or less
crystalline copper-lime silicate, can be considered as the first synthetic pigment in history
but it was not being used to colour glass and glaze and its use as a painting pigment
ended during the Roman Empire [6]. Many centuries after, Chinese Han potters devel-
oped a barium homologue to Egyptian blue [6], as observed in the (cold painted) deco-
ration of the famous terra cotta sculpture army of the Qin Shi Huang mausoleum at Xi’an
in the late 3rd-Century BCE [10]. Some other blue minerals (gems) are very rare, such as
blue tourmaline coloured by Cu? ion ([CaNa,K...][Mg,Li,ALMn,Fe?3,V,Cr,Ti,Cu...]3
[ALMg,Cr...]s (BOs)s [Si, Al...Je O18 (OH,O)s (OH,F,0O)), sapphire (Al203) coloured by Fe3*
and Ti* ions, grandidierite (Mg, Fe?)Als(BOs)(5i04)Oz2) coloured with Fe? ion, and topaz
(ALSiO4(F,OH)2) coloured by point defects. Some recently developed blue materials have
not been used as industrial colorants until the present (e.g., Ce* or Eu®-Li* substituted
monazite and Nasicon [11,12]). In this review, we will focus on the colouration of glassy
silicates with cobalt by addressing the different sources of cobalt, their processing
methods and procedures to colour the glass, glaze and enamels, as well as methods to
recover information about ancient ‘chaine opératoire’. We will try to cite the literature from
different origins and various languages, in particular ancient studies available in differ-
ent languages only as printed issues, ignored by some of the recent publications. To the
best of our knowledge, previous review papers were focused on specific countries and do
not cover all the Ancient World. For a long time, art history has been considered from a
European perspective. Efforts are now focused on a more holistic view covering a global
approach. We will try this in this review, the initial works having mainly focused on the
use of cobalt in the colouration of glasses at the archaeological sites in the Mediterranean
area. Our remarks will largely concern the Asian area (namely Turkey, Iran, China,
Vietnam and Japan) and its interactions with other places, including with Europe by
taking into consideration that only Persian cobalt sources were studied significantly
[13-19]. Likewise, it is important that the data extracted from ancient texts are integrated
with those extracted from the analyses of originally diversified objects studied by us
since 2014 [20-25].

It is not possible to cite all the pertinent literature, but we expect that the present
overview will provide the state of the art of present knowledge and trigger questions on
the use of cobalt to colour glassy silicates from Europe to Asia.

2. Historical Background and Famous Use of Cobalt as Colouring Agent

The use of cobalt and alternative thermostable pigments has been already reviewed
from the mineralogical [4] and historical [6] points of view. Information can also be found
in the books devoted to the analysis of archaeological and historical glasses [7,8]. Figure 1
shows examples of a wide range of ceramic, metal and glass artefacts decorated with blue
(and green) colouring agents throughout history. Previous reviews are mainly focused on
archaeological glass and generally ignore enamelled artefacts produced after the Ren-
aissance. Indeed, the colouration can be either in the glass bulk material or in the glassy
coating on a metal, glass or ceramic substrate, namely enamel and glaze. The coloured
décor is obtained by the homogeneous or heterogeneous distribution of the colouring
agent, taking into account that the resolution of the human eye is equal to a few micro-
metres.
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Figure 1. Variety of glassy artefacts coloured in blue and with blue décor: (a) Chinese Ming Dynasty cloisonné enamel on
copper alloy (detail of a box lid); (b) Limoges enamel on copper plate; (c) 15th-Century Vietnamese blue-and-white por-
celain bowl; (d) Medici porcelain bottle (16th-Century); (e) Iznik tile (16th-Century); (f) test palette on soft-paste porcelain
plate (early 19th-Century); (g) Ptolemaic/Roman enamelled glass (Begram Hoard, 1st-Century BCE to 1st-Century CE);
(h) “Fagon de Venise’ glass cup (16th-17th-Centuries); (i) ‘Bernard Perrot’ glass bottle imitating porcelain
(17th-18th-Centuries, Orléans, France); (j) section of a ginghua Chinese porcelain showing blue décor drawn under the
glaze; (k) section of an Iznik tile showing red and blue overglazes coated on the quartz-rich slip (white), the latter being
coated on the (grey) stonepaste; (1) Abbasid (9th-Century) pottery imitating Tang sancai excavated at Bassorah; (m)
Khami-Indo-Pacific trade beads (15th-17th-Centuries). Collections from: Musée des arts décoratifs, Paris (a,b); Cité de la
Céramique-Sevres & Limoges (d,f,h,i); Musée des arts asiatiques-Guimet (g); Topkapi Palace Museum (k); (m) University
of Pretoria; others (c,e,j,1) private collections (scale bar: 1 cm).

The use of cobalt in bulk glass material goes back to the oldest Egyptian Dynasties
and is well established with the early work of the French chemist Alexandre Brongniart,
the former director of the Sevres Factory (from 1800 to 1847) and the founder of the first
museum dedicated to pottery and glass—Musée national de céramique—at the very be-
ginning of the 19th-Century [26,27]. Then, cobalt was identified in various blue coloured
artefacts such as glazed pottery, glass objects, stained and lustre glass by many scholars
[14,19,28-38]. The evidence of cobalt use in blue Mycenaean (Greece) [39,40] and Meso-
potamian Late Bronze Age glasses was also asserted [41,42] and the long-distance trade
activity during this period was evidenced [43]. More recently, we can also cite the bricks
of the famous Ishtar gate (Mesopotamia, Babylon, ca. 575 BCE) glazed in blue colour and
similar blue glazed bricks at Susa in Iran during the 1st millennium BCE [44]. Indeed, it
seems that the oldest glass coloured in blue by cobalt dates to the Late Bronze Age Egypt
(~16th- to 11th-Century BCE) [30,45] but the number of analysed artefacts remains lim-
ited, especially regarding the masterpieces coloured in blue.

In the beginning of the Islamic period, cobalt oxide started to be used as a blue col-
ourant in lustre glass during the Umayyad Caliphate (661-750 CE) and the early times of
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the Abbasid Caliphate (750-1258 CE) [19]. It is also observed in the blue painted pottery
which mainly flourished during the 9th-Century by the Abbasid potters of Bassorah
(Figure 11) in Iraq [46-51]. The cobalt-based pigment painted with a brush onto the glaze
mixture was then fired to obtain the blue décor incorporated with the white glaze opaci-
fied with tin oxide, a process which marks the beginning of the faience.

In the light of the present knowledge, the use of cobalt in China (re-)started with the
Tang potters (7th-Century). Chinese wares were traded in the Islamic world, Southeast
Asia, and along the east-coast of Africa [48-51]. The processing of the cobalt pigment
painted on the ceramic body (Figure 1j) and then fired under a clear transparent glaze
would later lead to the production of famous Chinese blue and blue-and-white porce-
lains during the Yuan (1271-1368 CE) and Ming periods (1368-1644 CE) and Vietnamese
porcelains after the 15th-Century (Figure 1c). Then, Ottomans, Safavids and European
potters produced imitations of Asian blue-and-white porcelain (Figure 1d). Underglaze
painting in cobalt blue was also performed on the Islamic ceramics produced in Iran and
Syria, especially from the 12th-Century onwards. The Ottoman potters then transferred
this tradition to a well-established industry of famous under/overglaze polychrome ce-
ramics and tiles in Iznik with original technological features (Figures lek), that were
later followed and optimized by European potters (Figure 1f).

Enamelling has been performed to create refined and durable glassy decorations on
throughout history not only on ceramics but also on glass and metal. Indeed, the earliest
enamel applications were mainly made to assemble pieces of stone and gems. The art of
enamelling distinctively combined the processing of materials with different natures,
namely metal working (Figures 1a,b and 2f,g), glass making (Figures 1g,h,m and 2e) and
ceramic production (Figures 1c—f,1 and 2a-d) [52-54]. The first objects produced were
mainly small items such as jewellery made of gold and silver onto which the enamels
were fused for ornamentation [55,56], with the earliest examples coming from Cyprus
and Crete as early as the 15th-Century BCE [56,57]. In time, the enamelling applications
were further developed to involve the association of many layers of enamel with differ-
ent composition and numerous firing cycles as well as the production of larger objects.
Copper and copper alloys such as bronze and brass also started to be used due to their
easier accessibility and good working properties [57-60]. Several cultures including the
Celts and Romans took enamelling on metal to the next level with the development of
various enamelling techniques for the creation of sophisticated decorations, such as
champlevé and cloisonné. In the former technique, the enamels are fused onto the carved
regions of the metal substrate to create valleys in which the molten glass is retained. In
the cloisonné technique, the enamels are set inside the cloisons which are pieces of metal
foil fixed to the metal substrate to form walls that retain the molten glass according to the
desired décor [56-64]. The variety of substrates imposes a variety of compositions for the
coloured décor. Starting from the 8th-Century, Byzantine craftsmen perfected the cloi-
sonné technique to produce religious objects mainly on gold [56-60]. Enamelling on metal
then flourished in Western countries (Spain, France) during the Middle Ages on one side,
and reached China (Figure 1a) on the other, most probably in relation to the large-scale
trade network via the Silk Roads [57,61-64]. The Chinese craftsmen adopted the cloisonné
technique to widely produce highly prized objects for the adornment of significant
buildings by the time of the Ming Dynasty (1368-1644) [61-64]. Then, the painted enam-
elling technique culminated during the Qing Dynasty (1644-1912 CE) to produce more
sophisticated decorations with the technological transfer initiated by the European mis-
sionaries hosted at the Chinese court during the 17th-18th-Centuries (see further)
[62-64].
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Figure 2. Examples of the variety and complexity of enamelled decorations: (a) blue-and-white
wall tile (Muradiye Mosque, 1435-1436, Edirne, Turkey); (b) polychrome Iznik wall tile (Selimiye
Mosque, 1569-1575, Edirne); (c) detail of a painted porcelain (Jingdezhen, Qianlong reign, China,
Fontainebleau Castle Collection, France); (d) detail of an Iznik tile (16th-Century); (e) enamelled
and gilded décor of a Mamluk bottle (middle of 14th-Century, Egypt or Syria, OA3365, Louvre
Museum Coll., France). The blazon is that of Tuquztimur, the cup-bearer of al-Malik al-Nasir al-Din
Muhammad ibn Qala’un Sultan, vice-regent of Syria from 1342 to 1345; (f) details of a cloisonné vase
and (g) of a painted ewer (Qianlong reign, China, Fontainebleau Castle Collection). Scale bar: 1 cm.
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It is worth mentioning that various researchers failed to find cobalt in some blue
glasses and glazes using elemental analytical methods in Egyptian and then Islamic ar-
tefacts [45,65-68]. As we will discuss afterwards, the very high colouration power of co-
balt ions means that the content of cobalt can be very small (< 0.1 wt.%). These authors
were not able to identify the colouring agent with conventional techniques (XRF, EPMA,
SEM-EDS, etc.) until Raman spectroscopists demonstrated the wide use of lapis lazuli as
a colouring agent, at least since the Ptolemaic Dynasty (Lagids: ~300 to 30 BCE), either in
pottery [4,5,69,70] or glass [4,71-74]. Furthermore, both cobalt ions and lapis lazuli grains
could be used simultaneously as colouring agents [5,73-75], suggesting some conclusions
should be reconsidered since the dispersion of lapis lazuli grains is difficult to detect by
elemental analysis—especially when the mineral is not specifically searched for by
scholars. At that time, experts were convinced that elemental analysis was able to iden-
tify all colouring agents and thus ignored spectroscopic studies. Indeed, ‘good’ chro-
mophores such as the polysulfides (Sx') ions in lapis lazuli, capable of strong colouring in
small quantities give a very intense resonant Raman signature that makes traces easily
detected. We can anticipate that the use of lapis lazuli instead of cobalt, or especially with
cobalt, was much broader than has been effectively recognized. For instance, it was found
as a colourant in most of the enamelled Mamluk glass masterpieces [72,73] and as a
whitening agent for the glaze in the first hard-paste porcelains made by J.F. Bottger in
Meissen (Saxony, very early 18th-Century) [76].

3. Brief Overview of Cobalt Chemistry and Geology

Elemental cobalt belongs to the transition metals group. This group, located in the
centre of the Periodic Table, is characterised by the fact that the d-electron sub-shell is not
complete, allowing the absorption of light in the visible range to occur by electronic
transitions. Consequently, these elements are the main colouring agents used since An-
tiquity, namely Fe, Mn, Co, and Cu. Colour formation depends on the speciation (redox
equilibrium imposed by the firing atmosphere, directly or through complex redox reac-
tions drive by fast ion diffusion [77] and the effect of the crystal field imposed by the
structure hosting the ions.

