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a b s t r a c t 

This study investigates whether natural erythrite was used before 1520 as a source of arsenic-free cobalt 

products for the production of blue glass and glazes. Historical records on glass and ceramics suggest 

a shift in cobalt sources or processing techniques around this time, with earlier European cobalt blue 

glass and glazes being arsenic-free and later ones containing significant arsenic levels. The aim is to 

determine the specific transformations of erythrite during firing, how it interacts with other compounds, 

and whether it forms phases that do not retain arsenic. To explore this, we conducted thermal treatments 

of erythrite alone and in combination with historically relevant minerals to assess its transformations and 

potential for arsenic removal. Materials characterization has been performed by XRPD, HT-SR-XRPD, XRF, 

and SEM-EDS. 

The roasting of erythrite shows that the mineral decomposition begins at 227 °C, forming an amor- 

phous phase with maximum arsenic loss by 635 °C. At 560 °C, cobalt arsenates (monoclinic and tetrag- 

onal Co3 (AsO4 )2 ) crystallize, trapping arsenic within the structure. A transient cobalt arsenate appears at 

627 °C but disappears at 755 °C, while at 775 °C, a cobalt-rich, arsenic-poor phase (Co7 .8 As3 O1 6 ) forms. 

Therefore, arsenic remains locked within stable cobalt arsenates, indicating that simple roasting of ery- 

thrite, as could have been achieved in 14th–16th century ovens, is insufficient to eliminate arsenic below 

detectable limits in medium-resolution techniques such as PIXE and XRF. 

Further experiments following historical recipes using erythrite mixed with borax and calcite (as de- 

scribed by Isfahani) revealed the formation of an amorphous blue glass containing cobalt, arsenic, and 

boron, along with crystalline phases such as NaCa2 Co2 (AsO4 )3 , Ca3 (AsO4 )2 , as well as cobalt rich phases 

such as Co-borate (Co2 Fen .7 Nin .3 BO5 ), with SiO2 and Al2 O3 spinels ((Co,Ni,Fe,Al)3 O4 . 

© 2025 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY 

license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Cobalt chromogenic properties were known in Mesopotamia 

nd Egypt at the beginning of the third millennium B.C.: it was 

sed to give glass, enamels and powdered pigments a blue colour. 

t was exploited in the Mediterranean area, the continental Europe, 

he Near East and China. The glass industry in the Mediterranean 

rea and the continental Europe, demanded cobalt, with continuity 

rom the Egyptian epoch through the apex of the Roman Empire 

 1 ] and further on. The use of cobalt in ceramics is not as contin-

ous as in the glass industry; it shows a hiatus between the 1st 
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entury B.C. and the end of 8th century A.D., when it reappears in 

he Abbasids faience of the city of Suse [ 2 ]. 

The wide geographical distribution and the long-time span of 

he use of cobalt, entails the exploitation of different mines as well 

s the evolution of the ores treatment to improve the dyes and 

igments for the market. Significant examples of the diversity of 

roducts are the following. 

The blue Egyptian glass of the 18th dynasty (1550–1292 B.C.), 

ound in Amarna, contained cobalt extracted from the cobalt rich 

lums of the western oases of Kharga and Dakhla [ 3–5 ]. In the

arly Islamic Samarra faience (9th A.D.) cobalt is inferred to be 

xtracted from Co, Ni, Fe mixed sulphide (mainly linnaeite), com- 

letely oxidised after high temperature roasting and melting [ 2 ]; 

innaeite is inferred to originate in the Qamsar mine, where cobalt 

rsenate minerals also occur [ 6 , 7 ]. The production of Chinese 
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lue and white porcelain employed, under several dynasties, ei- 

her manganese rich local cobalt minerals (asbolane) or manganese 

oor minerals probably imported from Qamsar, the latter marked 

y the presence of arsenic [ 8 ]. 