The similarity of the chemical properties of transition metals leads to their precipi-
tation together, particularly in the deep sea to form polymetallic nodules [78-81]. Nod-
ules vary in size from microscopic particles to large pellets more than 20 centimetres
across. The main phases are Fe-vernadite (Mn* Fe*,CaNa)(O,0OH)2nH:0),
Mn-feroxyhyte (d-Fe/ Mn*O(OH)), asbolane ((O,OH)2:(Co,Ni,Mg,Ca)x(OH)2-nH,0),
buserite (NasMn1:O27-21H20), birnessite ((Nao.3Cao.1Ko1)(Mn*,Mn?*)204-1.5H20) and to-
dorokite ((Na,Ca,K,Ba,Sr)1x(Mn,Mg,Al)sO12-3-4H20), which are in a simpler way a mix-
ture of oxy-hydroxides of transition metals. Roughly speaking, in terms of tectonic
movements of the continental plates, deposits on the ancient deep seabed have then been
upset, compressed and heated (metamorphosed) to form new geological layers which
can be exploited as quarries or mines. Such features are observed around recent moun-
tains like the Himalayas. The asbolanes (asbolite) are well representative of the phases
formed by this process and these ores are found in many places [4,13,14]. These deposits
are regarded as primary sources of cobalt. An example of such a mining place is located
in Yunnan, close to the Blue River in China (Toung-Tchouan, Mo Pou Tchang) [14,82,83]
where asbolane nodules are accumulated.

More complex transformations can occur geologically. In depth, the circulation of
hot water under pressure dissolves certain elements, transports them along faults and in
the case of decreasing pressure and/or temperature, precipitation-differentiation ac-
cording to the elements leads to the formation of new phases in veins or geodes. These
deposits formed by the hydrothermal process are said to be of a secondary type and
generally found in ancient mountain ranges (i.e., Hercynian massifs in Europe). Primary
deposits can be transformed incompletely and both types can be observed in the same
area. When the hydrothermal process eliminates certain elements, it incorporates new
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ones. Thus, cobalt is associated with sulphur and arsenic but also with bismuth and sil-
ver, and as reported by Kissin, the ores of these elements are called the five-element
(Ni-Co-As-Ag-Bi) ore type [84]. Well-established examples are found in North America,
Europe but also in Africa and Asia. In Europe, the main sites exploited since the end of
the Middle Ages or from the Renaissance primarily not for cobalt but for silver, are lo-
cated (from the north to the south) in Norway, Russia (Ural mountains), England
(Cornwall), Slovakia (Dobsina), Germany (Schwarzwald; Erzgebirge: Johanngeorgen-
stadt, Annaberg, Schneeberg, Marienberg, Freiberg, Joachimsthal (actually in the Czech
Republic, the Erzgebirge forming the border between the two countries), Thuringia and
Harz), France (Ste-Marie-aux-Mines, close to the Schwarzwald; Belledonne Massif),
Switzerland, Austria, Italy (Sardinia), Spain (Gifthain in the Pyrenees), and Portugal.
German mines mainly consist of cobalt minerals such as chloanthite (Ni,Co,Fe)Ass,
skutterudite (Co,Ni)Ass~ but also some Co-Mn asbolanes.

In Morocco, Co-Ni arsenide ores are also present. Cobalt ores in Iran also seem to
belong to the secondary type deposits at Talmessi and Meskani sites, close to the Anarak
district, 200 km east of Kashan, a famous city of potters during the medieval period.
These mines incorporate Co-Bi-Ni arsenides and arsenates [13] such as red erythrite (also
known as cobalt bloom) (Co3(AsO4)2.8H20). The cobalt mine of Qamsar (~35 km south-
west of Kashan) is the most cited source of ore processed for the production of cobalt blue
pigment used from the ancient times until the early 20th-Century, e.g., in Abii'l-Qasim’s
famous book on ceramic making [13-15] and consists of asbolane (primary deposit) and
erythrite, a hydrated cobalt arsenate (secondary deposit?) [13-17,85] Persian cobalt ores
were processed either physically (by gravity separation process) or by visual phase
separation [16]. In Azerbaijan, 150 km south of Tabriz, which is another famous place for
pottery production, Bi-Ni-Zn-Co ores are present mainly in the form of
smaltite-skutterudite ((Co,Ni)Ass~), cobaltite (CoAsS) and linnaeite (CosSs). Cobalt ores
in the form of siegenite ((Co,Ni)3S4) have also been identified in Caucasia, such as in Te-
lavi, located about 50 km north of Tbilisi [14].

Cobalt sources in Asia are less well documented (at least in western language
sources). It was reported that blue glass beads had been made in Central Asia using co-
baltite from Rajasthan in India [86]. Other sources are in Indonesia, China, and Japan
which will be considered further.

Alteration of secondary deposits are also expected to modify the distribution of
elements and add K, Sr, Pb and rare earth elements (REEs) as well as more rarely Hg and
Au to the composition [84]. An example of such tertiary deposits refers to cobaltiferous
alums (evaporites) which can be extracted from salt lakes such as in Egypt, in the form of
wupatkiite (Co,Mg,Ni)Al2(SO4)4.22H20)) etc. [30,34]. Obviously, a more accurate
knowledge of the location of ancient mining places (especially in Asia) and the duration
of their activities, as well as of their mineralogical characteristics are needed to document
the circulation of these ores in the past.

4. Historical Information on the Use and Trade of Cobalt

Many authors have searched for ancient mentions of the use and sources of cobalt to
trace its origins as Asian, European, or Persian [13-19]. An extensive summary was given
by Porter in 2000 [14]. Regarding the oldest use in Egypt, the first topic that receive aca-
demic attention, Kaczmarczyk [30] identified two different sources of cobalt from the
elemental composition (elements associated with cobalt) of blue glasses. One of them had
been used from ca. 15th-Century BCE to 4th-Century BCE, coming from the cobalt-alums
in Dakhla oasis while the other source from the 5th-Century BCE to the end of the
Ptolemaic period (1st-Century BCE) was expected to come from Iran [30]. The later
source of cobalt was also used in Mesopotamia. It is important to note that as early as the
Ptolemaic and Roman periods, lapis lazuli was also used as a colouring agent of the glaze
and enamels on glass [69-75,87,88], a fact still today ignored by most scholars. Taking
into account that cobalt appears to have been used to colour glass continuously since the
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late Egyptian/Mesopotamian Antiquity [89-97], we should ask why the coloration of
glazes with cobalt almost disappeared after the Ptolemaic period up to the Tang Dynasty
(8th-Century) in China (at the kilns of Baihe and Huangye, close to Gongyi, in Gongxian,
Henan province [98-104]) and the Umayyad Caliphate (661-750 CE) in Mesopotamia
[19]. One reason can be found in the continuous recycling of blue glass proved by many
shipwrecks in the Roman [105,106] and to some extent during the medieval period
[14,106]. The much lower amount of cobalt required to colour bulk glass (Figures 1h,m)
than to colour thin glaze/enamel (see further) makes that blue glass can be prepared by
adding recycled blue glass fragments. The much higher concentration of cobalt required
to colour thin glaze/enamels meaningfully explains the absence of their production.
However, the other potential reason may be that the Egyptian blue (CaCuSisOw) was
invented in ancient Greece and Roman Empire and therefore cobalt was only occasion-
ally used as a pigment in a glass-bound form. Moreover, at this period, Han blue (Ba-
CuSisO) was also used as a blue colouring agent in China before the reintroduction of
the use of cobalt in glass, ceramics and enamels. In earlier times, Greek and Roman au-
thors such as Theophrastus [107] and Pliny [108] mentioned synthetic kyanos as a col-
ouring agent which is interpreted as a cobalt pigment [4,6,14]. Many centuries later, the
methodology of colouring and enamelling of glass and ceramics was written again in the
treatises of al-Biruni, al-Hassan, and Teflisi [18]. They used the word ldjvard-e kashi as the
matter used to colour enamel (mina/minai) in blue, but only the word ldjvard (Persian) or
lazaward (Arabic) was used for lapis lazuli [13,14,18,19]. However, Abii'l-Qasim refers to
lapis lazuli as sang-i ldjvard in his Persian written treatise [17]. Thus, Arabic and Persian
historical records provide more information on the subject [109-115]. In the Jow-
har-name-ye Nezdmi (Book on Mineralogy), dated to 1196, the manufacture of porcelain
and of glaze/enamel are described [13,14], i.e., six centuries before the technical report of
Father d’Entrecolles on Chinese porcelain [116]. The book describes that the blue colour
was made by using sang-e soleymdni or dbgine-ye soleymdni (after the Jewish king Solomon,
10th-Century BCE; but note that in Islamic tradition the Solomon kingdom was extended
to present day Iran), translated as the ‘stone of Solomon” and the ‘glass of Solomon’, respec-
tively [14], consistent with the old recipes. Similar mentions are in the famous treatise on
ceramics by Abii'l-Qasim written in two manuscripts, dated 1301 and 1583, respectively.
In the latter book translated by Allan [17] and Porter [14], the source of Idjvard is found in
the village of Qamsar, in the mountains, 19 miles to the south of Kashan and the people
there claim that it was discovered by the prophet Sulaiman (king Solomon). Another
book, Javiher-name, from the Timurid period (14th-15th-Centuries) confirms the use of
Kashan ores: ‘When you grind this black stone and decorate cups, dishes and cups with them,
when you put them in the oven, the fusion of this mineral gives a beautiful blue’ [14]. Information
can be found in some other ancient texts [18,19]. The situation already seems to be com-
plex at that time since Abii'l-Qasim wrote that Iranian potters had used both Iranian and
European Idjvard while Jabir ibn Hayyan mentioned in his Arabic treatise, Kitab Al-Durra
Al-Maknuna (The Book of the Hidden Pearl) dated to the 8th-Century that the Persian
cobalt ore was exported to China and Europe [19,117-120] and contrarily from Europe to
Persia [17]. The evidence for the import of a European cobalt source was revealed from
the treatise of Abii'l-Qasim in which he mentioned that “It is like white silver shining in a
sheath of black stone. From it comes Idjvard colour. Another type comes from Farangistin (i.e.,
Europe) and is ash-coloured and soft. And there is a red kind found in the mine which is a deposit
on the outside of the stones and is like the red shells of pistachios. This kind is very strong but is a
fatal deadly poison’ [17]. Correspondence with a mineral made of arsenic is obvious and the
red variety can be linked to erythrite. Despite the historical importance of ‘Iranian” cobalt
sources, knowledge of the deposits, at least in widely accessible documents, remains
limited and a synthesis of documents, identified by certain authors who are expert in the
studies of cobalt-containing glassy silicates in the Near East, remains to be done to up-
date the review of Porter [14]. Indeed, during the 13th—14th Centuries, the Pax Mongolica
under the Mongol Rule from the Black Sea to the China Sea secured the long-distance
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trade along the Silk Road network and the trade of Iranian cobalt ores. The attraction for
the colour blue—the colour of the steppe sky —was important for the Mongols [75]. The
question regarding the interest of Persian potters in the import of European cobalt will be
further discussed later. A blue pigment imported from the Levant to Europe during the
Middle Ages, i.e., before the production of smalt also known as zaffre was called ‘Da-
mascus blue’ imported from Syria through Venice [119], could be the stone of Solomon
mentioned above.

Chinese historical records also mention the importation of different cobalt ores, from
Persia and other places in the Islamic world. The different words used speak of the use of
different sources, such as su-ni-po (#FJ/E3%) [14,120] or su-ma-li (F&/FK ) [121] that seem to
come from soleymdni (the king Solomon), the name used in Persian reports, being consis-
tent with an import from Iran [14]. This word is also related to ‘Samarra blue’ by some
authors. Samarra is a Mesopotamian city where Abbasid lustre pottery was produced
onwards from the 9th-Century. Some other scholars said that su-ni-po and su-po-ni ch’ing
(or suponi ging according to the convention used for writing in Latin characters) come
from the Chinese transliteration of the Arabic word, samawi which means “sky-colored”
or “azur” [122]. During the Zhengde era (1506-1521), a new pigment imported, called hui
(I2l) blue, started to be used [123]. It is a type of cobalt ore probably rich in arsenic
[124,125]. An ancient source (1520) cites the blue “hui-hui” ([5][8]) among the tributes paid
from Sumatra [125,126], which seems to indicate that this pigment had been imported
from or via Indonesia, with a reference to the Muslim sultanates. It could coincide with
the “hui-ch’ing” term ([F]7 translated as Mohammedan blue) and “hui-hui-ch’ing” ([51[E] &
, Islamic blue) according to Medley [127] and Yu and Miao [128]. This new pigment
seems to have been used pure or mixed with the local pigment, in particular shi (-#7) blue,
according to the needs of the variability of hues in the décor. Indeed, Chinese texts from
the 16th-Century inform us that the mixture of the two types of cobalt, likely in the form
of asbolite and arsenate (rich in arsenic), allowed a better definition of the décor. Yunnan
cobalt which mainly included asbolite was called “shih-ch'ing” (£ &, blue stone)[14].

Several hypotheses have been proposed for the precise date of the transition be-
tween imported and ‘local’ cobalt use in China. Underwater excavations and studies of
many Chinese and Vietnamese shipwrecks dating from the 9th- to the 18th-Centuries
[122,129-137] have provided more evidence for the dating of the blue-and-white porce-
lain exported and its variation according to time. The Cu Lao Cham shipwreck cargo,
excavated close to Hoi An harbour (Vietnam) offers a nice scope of the 15th-Century
production of Hong River blue-and-white ceramics, as confirmed by elemental and
spectroscopic analyses [134,137].

The sea trade of Islamic blue (the so-called Mohammedan blue) seems to have
started at Longquan in south China during the Northern Song Dynasty (960-1127 CE)
[138] when blue-and-white porcelain developed outside China as a consequence of the
impact of the migration of Chinese potters to other Asian countries during the civil war.
At this period, the Muslim merchants were trading cobalt pigments from the Islamic
heartland to Jingdezhen [122]. The pottery decorated with this cobalt during the last
generation of Yuan productions were being sold both in the domestic and international
markets. At the beginning of the Ming period, between the Hongwu (1368-1398) and
Yongle eras (1402-1424), imported cobalt still seems to have been used, as specified in
particular by sources from the middle of the Ming dynasty citing sumali blue [121]. Ac-
cording to some studies, this transition would have taken place during the Xuande era
(1425-1435), i.e., not immediately after the first ban of exchanges with abroad imposed by
the Ming Emperor [137,139]. This date corresponds also to the decline of the Mongol
Kingdoms and certainly to the long-distance exchanges along the terrestrial Silk Roads.
Indeed, some Xuande porcelains appear to contain imported ores or a mixture of im-
ported and local ores [125]. Furthermore, some differences are present between imperial
(‘official’) and private factories. Private kilns seem to have started using local cobalt ear-
lier, likely because it was less expensive than the imported ingredients, as early as the
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Hongwu era, while the imperial kilns were able to exercise a monopoly on imported co-
balt at least until the Xuande era [125]. As mentioned before, Chinese texts from the
16th-Century tell us that when the mixture of the two types of cobalt is used, the décor
would be better achieved [125]. During the Zhengde era (1506-1521), a new imported
pigment, hui blue, was widely used [123], a cobalt ore probably richer in arsenic [124].
This second change again reflects a transition from the strong Ming Dynasty
(1368—~1500) to the weak Ming Dynasty (~1500-1644) [125] with different degrees of
control over the trade.

A new change in the use of imported cobalt is recognized at the end of the Kangxi
reign (1661-1722) during the Qing Dynasty (1644-1912) in the beginning of the
18th-Century. Both Chinese and European ancient documents and recent analytical
studies of painted enamels on porcelain and on metal manufactured at the Forbidden
City workshop during the end of Kangxi and the Yongzheng reigns under the guidance
of Jesuit missionaries demonstrated the use of imported ingredients and recipes from
Europe, in particular blue and green enamel powders and ingredients to be able to obtain
enamelled decors depicting complex ‘painting’, similar to those made on wood or canvas
using the oil painting technique [140-143] (see Figures 2¢,g).

Similar evidence has recently been put forward for the production of Japanese Imari
porcelain under the guidance of Portuguese and Italian Jesuits many decades before,
with the analytical study of a rare mukozuke dish bearing the Japanese mark ‘Kan’ei Nen
Sei’ (made in the Kan'ei period, 1624-1644) [144-146]. The use of European ingredients for
the production of enamelled porcelain continued in Japan after the expulsion of the
European missionaries, most likely occurring through the trade with Dutch merchants
(see further) who retained the authorization to trade in some harbours.

During the 19th-20th-Centuries, Chinese sources mentioned the use of different
Chinese cobalt pigments from the Zhejiang province (prefectures of Shaoxing and Jin-
hua), Yunnan, Jiangxi (prefectures of Yunzhou and Fengcheng), Guangdong and
Guangxi [147]. The types from Zhejiang and Yunnan were considered to have a better
quality, while that of Jiangxi is considered superior to those of Guangdong and Guangxi
[148]. From the start of the last century, it seems that the best blue was obtained by
chu-ming blue or chu-ming-liao which came from Yunnan.

5. Processing of the Cobalt Ores

Traditionally, the miners selected the vein to quarry the rock fragments richest in the
desired mineral(s). Common physical and chemical methods of ore processing include
washing, crushing/grinding, grilling/roasting and/or treatment with acids as reported by
the 18th-Century book of Valmont de Bomare [149]. The goal is to obtain a product which
can be profitably sold and has the greatest demand, a factor that can vary with time, but
determines the processing methods. Thus, it is established that in the Middle Ages, the
European mines of the Erzgebirge (word-for-word: Ore Mountains) were exploited [84]
for silver production by smelting and the material rich in cobalt was then a by-product as
described by Georg Bauer, alias Agricola, in his famous book published in 1556 [150].
Indeed, cobalt remains in the slag melt (silicates) during the metallurgical process
[150-152]. This has been related to the elimination of (most of the) arsenic in European
cobalt used before ~1600-1650, as the evidence comes from glass objects coloured in blue
which are free of residual arsenic [153-156]. The roasting process has been recently rep-
licated on cobalt arsenide ore by Molera et al. [157]. In particular, the effect of the flux
(fluorite or calcite) added to (re-)melt the slag on the formation of crystalline phases in
glass coloured by cobalt (e.g., F-apatite equivalent to hedyphane, when CaF: flux is used)
has been demonstrated.

Bismuth was identified in Erzgebirge mines during the 15th-Century, probably be-
fore 1450 [150,157]. It was being mined, refined and then used for several purposes in-
cluding incorporation into the lead alloys used to cast printing types in great develop-
ment with the Gutenberg printing innovation (middle of the 15th-Century). It naturally
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occurs in association with cobalt [84]. Bismuth was extracted by roasting the ores [157] (it
melts at 270 °C [158]). The cobalt metal was separated as part of the silicate slag due to a
much higher point of fusion (Co: 1495 °C; CoO: 1933 °C), and not easily reduced. There-
fore, it was first discarded as waste without significant value. As a proof, the word “ko-
bold” (from which the word cobalt originates), known to be the name of a mountain and
mine devil, was possibly associated with this ore because of the very toxic fumes rich in
arsenic caused by the roasting process. The presence of cobalt in silicate residues could be
at the origin of the mixing with potassium-rich flux to liquefy and purify the slag; this
forms a blue glass, called “smalt” (also known as starch blue/zaffre or in French, saffre).
The term “smalt” derives from the proto-German word smaltian which means to smelt.
The cobalt-rich matter is mixed with variable quantities of quartz, sand or flint and pot-
ash and then melted again to obtain different grades of smalt (see further) which is a
potash glass coloured in blue. As reported by Father d’Entrecolles in 1722 [116], the
roasting was carried out at Jingdezhen by Chinese craftsmen in the oven for twenty-four
hours, followed by grinding in an unglazed porcelain mortar using an unglazed porce-
lain pestle which was performed over a period of several weeks until it was reduced to a
dust-like powder [116,122]. The resulting powdered smalt undergoes processes of sifting,
washing and is then classified in different grades [149].

The technology changed during the middle of the 16th—17th-Centuries with the in-
creasing demand of cobalt for large scale production of decorated pottery to copy Chi-
nese porcelains (mainly Delft pottery) and for the whitening of linen fabrics and paper
[159,160]. It was also widely used as an oil painting pigment by artists to replace lapis
lazuli and azurite. This directly had an impact on the ore processing and modified the
number of residual elements associated with the cobalt. When heated in a reducing at-
mosphere, the more fusible components such as bismuth melt and are almost wholly ex-
tracted. In addition, the arsenic will be partially fumed out. Stable transition metals (INj,
Cr etc.) had remained difficult to separate until the development of metallic chemistry in
the second part of the 19th-Century, although iron, copper and manganese could be
eliminated by acid treatment [149]. Considering the literature and in comparison with
other arsenides which decompose above 500-600 °C, arsenates decompose at a higher
temperature and complete elimination is achieved above ~900-1000 °C [157,161]. Arsenic
is very volatile and condenses in cool areas of the kiln and chimney [161] making the
production very hazardous. However, arsenic oxides and sulphides are in a high de-
mand as by-products (pigments, poisons, drugs). It is suggested that oxophilic elements
such as iron and manganese enter the silicate glaze network, while sulphophilic elements
such as copper and nickel preferentially enter the matte phase and hence are more
eliminated.

The higher demand of cobalt eventually led to the mining of specific cobalt ores
different from those of silver and bismuth. White, grey, blue, red or black pieces of cobalt
ores (that correspond to different minerals) are visually selected, ground to powder,
sifted, washed, grilled and then classified [52,149]. Therefore, distinguishing the effects
due to the use of ores with different associated elements (variable with deposit type) or
with different processing methods which modify the amounts of these elements as well
as due to the mixing of different ores is difficult, if not impossible, except if incompletely
reacted (microscopic) residues are preserved in the studied material. The latter is a
common feature in pottery processing (but leads to discarding the product, forming ac-
cumulations near the kiln) which can be analyzed at the (sub)microscopic scale. Only the
distinction between primary, secondary and tertiary deposits (geological sites) appears to
be reliable with the present state of knowledge.

6. Physical and Chemical Requirements for the Colouration of Glass and
Glazes/Enamels

A comprehension of the entire process (chaine opératoire) is required to extract valu-
able information from analytical and spectroscopic studies. Apart from the enamelling on
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metal, the colouration may be executed on a glass which is an amorphous phase (silicate
type in the cases mentioned in this review) shaped in the viscous state at high tempera-
tures typically between 900 and 1000 °C, or on a glaze, a glassy coating covering a ce-
ramic body. A glaze precursor is first deposited on a porous substrate (fired or not fired)
and the glaze is obtained after it has been heated up to reach the molten state. The
thickness of the glaze varies from a few tens to a few hundreds of microns. The glaze
should perfectly cover the object in the desired place and to the required thickness,
whatever its shape, and should have a nice gloss after cooling. The glaze can be fired at
the same time—and temperature —with the body or after the body has been previously
fired up to a solid but porous state (biscuit-firing). The firing process modifies the degree
of reaction between the coating and the substrate and the type of crystalline phases that
form in the glassy phase. An overglaze or enamel is deposited on a non-porous substrate
and its thickness is usually less than 50 pm, in contrast with the thickness of an object
made of glass being a few mm or more. In the cloisonné and champlevé enamelling tech-
niques, thin metal foils and ridges, respectively, as barriers isolate the coloured areas of
enamel from each other (Figures 1a and 2f). Alternatively, a black line made with a very
refractory phase that does not diffuse in the molten enamel (Figure 2c), or simply an in-
cision, is used to isolate the blue colour which tends to mix easily with the other colours
due to the high diffusivity of cobalt. The last deposited (and fired) blue enamel often
appears in relief (Figures 2d,e). This requires the use of different cobalt compounds for
the different enamels/overglaze decorations. For instance, at least three different types of
enamels with different flux levels have been used for Mamluk enamelled glass master-
pieces [72]. Blue was obtained using lapis lazuli and a glassy matrix not very different
from the artefact body, but green was obtained with the dispersion of Naples yellow py-
rochlore pigment in a lead-containing glass coloured by cobalt ions. Red was obtained
with the use of hematite (Fe2Os) and white with cassiterite (SnO2) [72]. The composition
of the enamel should be adapted to each colour (the colour depends on the site occupied
by the colouring element) and the thermal expansion of the substrate [1,53,54]. The
thermal expansion of the upper coating should be (a little) higher than that of the sub-
strate so that it is compressed after cooling to prevent cracking [1,53]: this determines the
composition to be used. Furthermore, enamelled objects, especially those decorated with
a complex enamelled décor are rare artefacts, making the data on their composition also
rare and their reliability not perfect, depending on the techniques used for the meas-
urement.

There are important differences in the colouring process used for glass and
glaze/enamels. Drawing a décor in blue on a colourless glass substrate or a ceramic body,
requires an ink (water-or oil-based) concentrated in cobalt. The viscosity of the ink
should be controlled to depict complex décors as shown in Figures 1 and 2. Most of the
Chinese blue-and-white porcelains are decorated with a blue drawing made on the body
before deposition of the glaze powder (underglaze décor, Figure 1j) although Vietnamese
porcelains are generally decorated on the artefact already coated by the glaze precursor
(overglaze drawing). The stability and quality of the décor needs to be preserved during
the firing (and softening) of the glaze. Overglaze decoration of porcelain as well as on
glass objects requires a different decoration method due to the lack of porosity of the
substrate. This time, the ink composed of oil and glues should have a high viscosity and
thixotropy to maintain the décor safe before and during firing. The ink should be con-
centrated in the colouring elements already mixed with the materials forming the glassy
silicate enamels. Different degrees of colour can be achieved by repeating the drawing
and using different mixtures, etc. This is one reason for the use of different cobalt ores,
simultaneously.

Moreover, the firing temperature and atmosphere should be compatible for the
preservation of the substrate and the décor and should be controlled differently along the
firing cycle(s). There are physical parameters such as thickness, the pathway of the light
and the presence of a more or less opaque substrate (ceramic, metal or even glass). The
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colour of an object made of glass is observed by global illumination, particularly by the
light passing through it. On the contrary, the light illuminating a coating on an opaque
substrate should penetrate the coating and the colour that is then perceived by our eyes
arises from the light component which is not absorbed by the upper layer(s). For these
reasons, the amount of colouring agent to be incorporated in a coating must be much
larger than that dispersed in a glass object to overcome the colour of the substrate and to
look ‘nice’. But, if the concentration of colouring agent(s) is too high, the colour darkens
and loses its gloss and a white opacifier is then usually added.