Cobalt dyes and pigments used in and near Europe have been 

nvestigated, for example in French archaeological glasses [ 9 , 10 ] 

nd ceramics from France, Italy, Spain, Maghreb, Uzbekistan, Syria 

nd Egypt [ 11–17 ]. Both glasses and glazes, dated between the 

iddle of the 15th century and the early 16th century, are char- 

cterized by the occurrence of Co and Ni. In these objects, very 

ow As (below 100 ppm) has been detected by Instrumental Neu- 

ron Activation Analysis (INAA) [ 9 , 10 ] and was below detection 

imits in Particle-Induced X-ray Emission (PIXE) [ 12 , 13 ]. But the 

ore recent pieces of the ensemble, dated from the beginning of 

6th century onwards, are characterized by the presence of Co, 

i, Bi and As at high concentration (above 500 ppm and up to 

.7 % wt.). 

The whole of data shows a relatively sudden change of raw 

aterials in the transition between the 15th and 16th cen- 

ury A.D. The change is confirmed by the study of objects pro- 

uced in the della Robbia workshop in Florence and accurately 

ated between 1445 and 1550, thanks to the reported chron- 

cles of marriage celebrations, contracts of transports, tombs 

ounting, buildings construction and even by the date im- 

rinted on the piece. The della Robbia ensemble has allowed 

stablishing a sharp transition from an arsenic-free group of 

lazes to an arsenic-bearing one, around the year 1520 (-2, + 1) 

 18 ]. 

The composition of blue glazes after 1520 is compatible with 

he geology of the Erzgebirge area where cobalt mostly occurs in 

he so called quartz-bearing five elements associations (Ag-Bi-Co- 

i-As) [ 19 ] with the absolute predominance of cobalt arsenides 

uch as skutterudite (CoAs3 ), clinosafflorite (CoAs2 ), and the alter- 

tion product erythrite (Co3 (AsO4 )2 ·8H2 O) [ 20 ]. In addition, there 

s significant literature that attests a blue pigment request increase 

fter 1520 [ 21 ] and that cobalt from the Erzgebirge was massively 

roduced by roasting a selection of cobalt arsenides following the 

ncient process described by Johannes Kunckel [ 22 ]. 

The composition of blue glass and glazes from the middle of the 

5th century and the early 16th century is essentially arsenic free 

ut characterized (as well as the later production) by the presence 

f correlated Co and Ni, the transition to the later production be- 

ng marked by the appearance of As, dispersed in the amorphous 

hase in Pb/Ca/As acicular crystals [ 23 ] and of lower amounts 

f Bi. 

Two possible explanations have been proposed to account for 

he fast transition to As-bearing raw materials. (I) Dayton pro- 

osed that cobalt came as a by-product of smelting silver ore 

ontaining cobalt and heavier metals as impurities even at Mice- 

ean times [ 24 , 25 ]. (II) Soulier [ 9 ] supposed that before 1520

he cobalt was obtained by high temperature firing of erythrite 

Co3 (AsO4 )2 ·8H2 O). 

Indeed the coeval literature describes blue pigments long before 

520. In the “Fondaco dei Tedeschi” (the market place of the Ger- 

ans) of Venice caffaranum is mentioned in 1328 [ 1 ]. Antonio da 

isa mentions chafarone in his 1395 treatise adding that it comes 

rom Germany and it’s sold all over Europe [ 1 ]. Cennini in 1390–

437 describes a blue pigment as coming from la Magna (Germany) 

 26 ]. 

It is possible that a cobalt mineral without arsenic (e.g. 

phaerocobaltite (CoCO3 ), linnaeite ((Co2 + Co3 + )2 S4 ) and siegenite 

CoNi2 S4 )) was used before 1520 to produce cobalt based prod- 

cts for the glass and pottery industry. However the documented 

ide diffusion of cobalt from Germany, the relevance of the min- 

ng district of the Erzgebirge in the German economy and the 

bsolute predominance in the Erzgebirge area of Co-As minerals 
477
ave been considered in an attempt to link both kinds of cobalt 

roducts (with and without arsenic) to the same cobalt minerals 

rom the Erzgebirge; the distinction of the two being done by a 

ifferent mineral treatment. This is the approach we took in our 

ork. 

In order to unravel the possible ore treatments, Molera et al. 

 27 ] focused on skutterudite (CoAs3 ) as the primary cobalt mineral, 

emonstrating that roasting up to 900 °C, according to Kunckel’s 

escription, stepwise transforms skutterudite into an arsenic-poor 

ompound from CoAs3 to CoAs2 and finally to CoAs, but is not as- 

ociated with arsenic loss to account for As absence occurring in 

re-1520 glasses and glazes. Additionally, mixtures [ 27 ] intended 

o replicate those possible in the smelting of silver ore, as proposed 

y Dayton [ 24 , 25 ], and described by Agricola [ 28 ], failed to achieve

n almost complete loss of arsenic. We have also to remark the 

ubstantial absence of silver in the 15th and 16th centuries blue 

lazes from the della Robbia [ 13 ] and other productions [ 10 , 11 ] of

he same time. Silver is reported at ppm levels in much earlier pro- 

uctions like the Egyptian and Micenean one [ 24 , 29 ], the Pichvnari

th B.C. one [ 30 ] and the 7th-8th century A.D. glass from Beirout 

 31 ]. 

With the same aim, Matin and Pollard [ 7 ] addressed cobalt ore 

rom the historic mine of Kashan in present days Iran, particularly 

rythrite. They identified erythrite (Co3 (AsO4 )2 ·8H2 O), cobaltite 

CoAsS) and asbolane ((Co, Ni)1-y (MnO2 )2-x (OH)2–2x + 2y ·nH2 O) as 

he three minerals that belong to the Kashan ore. Dispersing the 

re in a water suspension, and selecting by sedimentation the 

ighter component, Matin and Pollard demonstrated that there is 

n enrichment in erythrite. Following the enrichment, they ex- 

erimentally reproduced the processes reported in ancient liter- 

ture from the area, roasting the mixtures up to 950 °C. Their 

esults suggest that the Kashan processed cobalt ore is high in 

s and Fe, and lacks Ni, Cu or Zn. Noteworthy, dendrites of 

o-As oxides and of Co-As-Fe sulphides were observed at the 

icroscale. 

. Research aim 

The goal of this work is to investigate whether natural erythrite 

as, before 1520, the source of arsenic free cobalt commercial 

roducts, used in the glass and ceramic industry to produce blue 

bjects whose composition was consequently arsenic free. Thermal 

reatments of erythrite, both alone and in combination with other 

istorically used minerals, were conducted. The study seeks to de- 

ermine the specific transformations of erythrite during firing, to 

nderstand how it interacts with other compounds and whether it 

orms phases that do not retain arsenic. 

. Materials and methods 

.1. Materials 

The natural cobalt ore from the Bou Azzer mine in Morocco 

ccurs as mm to cm thick purple veins in dark grey host matrix 

 Fig. 1 ). Manual separation of erythrite (pink to purple crystals) 

rom the thickest vein was followed by crushing and pulverisation 

n agate mortar. The replication of ancient mixtures was made by 

dding further components as detailed in paragraph 4.3. 

.2. Methods and analytical instruments 

The ore sample was cut and embedded in resin to obtain a thin 

ection for petrographic analysis by Transmitted Light Microscopy 

TLM) and a metallographic polished thick section for subsequent 

canning Electron Microscopy (SEM). 
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Fig. 1. Microphotographs of the ore from Bou Azzer. Starting from zone A (Reflected light OM) and B (SEM image) the subsequent enlargements (C, D, E, F, G, H, I, L) show 

SEM-EDS analysed spots (results in Table 1 ). 
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The ore and the mixtures were processed in two ovens sited at: 

) the Department of Chemistry and Industrial Chemistry (DCCI) of 

he University of Genoa and II) the Universitat de Vic- Universi- 

at Central de Catalunya (UVIC-UCC). The first is a TERSID tubu- 

ar oven, provided with an internal quartz pipe for arsenic fumes 

scape. The samples were placed in alumina vessels for stepwise 

eating up to 900 °C. The second is a forced ventilation HOBER- 

AL oven provided of a ceramic stage for stepwise heating up to 

00 and 1020 °C. The cooling ramp was controlled by an aspira- 

ion hood. 

The characterization of natural and processed samples was 

one by SEM, also associated with Energy Dispersive Spectrome- 

ry (SEM-EDS), X-Ray Powder Diffraction spectrometry (XRPD) and 

-Ray Fluorescence (XRF). 