Cobalt ions constitute an incredibly good colouring agent and 0.05 wt.% of cobalt is
indeed sufficient to colour bulk glass in blue. In comparison, for obtaining a nice tur-
quoise colour, 0.25 wt.% of copper is required to colour a bulk glass while 1 to 5 wt.% is
added to colour a glaze [1,53,77]. Only 0.5 to 1 wt.% of cobalt is needed for a darker blue
hue. The coloration power of manganese ions is rather like that of copper. Manganese
does not contribute to the colour if the firing atmosphere is strictly reducing. If the firing
is oxidative, the colour becomes purple to black and after mixing with cobalt blue, a dark
blue-green colour is obtained. Iron ions are less efficient; a ceramic body and glaze re-
main white with ~1 wt.% of iron oxide if the firing is under reducing atmosphere. How-
ever, 3 wt.% of Fe20s can colour a glaze brown and ~5-8 wt.% is required to colour a
glaze black [1]. The nickel content also contributes to darken the blue in a quite unde-
sirable way. Arsenic precipitation as a white phase lightens and improves the blue col-
our. Thus, the ‘impure’ cobalt can be an advantage or a drawback as a function of the
potter’s knowhow and objective.

The firing atmosphere, resulting in redox equilibria at the surface and diffusion of
reduced/oxidized fast moving ions (Fe, Mn, Sn etc.) in the molten ‘bulk’ glass/glaze/
enamel, determines the speciation of multivalent colouring ions [77]. Only H: produced
by burning wet wood/coal can diffuse in bulk glass and thereby directly impose a suffi-
cient degree of reduction. The presence and amount of flux such as alkalis and lead are
also important for achieving the resulting colour.

The main methods used for the measurement of elemental composition in glass,
glaze and enamel are, in historical order of their use, chemical analysis after dissolving
the material in hot strong acids (HF-H>SO4/HCI/HNOs mixture) and measuring the
weight of specific precipitates in combination with instrumental analysis techniques such
as atomic absorption spectroscopy (AAS) or inductively coupled plasma — optical emis-
sion spectrometry (ICP-OES). These methods require very large samples [6]. Neutron
activation analysis (NAA) does not require sampling [7]. X-ray fluorescence (XRF) [7,25],
scanning electron microscopy coupled with energy dispersive spectroscopy (SEM-EDS)
[7], ion beam excited spectroscopy (IBS: PIXE, PIGE, etc.) [7], laser ablation — inductively
coupled plasma-mass spectrometry (LA-ICP-MS) [7,160] and laser-induced breakdown
spectroscopy (LIBS) require small to microscale sampling [7,156]. Each analytical tech-
nique has its advantages and drawbacks, such as the analysis can be non-invasive or
(micro/macro) destructive requiring some sample preparation. Other drawbacks include
the delay in recovery of the sample due to the radioactivity created in NAA, the induc-
tion of some thermal shock that can generate cracks in LA-ICP-MS and LIBS, an inability
to analyse the same volume for each element measured and to measure light elements
such as sodium etc. in portable XRF [25].

Figure 3 shows representative CoO amounts measured by Zhang [162] for blue
coloured lead-based Tang glaze, blue and blue-and-white Song to Ming Dynasty porce-
lain glazes and blue Qing overglaze. The measured content varies between 0.1 wt.% and
1 wt.% CoO due to the different techniques of underglaze (sky blue, sacrificial blue) and
overglaze décors, all with various thicknesses and various dispersion degrees of cobalt,
and the glaze type (lead- or (earth)alkali-based). Figure 3 shows clearly that the amount
of cobalt always remains less than ~1 wt.%, due to its high colouration power. Higher
content of cobalt darkens the shade too much to make it look black and the glaze loses its
gloss and precipitation of cobalt silicate or aluminate takes place. Small amounts of re-
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duced Mn, Fe and Cu ions do not really contribute to the colour (this requires a firing
under reducing atmosphere) and hence do not alter the blue hue obtained by cobalt ions.
It is worth mentioning that the rather constant value measured for lead-based glazes is
due to the fact that this type of glaze was used to obtain homogeneous blue areas and has
a low viscosity which facilitates the homogenization.

A
Tang

Yowt

Ming

pCOO /

Time period (Chinese dynasty)

Figure 3. Typical CoO content (wt.%) in Chinese glazes (after data from [162]). Tang glaze is
lead-based and hence a very homogeneous glaze; Song, Yuan and Ming glazes show various hues
of blue and hence varying cobalt content; Qing blue overglaze is also lead-based.

Therefore, the amount of minor and trace elements associated with cobalt will also
be low and difficult to detect, especially if the volume probed is also mixed with some
part of the body or of the colourless glaze. For instance, as a function of the element con-
sidered, the depth probed by XRF varies from a few micrometres (light elements) to
many millimetres (heavy elements) [25] and depends on the heterogeneity of the décor as
well. Micro analysis at the (sub)micron scale with either X-ray (synchrotron or rotating
anode sources), ion (accelerators) or light (Raman spectrometers) microbeams is thus
needed, but only the latter technique can be performed on-site with mobile set-ups
[61,62,72,73,140-143]. The elemental mean composition of bulk (homogeneous) glass
fragments is obtained by using (micro)destructive techniques such as in the case of ar-
chaeological samples. However, it is much more complicated to obtain data for
glaze/enamels, especially for those made of layers superimposed (e.g., Figures 1k and 2d)
or using the microdot technique on outstanding representative artefacts (Figure 2g). For
rare masterpieces, only non-invasive (mobile) techniques such as pXRF and Raman mi-
crospectroscopy can be performed on-site [25,52,140-143].

7. Elements Associated with Cobalt, their Ratios and Categorisation of the Composi-
tion: Tentative Classifications as a Function of Time and Place of Use

In this section, we will consider preferentially Ottoman and Asian productions and
compare these with European/Mediterranean productions previously considered by
Gratuze et al. [89,90,97]. As a summary of his work on European cobalt ores, the cobalt
which contains As, Ni, Bi, W, Mo, U and Fe has been sourced from Erzgebirge (Germany)
at least from the early Middle Ages. Knowledge about the composition of cobalt ores in
the other centres is less documented. In China (and the north of present Vietnam), the
earliest large evidence of cobalt use dates to the Warring States period (475-221 BCE), as
a blue pigment on glass eye beads [163]. Southeast Asia (linked also with China and to
some extent Japan) was an integral part of the world trading system linking societies
from the Mediterranean basin to Han China [164,165]. Local production has been dated
up to ~400 BCE, as for China. Glass production in the Indus area dates to the middle of
the 5th- millennium BCE and production of blue glass at Bara (close to Peshawar, Paki-
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stan) is well documented since ~200 BCE [166]. In the Tang Dynasty (618-907 CE),
Co-blue was used in lead-based glazes (sancai in Chinese and tam tai in Vietnamese) as an
underglaze, draw-on-glaze or overglaze decoration (blue-and-white/ginghua)
[137,162,163,167]. The large use of cobalt in the making of high-fired glazes (sacrificial
blue) began during the 14th-Century. Then cobalt was used in voluntary combination
with manganese to obtain a purple colour [162]. Analyses of many Chinese and Viet-
namese porcelains with blue-and-white décor (ginghua, sancai/tam tai, wucai) show that
various cobalt pigment types were used with very different amounts of manganese, from
low values up to a Mn/Co ratio of more than 4 or even 8 as a function of the period con-
sidered [21,99,128,137,147,162,167-184].

In several studies, nickel and zinc have been detected as impurities along with cobalt
[147], as well as significant amounts of arsenic [52,89,90,140-142,153,155-157,184-187].
Analyses of Ottoman Iznik and parent productions show that cobalt was also associated
with significant amounts of manganese, iron, copper, zing, nickel, but also bismuth, silver
and chromium in trace amounts (ppm) [22,23,186,187].

Gratuze et al. were the first to collect systematically a large amount of compositional
data from blue glass fragments [89] coming from the Mediterranean world and then to
compare these data with blue glazes [90], mainly produced before ~1600 (Table 1). This
work is still in progress [97,160,166,188]. The first series of compositional analysis of glass
fragments was performed by NAA (as in ref [147]) and the second series was carried out
on glazes by LA-ICP-MS [189]. The latter technique has now become the most used for
archaeological glass fragments and makes it possible to perform the measurement of all
elements with high precision on a small volume of material (spot diameter ~0.1 mm) and
even the measurement of different isotopes with the latest generation instrument [190].
Unfortunately, only one isotope of cobalt is stable. However, some companion elements
have stable isotopes (Ni, Cr, Fe) or isotopes with sufficient lifetime to be observed (Mn,
Bi). This could in the future offer tools to link the colouring agent of cobalt with ancient
mines as it was made for lead ores to some extent. The NAA method in fact has the ad-
vantage to perform analysis for the whole volume of the object without any sampling but
is not much used due to the closure of nuclear facilities intended for sample irradiation.
The LA-ICP-MS technique, although microdestructive, allows progressive measurement
with the elimination of matter from the surface to the bulk, such as the upper corroded
layer. Representativeness can be limited when large pigment grains are present.
LA-ICP-MS is risky for enamelled artefacts due to their great sensitivity to thermal shock
induced by the laser flash.

Table 1. Categorization of cobalt sources according to the accompanying elements by Gratuze et al.
[89,90].

Type AEslse(r)rii:tesd Period Expected Mines
Co, Co-Sb (a)
1 Co-Cu? (b) <12th-Century The Eastern Mediterranean
Co-Mn (c)
2 Co-Zn-Pb-In 13th-15th-Centuries Erzgebirge (Freiberg?)
3 Co-Ni Around 1500 Erzgebirge?
4 Co-As-Ni-Bi 15th—18th-Centuries Erzgebirge (Schneeberg)

Confirmation of Gratuze’s categorization has been supported by Porter [14] and
Henderson [65] also regarding Mediterranean/Islamic productions. Figure 4 visualizes
the different cobalt types. The Ni, Zn and As diagram classifies satisfactorily the three
groups numbered 2, 3 and 4 in Table 1 identified by Gratuze et al. [89,90].
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A 12th - 14th Centuries
Y 14th -15th Centuries
B 15th - 18th Centuries

Co-Zn-
Pb-In
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Figure 4. Ternary diagrams of the compositional Ni, Zn and As ratios showing the Groups 2, 3 and
4 identified by Gratuze et al. [90]; glaze data are indicated with triangle, star, and square labels;
glass data are used to draw the delimited areas.

Regarding blue glass artefacts from Egypt, Abe et al. [191] also identified different
groups as did Gratuze et al. [89] and Kaczmarczyk [28], but by considering specifically
the manganese content (Figure 5a and b). Abe et al. concluded that the compositional
characteristics of the cobalt-blue colorant in the Ramesside period (13th—11th-Centuries
BCE) glasses and ‘faiences’ (actually so-called Egyptian ‘faience’ is a type of fritware
consisting of silica-rich stonepaste, not a clay-based paste as possessed by standard fa-
ience) were different from the colorant derived from cobaltiferous alum, labelled as Type
A used in the 18th Dynasty (15th-Century BCE). The analyses suggest that a new cobalt
source other than cobaltiferous alum from the Western Oases was also utilized in Egypt
during the Ramesside period. This colourant is distinguished as Type R with a much
lower level of zinc than Type A and relatively higher level of nickel. However, the com-
position of the colorant used in the Late/Ptolemaic/Roman periods (7th-Century BCE to
1st-Century CE), labelled as Type N particularly lacks nickel and shows depletion in zinc
as impurities of the cobalt ore which have a direct effect on the hue of the blue colour
obtained.

CoO CoO

NiO ZnO NiO MnO,

Figure 5. Ternary diagrams of the oxide compositional ratios of the transition metals in the co-
balt-blue artifacts from Dahshur North (Egypt, 18th Dynasty, ca. 1450 BCE) and Northwest Saqqara
(19th Dynasty, ca. 13th-Century BCE): (a) ratios of CoO, NiO, and ZnO, (b) ratios of CoO, NiO, and
MnO:s. Diagrams for bulk glass and faience glaze are redrawn after Abe et al. [191]. Type A is ob-
served for faience. Types N (N1 & N2 subgroups) are from the Late/Ptolemaic/Roman periods.



Minerals 2021, 11, 633

17 of 42

Co0/SiO,

The purer the cobalt source, the higher the quality of the colour achieved. Indeed,
colorant Type N is often characterized by a significant amount of manganese and is
therefore subdivided into two groups based on the manganese oxide content. This ore
belongs to the Co-Mn (1c) group recognized by Gratuze et al. (Table 1). Thus, at least five
groups of cobalt sources can now be identified.

Demirsar Arli et al. [25] have recently compared the variability of the chemical data
measured by pXRF on a selection of Ottoman Iznik tiles. They demonstrated that the
variability of the CoO/NiO/MnO ratios measured for a single artefact, on a surface area
equal to ~1 cm? is significant, being larger than the measurement error. It is important to
note that areas that are homogeneously coloured on Iznik tiles are generally larger than 1
cm? (Figurec 2a,b,d). A similar conclusion can be made for the CoO/Bi20s ratios. Fur-
thermore, the distribution of the data is strongly anisotropic (Figure 6) along the lines
joining defined CoO/NiO (~3 to 1) and MnO/CoO ratios (~>3). Indeed, the distribution
along a line indicates a constant ratio, a feature observed when e.g., two phases contain-
ing the considered elements are mixed in variable proportions or when a solid solution is
formed. A quasi-continuous distribution of compositions between MnO and 0.5/0.6-0.8
C00-0.3-0.5 NiO is observed for the sherds excavated from Iznik tile kilns and Edirne
tiles (15th—16th-Centuries). These results indicate the mixing of ores with different com-
position, voluntarily (using ores from different sources) or involuntarily (pieces of rock
extracted from a single mine have different compositions; the grinding and processing
therefore failed to homogenize the content).

NiO/SiO, Bi,O3/Si0,
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Figure 6. Comparison of the intrinsic variability measured on selected tiles with a set of measurements made on the blue
areas of sherds previously excavated from Iznik tile kilns (see [22] for details) in comparison with measurements made
on-site for tiles from Edirne mosques (Sah Melek Pasa (1429), Ug Serefeli (1410-1447), Muradiye (1435-1436), Selimiye
(1569-1575)) (redrawn from Demirsar Arli et al. data [25]).

Further information can be extracted by considering more ternary diagrams. Figure
7 compares the same series of measurements made on sherds excavated from ancient
Iznik tile kilns [22] and on tiles covering the walls of Edirne mosques (see examples in
Figures 2a,b,d) built during the 15th-Century (Sah Melek Pasa, Muradiye, and Ug Serefeli
mosques) and 16th-Century (Selimiye Mosque) [23]. The different ternary diagrams con-
sider the different transition metals associated with cobalt (Ni, Zn, Fe and Mn) as well as
elements belonging to the ‘Five elements vein’ (Bi, As) according to Kissin [84]. The
CoO-NiO-ZnO diagram does not allow the distinction of different groups, except for rare
outliers. These rare outliers comprise a Rhodes ware and two blue-and-white wares of
Iznik productions (one having no cobalt and other without nickel content).
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Figure 7. Comparison of the intrinsic variability measured on the 15th—16th-centuries Iznik sherds unearthed at the Iznik
tile kilns excavation (green, blue, and claret red plus) and tiles from the mosques in Edirne (Sah Melek Pasa (yellow tri-
angle), Muradiye (blue triangle), Selimiye (pink lozenge), and Ug Serefeli (cyclamen asterisk) mosques). Data are ob-
tained from measurements used in references [22] and [23]. Visual guidelines are drawn; numbers 3 and 4 refer to the
Gratuze et al.” groups (see Figure 4 and Table 1). Dividing by SiO: allows for the elimination of the errors occurring due to

the variable setting of the handheld pXRF instrument.

Moreover, the tiles of Selimiye mosque, either restored or of unknown origin, are
outside of the main group, as well as two hexagonal glazed bricks. The diagrams in-
cluding MnO, Bi20s and Fe:0s demonstrate the distribution of Mn, Bi and Fe contents,
respectively. These distributions are assigned to the intrinsic variability of the ores,
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probably from the same mine. However, for very specific tiles (two hexagonal glazed
bricks unearthed at Iznik tile kilns excavation site, coloured glazed tiles of Sah Melek
Pagsa and Muradiye’s mihrab, and two untypical tiles of Selimiye mosque, possibly re-
storated or unauthentic) the position on particular lines in the CoO-Fe203-MnO diagram
indicates the use of different sub-types of cobalt ore (Figure 7).

Some data are very differentiated, through the variability of the CoO+NiO/MnO ra-
tio. They demonstrate that the cobalt comes from another origin. In this diagram, two
restored or unauthentic Iznik tiles which were used in the wall revetments of the
Selimiye Mosque (1569-1575) in Edirne exist in the same group as the tile panel of the
Muradiye Mosque (1435-1436) and polychrome panel of the Sah Melek Pasa Mosque
(1429) [23]. Additionally, the data obtained from two glazed hexagonal bricks which
were unearthed during the Iznik tile kilns excavation in 2019 were distributed outside of
the main group. The Zn content has been measured at a small level and seems not to be
effective for potential use in the categorization except for the Muradiye tiles (the origin of
these tiles with particular décor of Chinese style, i.e., Figure 2a, has been highly debated
for decades) that are quasi zinc-free. The distribution of copper content is larger and the
data from the Muradiye tiles form also a specific group as copper-rich. The distribution
of manganese is rather limited, but a specific series is formed by the blue colour of the
Sah Melek Pasa and Muradiye mihrab tiles and some excavated sherds. Analytical data
support the very specific origin of these tiles deduced from their particular décor.

The Ni-Zn-As diagram as made by Gratuze et al. [90] (Figure 4) satisfactorily classi-
fies the Group 3 and Group 4. Figure 8 compares similar diagrams obtained on a series of
Chinese and Vietnamese sherds excavated at Qalhat [20], an important harbour located
in the Sultanate of Oman, Hormuz Strait. Qalhat was a sister town of Hormuz during the
late medieval times and became active in the maritime trade with India, Indonesia and
the east African coast, before to be sacked by the Portuguese in 1508 [20,192]. Additional
data from the sherds excavated from the ancient Vietnamese kilns (14th—16th-Centuries,
Chu Pau, along Hong River, Hoa Luu, Tonkin, and Khai quat, Centre-Vietnam [137]),
coming from a shipwreck (Surcouf, 18th-Century, France) [193], Marquis of Abrantes
Palace (16th—17th-Centuries, Lisbon, Portugal) [193] and from the private collection of
ASET Stiftung in Berlin (‘Blue Print’, 14th—15th-Centuries) [24].

The diagrams seem to be quite different from those drawn with data obtained from
the Ottoman tiles (Figure 7), but the three groups identified for Asian porcelains, namely
the Mn-rich correspond to Groups B and C already identified for other periods and con-
tinent (N2 group in Figure 5 and B-C group in Figure 8 closer to N2 group in Figure 5)
[22,23] and Co-rich (Group A, cf. N1 in Figure 5). This demonstrates that the ores coming
from deposits of the same geological types led to similar classification, whatever the
mining places. However, Asian blues are all free of bismuth, and of copper, both of which
are very variable in Ottoman glazes. Rare Asian and Iznik artefacts show significant lev-
els of arsenic, most of the data corresponding to Group 3 and more rarely to Group 2. The
most significant feature is the comparison of the CoO-Fe20-MnO diagram that is in
contrast with that drawn from the Iznik data. Two series of data, ‘Blue Print’ and the
Vietnamese artefacts, are identified plus some outliers that are similar to the Iznik data
(Figure 7). The origins of the blue-and-white porcelains of the ‘Blue Print’ program are
not formally documented because they were not unearthed from an excavation site or
kept in the collection of a museum. Indeed, these sherds belong to the private collection
of the Art & Science Endowment Trust Charter (ASET) holdings located in Berlin (Ger-
many). They were assumed to be the fragments of genuine objects produced from the
Yuan to Ming dynasties. Identification of outliers is however an important information.
For instance, regarding the composition of some of the blues of the Muradiye and Sah
Melek Pasa mosque tiles [23], a clear distribution of composition is observed along the
line drawn between CoO and 3ZnO-NiO. Bismuth and copper are not observed. The Mn
content classifies the data into three groups called A, B and C and the Ni-As-Zn ones
(Groups 2, 3 and 4) appears to be pertinent for artefacts made at very different periods



Minerals 2021, 11, 633

20 of 42

A Chinese(Blue Print )

and places. This confirms that the compositional classification is related to the geological
classification (primary type rich in transition metals like Ni, secondary types enriched in
arsenic, etc.) and different sites may have very similar chemical signatures, at least re-
garding the ratios for some of the components. Thus, consideration of many elements is
mandatory. Comprehensive studies comparing the ores from different mines, in par-
ticular isotopic characteristics, are further needed.
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Figure 8. Comparison of the intrinsic variability measured on Chinese and Vietnamese sherds excavated from the Qalhat
site ([20,177], Sultanate of Oman, 14th—16th-Centuries), the period corresponding the Yuan-Ming transition. Visual
guidelines are drawn; numbers 2, 3, and 4 refer to the Gratuze et al.” groups (see Figure 4). The subgroups A, B, and C by
referring these to Group N (N1 and N2) of Figure 5 are also identified.

Figure 9 compares the chromium content in the CoO-NiO-Cr20s diagram. Compo-
sitional features are very different for Iznik and Asian artefacts. We observed two groups
in the Ottoman tiles but only one group for Asian cobalt types, along with some outliers.
The same outliers (Rhodes ware, blue-and-white ware, hexagonal glazed brick, and un-
typical Iznik tiles of Selimiye mosque) of Iznik productions are evidenced in both ternary
diagrams, Figures 7 and 9. Most of the data are distributed along a Cr20:-2[CoO-NiO]
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line. The tiles from the Muradiye mosque form a specific group free of chromium. It is
worth noting that pure cobalt was measured for a modern restoration in the Selimiye
mosque. Pure cobalt, characteristic of a modern chemical production (>1960) can be used
to detect modern restoration/fakes. This ternary diagram completes very well those
identified by Gratuze et al. [89,90] and Kaczmarczyk [28].

Sah Melek CoO / SiO, s ; A Chinese (Blue Print ) Co0/ Si0,
A Muradiys 0_00& B @ Qalhatexcavations
) i o % Qalhat-Bing
’ Selimiye /// \\‘ gilsitr:\)iraeﬂon Khaiquat
% Ug Serefeli / \ Y % Japan
S ., Hoa L
Rl ozsg ko7 Siiisse
F l1znik- [ Fe \ \ X
; i % A : 3 Surcouf, Ab J
+ lznik- 2020 f 3 \‘ Glazed bricks C(h“rf:“ fantes)
; s, \ % ChubBau
*‘"’ \\ || 2B "
0.50,% oy +, ++ t‘."... 050/ 050/ \0.
.‘ ..... + ki, X R /
f o ;;t-. ++ . Q Surcouf 1615 ¥ \
S *#;* Cr,0; 4 \
075/ k| %)\, g (R Ly — \0.25
/ *on, 42 18 wt’% / b= N

/

@ % ....:E;-‘k Rhodes / . \\\
\ \J / \

1.00 £
0.00

NiO / SiO,

0.25

b4
+ Yoo % 100 / \0.00
050 1.00 0.00 025 050 075 1.00

Ty
\‘ Cry0; / SIO, NiO / SiO;, Cr,05 / SiO,

Figure 9. Comparison of the variability of Cr20s content measured on Chinese/Vietnamese sherds and Iznik sherds/tiles
(please refer to Figures 7 and 8).

8. Compositional Shift: Mine Origin or Processing Effect?

We will try to go deeper in the discussion to understand if the ore processing also
determines the different compositional groups. The fact that the compositional distribu-
tion measured for a single artefact is not isotropic but distributed along specific lines [25],
the same with those formed by considering a series of artefacts (but larger) [21,177], is
consistent with an intrinsic variability in certain elements for cobalt ores coming from the
same mine. Anisotropic distribution of composition is clearly observed in Figures 7-9.
This hypothesis is also supported by the studies of Matin and Pollard [15,16] who ana-
lyzed rock pieces extracted from the area of the Kashan mine (Iran) mentioned in ancient
texts [13,14]. The elemental analysis showed that the ore contained high Fe and As con-
centrations along with a negligible content of Zn and Ni. The textual evidence also con-
firmed that the ore (secondary type) included cobaltite (CoAsS) and erythrite
(Co3(AsO4)2.8H20) as the main cobalt-bearing minerals. The authors also conducted ex-
perimental washing processes of the rocks according to a historical text and found that
the ore then became more enriched with erythrite. A significant distribution of elemental
ratios was also measured for the pieces of rock collected simultaneously. It is obvious that
the variability of the ore composition prevents the establishment of a direct relationship
between the specific ratio of companion elements versus cobalt. Furthermore, the statis-
tical view of the compositional distribution of ore samples from other geological sites
should be considered. Nevertheless, the comparison of diagrams in Figures 7-9 suggests
that most of the cobalt ores used for Ottoman and Chinese/Vietnamese artefacts are very
different and only rarely are data seen to be similar for the two series (see the data on the
right side of the top diagram for CoO-NiO-ZnO and CoO-NiO-MnO). For instance, the
two tiles from the Selimiye Mosque, which were probably restored during the later pe-
riods of Iznik productions (shown with the pink lozenges in Figure 7), two glazed hex-
agonal bricks (blue plus sign, probably Seljuk production), two blue-and-white Iznik tiles
and a Rhodes stonepaste (claret red plus sign) unearthed at the Iznik tile kilns excavation
are outside the main Iznik cluster but lie closer to the Chinese/Vietnamese artefacts.
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The Ni-Zn-As diagram (Figure 7, bottom-right) shows evidence for two groups for
Ottoman blues (one consistent with Group 3 of Gratuze et al. [90], Figure 4), those with
the presence of nickel or arsenic. The absence of nickel supports two different geological
origins since the elimination of nickel requires complex processing which was not
available before the second half of the 19th-Century, at least. The distribution of arsenic is
much larger than that of Group 4 in the Gratuze et al. classification [89,90]. A much larger
set of analytical data are required to extract more information from the compositional
distribution.

The three groups recognized for Asian blues (Figure 8) fit with the classification of
Gratuze et al. [89,90]. The CoO-Fe:03-MnO diagram is highly informative. Three groups
of blues can be recognized, such as manganese-free, rather similar with Ottoman blues
and two types of cobalts with specific CoO/MnO ratios 5 and 1, respectively. They cor-
respond to different types of sherds from different sites. Those excavated at Qalhat from
the kilns along the Hong River and the others from the Chu Dau kilns in Tonkin (Viet-
nam) or from Yunnan [21,137,175] have a MnO/CoO ratio equal to 5 and those from the
Blue Print project of ASET Stiftung in Berlin have this same ratio equal to 1 [24].

Comparison of Figure 5 (Egyptian cobalt types, ~1500-1300 BCE), Figure 7 (Otto-
man, 15th-16th-Centuries CE) and Figure 8 (Asian, 14th—18th-Centuries CE) shows that
types N (N1 and N2) and R can be distinguished. Obviously, this demonstrates again that
the classification from elemental compositions categorizes types of geological deposits
and not mining procedures, and conclusions based on the elemental signatures should
hence be used with caution.

Asian historical records and studies indicate that the mixing of different raw mate-
rials of cobalt occurred. Manganese-rich areas coloured in blue with cobalt have been
identified in Japanese [144-146,194], Chinese [21,147,167-174,195] and Vietnamese
[21,137,175] porcelains. Considering Japanese porcelain, poor-quality cobalt ore had been
used but some artefacts show a high arsenic content along with nickel, that is only con-
sistent with the use (and/or mix) with European cobalt imported by the help of Portu-
guese Jesuit missionaries [144-146]. From the second half of the 19th-Century and well
into the 20th-Century, Japanese potters had gradually replaced most of the low-grade
natural cobalt ores (which were rich in manganese and iron) imported from China and
the smalt-based enamel imported from the Old Continent with Co-based synthetic pig-
ments of European origin which were characterized by a higher colouring power and less
sensitivity to the firing atmosphere. In the same way, the guidance of French Jesuits
hosted at the Chinese court by Emperor Kangxi (17th-Century) led to the importation of
European ingredients, in particular arsenic-rich cobalt, and recipes to develop expertise
on painted overglaze enamelling on porcelain [140-142] and on metal [61,143]. Then,
Asian ingredients continued to be used again but with the recipes adapted.

The importation of cobalt from Persia and/or Europe and/or Indonesia during the
Yuan (Mongol) Dynasty (1271-1368) has been accepted by many authors
[14,99,100,124,128,138,140,167-174]. The high Fe/Mn value of the blue pigment is con-
sidered an effective empirical criterion to recognize the use of Asian cobalt sources
[124,138,167-174,180, 195201]. A very recent study by Jiang et al. [180] addressed this
subject with the analysis of selected pigment particles with different morphology,
chemical composition and distribution behaviour in the blue Chinese porcelain glazes,
using the sophisticated technique of focused ion beam-transmission electron microscopy
(FIB-TEM). They confirmed the absence of significant amounts of Mn and Fe in Co-rich
areas of Yuan porcelain and some As, Ni and Cu, consistent with importation from Iran
or Europe. They identified two classes of pigments and concluded that a mixture of im-
ported and local cobalt pigments had been used for providing the aesthetic effect of dif-
ferent hues. The results indicated that the Chinese overseas trade with western Asia had
actually been active after the death of Admiral Zheng He with the consistent supply
chain of imported cobalt pigment, despite the end of official trade and tributary activities
at that time. The admiral was a significant figure during the 15th-Century with his sev-
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eral missions to Asian and African countries, marking the comprehensive Chinese over-
seas trade network with the west. Transmission electron microscopy and p-X-ray Dif-
fraction were also performed together with Raman microspectroscopy and SEM-EDS by
Pinto et al. [202-204] in order to measure precisely the composition of blue coloured
grains in Chinese porcelain (see further).

More detailed phase diagrams, i.e., the extended Co-Fe-Mn-Ni-Zn-Bi-As-Ag dia-
gram, need to be considered to classify the different cobalt types. Detection of As by XRF
is subtle due to the superimposition of the main As peak with that of Pb (see e.g., in [52])
but Raman microspectroscopy is very efficient for the detection of very minor amounts of
arsenic due to the high intensity of the As-O vibrational modes [52,140-143,156,184,185]
(see further). Nevertheless, the following conclusion can be made that high Mn and Fe
contents can be associated with primary Asian geological deposits. Zn, Ni and In con-
tents appear to be specific to some ores, mainly European ones. It is difficult to conclude
if the presence of Bi (melting temperature 270 °C), Ag (melting temperature 962 °C) and
As (volatile over 500-700 °C) arises from specific types of ores or from specific processing
methods of the ores, or both.

9. European ‘Chaine Opératoire’: Zaffre, Smalt and Blue Glass

We will consider the effect of processing for smalt, the main ‘raw material” used in
Europe for most applications (and exported to Asia) up to the production of “pure
chemicals” during the 19th-Century. Indeed, reliable data are now available with differ-
ent ancient reports and the study of unreacted pigment grains found in paintings
[205-207], and of smalt and slag fragments coming from Sovi hut and Horni Blatna
(northwest Bohemia) dating to the 16th- and 17th-Centuries [208]. According to the very
interesting paper of Mimoso [209] who cites unpublished documents or difficult to find
(Horschik [210]; Hammer [211]; De Gruijl [212]), “cobalt ores and cobalt occurring under dif-
ferent forms and compounds were known to the miners of the Erzgebirge Mountains at least since
the 15th century. Before the invention of the blue colour, the simple mountain men called all ar-
senic and sulphur containing rocks and ores “kobold”. When they did not contain bismuth, they
were cast away as unusable rubble. Usable bismuth ores often contained cobalt, nickel, sulphur and
arsenic. Therefore, the miners also spoke of “bismuth-kobold”. The bismuth low melting point fa-
cilitated its extraction. It was “roasted” outdoors over an open wood fire. This resulted in the
bismuth giving away toxic smoke. The slag-like residues were named “bismuth barley”(in the mine
mills, the coarsest pieces of pounded ore are called grains or barley) and only at a higher tem-
perature did cobalt melt from them.”

Several authors suggest that miners active in the Ore Mountains (possibly Italians)
had discovered that the blue pigment could be prepared from the slag and but, obvi-
ously, they did not reveal their purpose. It is known that the blue pigment was available
throughout France, Germany, Low-Countries, Italy and in Spain before 1500 and some
Italian sources have connected it with a German origin [209,213]. The large production of
blue glass for stained glass church windows from the 12th-Century onward in France,
England and Germany should also be recalled [8,119,214,215]. The paper of Mimoso [209]
translating the text of Horschik gives important details: “Christopher Schiirer came from a
family of Saxony glassmakers [from] the upper Erzgebirge and [with] a branch located in Bohe-
mia. established himself in Eulenhiitte, between Platten and Neudeck in Bohemia where in 1530 he
succeeded in fusing the glass and cobalt to obtain smalt. In 1540 he built in the Rohlau near
Neudeck a water-driven colour mill in which the smalt was crushed to a powder. In the same year
he sent a report with a cost estimate “of how much 50 kg of blue glass melted in Schneeberg should
cost” to the Elector in Dresden [Saxony]. The letter stated that with 5000 kg of zaffre by the ad-
dition of white quartz 10,000 kg of blue glass could be obtained at a cost of 3 and % florins per 50
kg.” According to Kunckel [216], who was a German chemist and director of glassworks,
also cited by Mimoso [209], “cobolt is taken one portion and mixed well with two or more parts
of the finest and smallest crushed gravel pieces (which the miners call quartz) mixed and fired to-
gether, put in barrels until it is hard and strong like stone. After a long period finally it is again
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crushed with iron mallets. Such gravel will be sent away to the Dutch and other nations and used
to paint their fine tableware and other things with it. And this is precisely what many mountain
people and particularly [Italian] miners call “zaffera”. The Germans and English called it
“zaffre” while the French call it “saffre”. “The sand is from Meissen and no other material is
mixed so that the strength of the blue needed in other countries that the women want (and the
painters also call “blue smalt”) cannot be imitated or reprocessed at a profit. For it is also known
that if this fumed cobolt with a certain part of sand and potash is again mixed and molten the glass
then carefully crushed and ground in a good mill between two particularly hard stones, a powder is
obtained and then separated in different kinds, there is always one more beautiful than the others
and sold in portions by an important trader from which a not small revenue is obtained by His
Highness of Saxony. The Dutch text [212] continues as “This product was called “zaffre” and
was one of the raw materials used by the Westzaan Company for the manufacture of blue smalt.
Zaffre consisted of approximately 70% cobalt oxide and also the remains of arsenic and other
metals”.... Depending on the desired colour intensity more or less zaffre was added up to about
5%. After some 8-10 h, the glass mass was molten. The top layer was the cobalt glass, and the
sediment consisted of the unwanted metallic compounds. This was called “speiss”. The glass was
gently scooped out with iron implements, taking care that it was not contaminated by the speiss.
Again the technique of pouring the glass in water was used, resulting in pulverized blue glass. The
technique of production is that of frits, common for the preparation of the coloured
matter that is mixed with the glassy matrix powder to obtain enamels (anima and corpo
mixture [95,217]).

Taking also into account the historical documents, the process of cobalt production
can be summarized as follows. After visual examination of the ore pieces, the pieces se-
lected were roasted to extract the bismuth and silver. The remaining slag pellets were
used for the extraction and preparation of a cobalt product. This slag was crushed and
then underwent a calcination process. Sulphur and arsenic (partly) escaped and were
collected by condensation and the cobalt was oxidized. The resulting molten mass, a sort
of slag with a significant content of silica already present was mixed with sand and
various fluxes (potash, fluorite, etc.), heated to melt and was then thrown into water so
that the thermal shock would break it into pieces. The broken mass was then crushed
easily with heavy iron mallets and ground mechanically as finely as possible to obtain the
smalt powder. Complementary elimination of iron can be made by acidic treatment. Blue
grains of smalt identified in paint have the following oxide composition (wt.%): 66-72
Si02, 10-21 K20, 2-18 CoO and 0-8 As20s3 [205]. These results are consistent with the
18th-Century book of Valmont de Bomare [149] which indicates that different grades ex-
isted for the cobalt precursor (zaffre) and the grade used for paintings is called ‘smalt’.

The Dutch text [212] cited by Mimoso [209] confirms that the mining places listed by
Kissin [84] were active at that time. The importance of Dutch merchants for the con-
tinuation of the use of European ingredients in Japan after the expulsion of Christian
missionaries confirms their quasi monopoly in the trading of smalt: “cobalt oxide, the raw
material, was obtained from Germany, mostly from Saxony (Erzgebirge) but also from Thuringia
and from the Black Forest. The purchase was done through trading houses in Amsterdam which
were specialized in this material”. Mimoso concluded [209]: “after a first largely unsuccessful
effort in Saxony around 1540, where the basic technology had been discovered, the first industrial
colour mills were set in Holland, probably before or around 1550 and the technology perfected there
to an extent that was never duplicated in the Erzgebirge. In Saxony the first permanent colour mill
was built in 1568 and a number of other mills were established both in Saxony and in Bohemia,
particularly from the early 17th century. The ore on the Saxon side of the border returned a better
blue (at least with the technology locally available) but the local ruler established a monopoly over
the production, limiting private enterprise. On the Bohemian [now Czech] side there were no such
limitations but to obtain a good colour, the ore had to be acquired from Saxony”. “The Bohemian
cobalt did not have the quality of that from Schneeberg and Annaberg deposits in Saxony™ .
Hammer [211] has lately stated about the extraction of arsenic from the cobalt pigment:
“arsenic may remain at a low content because it then has a favourable effect to the colour” (note



Minerals 2021, 11, 633

25 of 42

the formation of a white phase(s) by the reaction of arsenic with lead, potassium and
calcium promotes the colour and the gloss). An 18th-Century book written by Lehmann
[213] in 1761 mentions the four shades of cobalt blue (smalt) available at that time such as
Flemish blue, Dutch blue, Prussian blue and Saxony blue with different grades, as also stated
in Valmont’s book [149]. The French chemist ]J.B. Guimet invented ultramarine blue in
1828 after his predecessor L.N. Vauquelin had discovered its presence in the blue depos-
its of soda and lime kilns. This artificial pigment (a zeolite hosting Sn ions), much cheaper
to produce, replaced smalt in almost all applications except those that called for stability
at temperatures over its own ~400 °C limit. Lapis lazuli had been the only concurrent
mineral in use with cobalt for the coloration of glassy silicates until the preparation of
specific types of spinels, (Co-,Ni-, Zn-,Cr-)-based at the end of the 19th- and the begin-
ning of the 20th-Centuries [218] and the synthesis of the V-ZrSiOs pigment [1-3].

10. Optical Spectroscopic Non-Invasive Characterization of Colouring Phases and
Glassy Silicate Matrix

Elemental analysis identifies the elements present in a coloured area/volume but
cannot identify the phases, and whether these are crystalline or amorphous. X-ray dif-
fraction patterns, especially performed with a micro beam, include a series of Bragg
peaks, the unit-cell structure, and by comparison with a database identifies the (amount
of the different) phase(s) and even the complete structure (crystal symmetry, atom posi-
tions, etc.) after the application of a refinement procedure (Rietveld analysis). Raman
microspectroscopy identifies both the crystalline and amorphous phases by comparison
with a database or by chemical-based deduction [4,6,53,54,219-225]. UV-visible spec-
troscopy identifies the colouring ions, and in some cases, the symmetry of the ion site.
Similar information is obtained by the technique of X-ray absorption near edge structure
spectroscopy (XANES) under a synchrotron beam. A combination of methods is thus
needed to identify the colouring agents, their amounts and their phases/elements present
in different forms. This objective is much more difficult if only non-invasive (mobile)
techniques are authorized in order to preserve outstanding (rare and high valued) arte-
facts which cannot be moved out of their storage rooms.

Although there have been many studies made on bulk coloured glass, mainly re-
garding elemental composition, analyses of enamelled artefacts are limited and deals
mainly with the body, not the enamel layers. Due to their very high power of coloration,
Co? ions dispersed in a glassy silicate matrix give a rather strong blue without any pre-
cipitation of the crystalline phases that can be formed, the solubility limit being not
reached. Potentially, cobalt silicate with an olivine structure (Co2xMxSiOs) [226] and co-
balt aluminate with a spinel structure (Co1xMxAl204) are the only phases expected to be
formed over the saturation limit [220]. However, both structures accommodate several
ionic substitutions and a large series of solid solutions exist with the replacement of Co
and Al, mainly with Fe, Zn, Ni, Cr, Mn, In, and Mg ions. Furthermore, for the spinel
structure, cations can occupy the different sites, such as tetrahedral and octahedral
[203-205,217,226-229]. These phases can be identified by XRD or Raman microspectro-
scopy [203-205,228]. However, only Raman spectroscopy can identify the structure of the
glassy silicates [223-225]. Figure 10 shows the representative Raman spectra of a glaze
with two broad ‘bands’, at about 500 and 1000 cm-, arising from the bending and
stretching modes of the SiOs tetrahedron which is the basic unit of silicates, either crys-
talline or amorphous. However, due to the large deformation of the Si-O bond in a
symmetrical stretching mode, this mode dominates the Raman spectrum, and a direct
link was established between the spectral components and the different more or less
connected SiOs tetrahedra. For similar reasons, the main peaks of olivine and spinel
phases are the Si-O and M-O stretching modes, located at ~820-850 and ~650-700 cm™
respectively [133-136,153]. Actually, the different components are very closely located in
spinels and shoulders should be identified (see e.g., Figure 11) although a well-defined
doublet is recognised for olivines [226]. The positions of these bands present in between
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the strong SiOs bending and stretching modes should be detectable. Their absence will be
consistent with a glassy phase, free of any crystalline second phase(s) (e.g., in Figure 10,
right) in which the colour is obtained by dissolving ions in the glassy network. Raman
spectroscopy is not sensitive to the presence of Co?" in a glassy silicate network since the
Co-O bond is too ionic to give a specific stretching Raman signature. In this case, the
spectrum of the glassy silicate with its two broad ‘bands’ at ~500 and ~1000 cm™ is only
detected [221-225], indirectly leading to the conclusion about the presence of cobalt.

Blue glaze
Soft-paste porcelain
(MNC4006 Rouen)

200 600 1000

Wavenumber / cmi

(a)

1500

- y T T T T T T T
0 SS/ZVEHUI}IESI'O/ omt 200 400 600 800 1000 1200 1400
Wavenumber / cm™
(b) (c)

Figure 10. Examples of Raman spectra recorded with different laser excitations on lapis lazuli mineral ((a)left, a), and
lapis-lazuli-containing enamel (left, b and c) and on the glazes with a mobile 532 nm set-up, the blue areas of a European
soft-paste porcelain ((b)centre) and a Vietnamese hard-paste porcelain ((c)right); the glaze of the oldest prepared
(soft-paste) porcelain in Europe (Poterat Factory, Rouen circa 1680, Sevres Cité de la Céramique collection) is lead-based
with a characteristically strong 980 cm™ SiOa stretching peak. Note the flat background due to the light absorption by the
blue glaze and high scattering at low wavenumber (the Boson peak is strong for a lead-based glass). The small 820 cm™
component is assigned to an As-based phase (see further). The signal intensity of the glaze of hard-paste Asian porcelain

is much lower (potash-lime

alumina-rich glaze) and the background should be subtracted to see the spectrum clearly; the

SiOs stretching modes (900-1150 cm™ band) are shifted to higher wavenumbers due to the composition being richer in

silica and alumina.

UV-vis spectroscopy (by transmission, absorption, diffuse reflectance modes, etc.) is
a good method to identify the colouring ions in glass. Diffuse reflectance spectroscopy is
a non-invasive technique that can be performed on-site with a mobile set-up (fibre optics
reflectance spectroscopy: FORS [230-235]) and now with a hyperspectral camera [236].
From the reflectance curves, and using the Kubelka-Munk function, F(R) = (1 - R)?/2R, the
UV-Vis-NIR absorption spectra of the glass samples could be obtained and compared
with the literature.

Blue glass has absorption bands at about 524, 596 and 650 nm, which are character-
istic of Co? in a tetrahedral environment, easily enabling the identification of cobalt as
the blue pigment. These absorption bands derive from the allowed electronic 3d” transi-
tions of Co? cations (from the *Ax(F) ground state to the *T1(P) and ?T(G) excited states)
characteristic of cobalt in tetrahedral sites [237-239]. In a weak octahedral crystal field
Co? (d7) gives rise to quartet states “T1g(F), *T25(F), *A2s(F) and *T1(P) and a number of
doublet states like 2A14(G), 2T14(G), 2T25(G) and 2Eg(G) of which #T1g(F) is the ground state.
The spectrum of Co? in an octahedral site, which displays a rose hue, exhibits bands at
506, 544, 600, 636, 644 and 1196 nm (see the nice spectra in [217,237,238]). The bands at
1196 and 506 nm are attributed to two spin allowed transitions from the ground state
4T14(F) to the excited states *T2g(F), and “T15(F), respectively. The other three bands are at-
tributed to transitions *T1g(F) — 2A15(G), ?T15(G) and 2T2(G), respectively.
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Under blue to red laser excitation the chromophore of lapis lazuli (S2- and Ss- ions in
the lazurite mineral) gives a very specific and intense spectrum (Figure 10-left, resonance
Raman signal at ~545 cm™ with a series of overtones/combination bands) [5,69-76,87,88].
The resonance Raman signal of S ions which is very strong under red to green laser il-
lumination decreases (if the resonance Raman signal is not observed, we can conclude
that lapis lazuli was not added) and disappears under blue to UV illumination and the
host framework (feldspar for natural lapis lazuli or zeolite for synthetic ultramarine) can
be identified. Another indication of the presence of cobalt ions is in the shape of the
spectral background. Absorption of light in the red range that gives the blue colour flat-
tens the Raman background on the Stokes side and very nice spectra of the glassy silicate
(Figure 10) can be recorded although the spectrum of the colourless glaze exhibits gen-
erally a rather strong background [52] which increases with the wavenumber. We will
consider the different types of coloured glassy coatings as follows.

10.1. Enamels on Glass

The main reason for the comparative rarity of studies on enamelled glass is the small
number of the objects that have been produced and preserved even in the form of small
fragments (Figure 1g). Enamelled glass artefacts were objects produced for the elite in
society. Photographic documentation on Islamic [65-67,71-73,240-242] and European
[96,243-249] enamelled glass is available but the number of specific scientific analyses of
the enamels on glass is much smaller than those on pottery. Lead-rich compositions were
generally used for this type of enamelling to facilitate the melting at relatively low tem-
peratures [242,250-252], which are lower than that of the body. The most comprehensive
studies have been performed on Egyptian [30], Ptolemaic [73] and Roman [71] artefacts
and on Norman/Frederician vessels and Islamic mosque lamps (13th-14th-Centuries
[72-74]). Mamluk enamelled artefacts are less rare and significant numbers of large-scale
artefacts have been preserved [72,73,240-243]. Figure 2e shows an example of a Mamluks
enamelled and gilded glass bottle in which the power of the enamel colour obtained by
using lapis lazuli is very strong (Figure 10). The use of lapis lazuli in the place of cobalt
(or with) appears to be quite common during the 13th- and 14th-Centuries [73,74]. The
high skill of the Mamluk craftsmen led to the use of enamel compositions that are not
very different from those of the bulk glass, avoiding the use of (easily corroded) lead-rich
compositions. Sophisticated enamelled glass artefacts were also produced during the
Quattrocento/Renaissance and afterwards with the development of glass production,
mainly in Italy first at Altare and Venice, then in France at particularly Orléans as well as
in the Low-Countries and Bohemia [243-252]. Elemental composition studies of these
enamels on glass are documented [250,253,254], the measurements being focused on the
composition of the glass body. In such cases, Raman spectroscopy offers the great ad-
vantage to be performed non-invasively on rare masterpieces with on-site measurements
[69-76,140-143,155,156,230,243].

The use of arsenic-rich cobalt ores leads to the precipitation of lead arsenate phases
that are characterised with a strong ~820 to 830 cm™ band, as observed for the same pe-
riod objects [62,140-143,155,156,184,185,252]. The reaction between the lead-based glass
and the As-rich cobalt ore generates phases with varying compositions in the form of
Nai-x2yKxCayPb4(AsOs)s apatite [255,256], F-apatite [157] or feldspar [52,257,258] accord-
ing to the variable glass composition and firing temperature. The presence of Pb, Na, K,
Ca and/or F is related to the fluxes that dissolve the arsenic present in the cobalt-rich ore,
the saturation of arsenic leading to precipitation. The different phases formed explain the
shift of the ca. 820 cm™ band and the variable bandwidths. Although elemental As is
hardly identified especially using pXRF, due to the superimposition of As peaks with
those of major elements such as Pb, the presence of As is easily detected from the Raman
peak of the As-O bond.

10.2. Glazed Pottery
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FORS is efficient for the identification of the speciation of cobalt ions in the glaze as
in any coloured phase, crystalline or amorphous [230,231]. The technique works well
when a flat and glossy surface is available. In many cases, a focused beam is required.
The need for a higher concentration of cobalt in thin glaze and enamels is expected to
lead to saturation with cobalt, resulting in the precipitation of Co-based crystalline
phases. Alternatively, Co-based pigments can be prepared separately and incorporated

into the glaze precursor [1,220].

Pinto et al. [202-204] analysed Yuan and Ming blue-and-white porcelains in detail
by a combination of uXRD, SEM-EDS, TEM and Raman spectroscopy. As demonstrated
by the absence of additional Raman peaks in the signature of glassy silicate, Yuan por-
celains were found to be coloured by dissolved Co? ions in the glaze network. Crystalline
phase(s) were not or very rarely detected. In the latter case, the characteristic peaks are
those of CoFe204 and more rarely of CoAl204. Whatever the establishment of empirical
relationships between the composition and peak wavenumber [227], the determination of
the composition of spinels from their Raman spectra is difficult, because the stretching
modes in which only oxygen atoms move significantly dominate the Raman spectrum.
and signatures of
most of the spinels consist of a strong peak at ca. 680-700 cm™ with smaller peaks at

The wavenumber shifts related to atomic substitution remain small

~200-300, 450 and 550 cm™ (Figure 11) [202-204,220,227-229,259-262].
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Figure 11. Examples of the Raman spectra of spinels with different compositions (left and right). Note the shift of the
main M-O stretching mode between ~655 and 720 cm™ (redrawn after [204] data). Right, the top spectra represent the blue
(Co-Fe-Mn) spinel signature measured on blue-and-white underglaze decorated sherds (excavated from Qalhat, the
Sultanate of Oman, 14th—16th-Centuries [21]), with traces of zircon, hematite; the contribution of the glaze (plus quartz) is
shown below.

Shoulders can be observed on the low- and high-wavenumber side of the stronger
peak when sites are occupied by different atoms [227-229]. The site occupancy has more
effect than the elemental composition. For pure CoAl:0s4, due to the poor covalent char-
acter of the Al-O bond, the band at ca. 700 cm™! is weak and the bands at ca. 200 and 520
cm™ are stronger than those observed for ferrites [21,204,259-261]. However, the latter
peak is close to the main peak of the feldspar group of minerals (~510 cm™) [256,257], a
to confusion. Fur-
thermore, feldspars, in particular plagioclases, form complex solid solutions (concentra-
tion changes with incommensurable phases) that shift peak wavenumbers and increase

common residue in porcelain bodies and glazes [21] which may lead

the risk of misinterpretation of the signatures of spinels and feldspars.

Non-stoichiometric spinels have also been identified by Pinto et al. [202-204] with
complex compositions in Ming blue-and-white porcelains by the combination of pXRD
and Raman microspectroscopy: (CoxFey,Mnz,Niy, Mgy, Crw)Al:Os with 0.2 < x < 0.55, 0.3 <
y<0.9,0.15<z<0.35and 1.8 <n <2.5; where the u, v and w content values are close to or

less than 0.1.
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10.3. Defects Provoked by Elements Associated with Cobalt: Dark Spots

Darker spots, some with dendritic crystals formed on the surface of the glaze are
observed for Vietnamese [175] (Figure 12) and Chinese [203] blue-decorated porcelains.
Dendrites are formed in the liquid phase and observation of dendrites in some spots in-
dicates localized heterogeneities have been formed during the solidification on cooling.
This is very consistent with the heterogeneity of cobalt ores evidenced from the disper-
sion of elemental data. Well-defined dendrites have also been identified in iron-rich
glazes such as those on the Jian (Tenmoku) wares [263,264], Hare’s Fur and rather similar
bowls [265-268], where the distribution of the dendrites over the complete surface is
typical of the related décor types. It is well known that addition of iron decreases the
melting temperature of silicates under a reducing atmosphere [158]. The phases identi-
fied are magnetite (FesOs with a spinel cubic structure), ferrite spinels (CoFe20s,
MnFe204, MnMn20s and more complex solid solutions) and e-Fe2Os (natural mineral:
luogufengite; in which iron is in fact partially substituted by different elements), a rare
polymorph of iron oxide [204,264,269-271]. The epsilon structure is defined by the
pseudo hexagonal unit-cell but some ordering in the structure decreases the crystal
symmetry that makes the Raman spectrum more complex. The easy twinning habit of the
single crystals most likely facilitates the formation of dendrites in the glazes.

Figure 12. Examples of dendrites observed on black spots similar with those observed on the
Vietnamese sherd (Chu Dau kiln, 15th-Century). Dendrites are iron rich and are depleted in Si, Al,
and Ca elements. See more details in [175].

In comparison with the Raman signatures of other iron oxide polymorphs [262],
o-Fe203 shows more peaks [203,269]: the stronger peaks are at ~115, 148,171, 232, 350-390,
570, 600, 650, 680, 720, and 1400-1425 cm™. In particular, the second order band at ~1400
cm! is broader but has a lower intensity. The illumination laser power at the sample
should be very low (<0.1 mW) to avoid incurring a phase transformation through heating
and changes in the oxidation state of the iron oxides [228,229,262,271].

10.4. Overglaze and Painted Enamels

Artefacts decorated with overglaze and enamel painted techniques on porcelain
(Figures 1e,f and 2c) and metal (Figures 1b and 2g) are the most sophisticated and highly
appreciated. Figures 13-16 show representative examples of Raman and XRF spectra
recorded on enamelled porcelain and metal artefacts, such as a painted porcelain bowl
prepared at the Forbidden City Imperial workshop under the guidance of Jesuits during
the Kangxi reign (Qing Dynasty) [140], an exceptional ewer (from a pair) with a Qianlong
mark associating both painted and cloisonné enamels and a cloisonné box (Qing Dynasty)
[143], a Limoges enamel portrait of St. Ignatius, the founder of the Jesuits Company [62]
and painted enamel watches [52]. The analysis of such masterpieces requires
non-invasive mobile techniques, namely portable XRF and Raman microspectroscopy.

As mentioned before, detection of the As-O stretching mode is easy due to the high
polarizability of the bond and the high number of electrons involved that provide strong
bands. For instance, a band at ~820-830 cm™ is observed in the blue décor of soft-paste
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porcelains (Figure 13a,a’), a painted Chinese bowl (Figure 14a), a cloisonné box (Figure
14c), a Limoges portrait (Figure 14d) and the enamelled watches (Figure 16).

On-site analysis of complete enamelled artefacts imposes the requirement for the
measurement to be made at the surface or in the upper layer(s). As shown in Figure 1k, a
décor is made of many layers and the thickness ranges between typically 50 and 1000 pum
for the enamels. Regarding XRF, penetration of the X-ray beam also varies in this range
and as a function of the electronic transition levels of the analysed element (K, L or M), so
the probed depth will be different. Penetration of the laser beam in Raman is also very
variable as a function of the colouration and heterogeneity of the enamels, the laser
wavelength and the laser power. The information obtained will be thus partial if the cross
section of the object is not available. Indeed, qualitative information is obtained such as
the elements present (major, minor and traces by pXRF), crystalline phases and the glassy
silicate matrix (Raman microspectroscopy).
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Figure 13. Similarity of the Raman signatures measured on blue glazes: French soft-paste porcelains, (a) 18432: ointment
pot from Rouen Factory, end of the 17th-Century, 6638: pallet cup from the Vincennes Royal Factory made by
Pierre-Antoine-Henry Taunay in 1748; (a’) 13371 (different spots-4,8): salt container assigned to Dominique or Pierre
Chicaneau or Marie Moreau, from the Saint-Cloud or Paris Factory, beginning of the 18th-Century and 26296: tea pot
from the Vincennes Royal Factory, middle of the 18th-Century; note that different signatures of As-based phases can be
observed on the same object, see [219]); (b) Raman spectrum of an arsenic-containing blue pigment recorded on a sherd
unearthed at the ancient Iznik tile kilns (Co: 0.42; As: 0.31; Ni: 0.13; Cu: 0.98 wt.%), (c) similar Raman spectrum recorded
on a blue speckled glazed sherd excavated at Qalhat site (The Sultanate of Oman) exhibiting spectra of Co-olivine and of
margarosanite (Ca2PbSizOp).

The use of a very high magnification such as a long working distance microscope
objective (x200) allows focusing to be made on individual crystalline grains and hence
benefits from the rather pure contribution of the crystalline phase in the glassy matrix
(see e.g., the spectrum of the 26296 tea pot in Figure 13a’). In other cases, both contribu-
tions from the crystalline phase and the glassy matrix are mixed. The identification of the
components of the SiOs stretching band and the band area ratio of the bending and
stretching modes identify the type of glassy matrix (potash-based, soda or soda-lime
based, lead-poor or lead-rich) [221-224]. For instance, the glazes of the 18432 pot and
13371 salt cellar peaking at 985-1000 cm are lead-rich although those of the 6638 cup
and a blue-and-white ceramic sherd unearthed at the Iznik tile kilns excavation site are of
the lead-alkali type (Figure 13b). Regarding the MG5250 Imperial bowl (Figure 14a), the
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spectrum of the blue glaze is characteristic of a porcelain potash glaze fired at high tem-
perature (5250 blue depth and 5250-light blue, 1040 to 1075 cm™ peak) on which
lead-based overglazes are coated (5250-blue 21, 990-1040 cm™ doublet). Up to now the
evidence of a Raman signature of CoSiOs, olivine, was only detected in a specimen of blue
speckled glazed pottery excavated from Qalhat (Figure 13c) [192], and not on glazed
porcelain. Identification of major, minor and trace elements by pXRF confirms the Raman
assignments [192].
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Figure 14. Representative Raman signatures recorded on the blue areas of enamelled porcelain and metal objects (Qing
Dynasty Chinese artefacts): (a) a painted huafalang Imperial porcelain bowl (Kangxi reign mark) [140,222]; (b) a painted
and cloisonné metal ewer (Qianlong reign mark); (c) cloisonné metal box (Qianlong reign,19th-Century) (Collections of
Musée des arts asiatiques-Guimet, Paris and Musée Chinois, Fontainebleau Castle); (d) a Limoges enamelled artefact
depicting St. Ignatius, founder of the Jesuits Missionary Company, assigned to Léonard II Limosin (ca. 1630; Collection of
Musée des arts décoratifs, Paris) [62].

Figure 15 compares the XRF data obtained from Chinese (a,b,c) and Vietnamese (c)
artefacts on the basis of the energy range in which the characteristic peaks of transition
metals are observed. Mn, Fe, Ni, Cu and Zn are unambiguously detected but detection of
Co can be sometimes doubtful since the cobalt K« peak overlaps the minor Kg peak of
iron. When the enamel layer is sufficiently thick to avoid contamination by the substrate,
the instrument software can determine the composition except for the light elements.
XRF detection can also be hard due to the superimposition of the stronger Ka peak of As
with the main peak of Pb (La), which is shown as an example in Figure 16.



Minerals 2021, 11, 633 32 of 42

mnFe Co c)

K Ca *
Si Fe N Chinese
ﬁk
0

[

|

Vietnamese

Intensity
Intensity

10 2 4 6 8 10
Energy / KeV Energy / KeV

Figure 15. Examples of XRF spectra of various Chinese (a, b and c) [196] and Blue Print Collection [24] and Vietnamese (c),
Chu Dau, Hua Luu, etc.) glazed sherds which represent different compositions of Co-containing blue pigments [21]. The
sherd in (a) represents a fragment of a charger with a gilin and (b) represents a fragmentary stem bowl, both attributed to
the productions of the Yuan Dynasty, 14th-Century [24].
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Figure 16. (a) Examples of enamelled watches and details of XRF spectra energy windows showing the signal of cobalt
and associated elements (Mn, Fe, Ni, Cu, Zn, and As) recorded on the 17th—18th-Century enamelled watches (on gold
alloy substrate, see [52]); (b) Raman spectra of enamelled watches recorded on the blue areas; cassiterite: 635-775 cm™
doublet; As-O bond at ~815 cm™™.

10.5. Enamels on Metals

Figure 16 shows representative pXRF and Raman spectra recorded on watches with
painted enamelled décor depicting famous paintings of the 17th- and 18th-Centuries that
led to an accurate dating of the artefacts. These rare and costly artefacts were made by
experts and were the first to use innovative enamelling technology in terms of mimicking
the technique of oil painting on small metal objects [52]. Comparison of the XRF and
Raman spectra shows very well how the detection of arsenic is easier with Raman mi-
crospectroscopy. The variability of the signals of elements associated with cobalt (Ni, Cu,
Zn and Mn) for similar objects of about the same date and origin points out that con-
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temporary craftsmen had used different ores or grades. The same conclusion was drawn
in the study of Limoges enamels dating from the end of the 17th-Century to the begin-
ning of the 18th-Century, where the artefacts were made either using As-containing or
As-free cobalt [185]. Thus, establishing a relationship between the set of elements in as-
sociation with cobalt and a production place and/or period of time appears to be an
oversimplification.

11. Conclusions

Obviously, before the development of chemical purification routes of transition
metals during the 20th-Century, minor and trace elements associated with cobalt pre-
served the signature of the geological context of cobalt ores. Three types of geological
contexts can be recognized, the primary ones where Co, Fe, Ni and Mn are mixed, the
secondary (hydrothermal) ones which are rich in As and S and the tertiary deposits. An-
cient processing routes eliminated some of the associated elements, such as Ag and Bi to
some extent. The elemental fingerprint of the cobalt pigment thus depends on many pa-
rameters and classification based on this loses its efficiency with the acceleration of the
technological innovation (i.e., after the Renaissance). However, correlations as well as
outliers identified in the phase diagrams derived from the compositional data support
evidence of changes being made in the technology due to the use of different ingredients.

Anisotropic distribution of the compositions observed whatever the place and pe-
riod of production in the phase diagrams is due to the heterogeneous composition of
cobalt ores. Thus, compositional characteristics must be considered from the statistical
point of view on a higher number of objects from the same production place and period.

Regarding the cases studied and considered in this review, except for the outliers
related to ingredients imported by long-distance trade, large differences between Otto-
man and Asian data support the use of local sources in priority. Historical records and
scientific analyses point out that different types of cobalt were used simultaneously to
produce the desired shades in different types of decoration for achieving aesthetical re-
quirements, most likely by the selection of different grades from the same geological or-
igins. The efficiency of Ni-Zn-As diagram proposed by Gratuze et al. as a classification
tool is confirmed but diagrams CoO-Fe203-MnO and CoO-NiO-Cr20s are mandatory to
identify the outliers that could prove the trade of cobalt ores. However, a much larger
scale of data obtained from the analyses of different artefacts and of the raw materials
excavated in ancient production centers such as Bohemia are required to establish the
relevance of these phase diagrams further and to facilitate the drawing of more reliable
conclusions. It should be noted that economic constraints in terms of time and cost are
also present in order to perform a series of microanalytical measurements for each arte-
fact studied to be able to discuss more effectively the origin of the cobalt pigments and
the technology used. Combination of optical spectroscopic techniques and pXRF is very
efficient to discriminate between the technology of colouration and their
non-invasiveness and mobility allow the study of masterpieces, providing unique in-
formation.
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