The Scanning Electron Microscope model Vega3 TESCAN at the 

ISTAV (Department of Earth, Environment and Life Sciences) of 

he University of Genoa was operated at 20.0 kV and a work- 

ng distance of 15.0 mm. Compositional analysis was obtained 

y Energy Dispersion Spectrometry via the EDAX Apollo SDD de- 

ector. Analysis of spectra was performed by the eZAF method 

hrough the TEAM (Texture and Elemental Analytical Microscopy) 

DS software. The Scanning Electron Microscope model Zeiss GEM- 

NI (Shottky FE) at the Universitat Politècnica de Catalunya (UPC), 

as used in similar conditions (20.0 kV and a working distance of 

.0 mm). 

Natural and processed samples were analysed with the fol- 

owing XRPD diffractometers: a) Rigaku Miniflex equipped with 

 HPAD (HyPix-400 MF 2D) hybrid pixel array detector and a 

00 W X-ray source at the DCCI, University of Genoa operated 

t 40 kV between 5 and 90 °, with a step of 0.02” b) Bruker EN-

EAVOUR diffractometer operated at 38.28 kV from 5 ° to 90 °, 
ith a step of 2” at the DCCI, University of Genoa. Both instru- 

ents are equipped with a copper tube X-ray source ( λ= 1.5404 Å). 
478
iffractograms are interpreted using the X’Pert HighScore Plus 

oftware. 

High Temperature powder diffraction analyses in real time were 

erformed at Materials Science and Powder Diffraction beamline 

BL04-MSPD) at ALBA Synchrotron with the collaboration of their 

taff [ 32 ]. Erythrite and mixtures were ground in an agate mortar 

own to a final grain size below 80 μm before inserting them into 

 500 μm diameter quartz capillary for the high-temperature syn- 

hrotron powder X-ray diffraction experiment (HT-SR-XRPD). The 

easurements were performed in transmission mode while ro- 

ating the capillary to improve particle statistics at an energy of 

0 keV (wavelength λ = 0.4133 Å determined from a Si640d NIST 

tandard). Diffraction data were collected by a 6-module Mythen 

etector covering an angular range of 60 °(2 θ ) with a step size of 

.006 °. A FMB Oxford hot air blower was used to heat from room 

emperature (RT) to 400 °C at 20 °C/min, from 400 °C to 900 °C 

t 10 °C/min, kept at maximum temperature for about 1 hour, in 

he case of erythrite, and for 5 min, in the case of mixtures, then 

ooled down from 900 °C to RT at 20 °C/min. The blower tem- 

erature was calibrated from the Si640d NIST cell parameter re- 

ned from diffraction data collected at the same conditions as the 

amples. During the heating and cooling stages data collection was 

erformed sequentially with an acquisition time of 10 s. 

After firing, additional scans were taken along the capillary to 

btain XRD patterns of the mixtures fired at different tempera- 

ures. This is because the blower is in the central part, causing the 

est of the capillary to experience lower temperatures until reach- 

ng a section where the sample is not heated. These scans are valu- 

ble because they lack the displacement typical of scans taken dur- 

ng heating, making them particularly useful for interpreting the 

ew phases formed during the heating process. 

The evolution of relative amounts of As and Co during step fir- 

ng (see paragraph 4.2.2) was inspected by collecting XRF spec- 
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Table 1 

Composition (expressed in % weight element) of the materials analysed in the areas and spots shown in Fig. 1 . The possible corresponding compound is also indicated. In 

the Vivianite Group site M1 and M2 = Mg, Fe, Co, Ni, (Mn, Cu, Zn), while site X = As, (P). In the Oxide site A = As, Fe, Co, Ni. In the Lollingite Group A = Fe, Co, Ni and X = As, 

S, (Sb). In the Skutterudite Subgroup A = Fe, Co, Ni X = As, (Sb). In the Cobaltite Group A = Co, Ni, Fe, M = As, (Sb, Bi) and X = S , (Se). In the Tsumcorite Group A = Ca, (Pb) 

M = Fe, Co, Ni, (Mn, Zn, Cu) and X = As, (P, V). b.d.l. = below detection limit. 

Phase Erythrite Arsenolite Clinosafflorite-Skutterudite Cobaltite Fe-Co-Lotharmeyerite 

General formula M1M22 (XO4 )2 · 8H2 O A2 O3 AX2 -AX3 AMX AM2 (XO4 )2 (OH,H2 O)2 

(Vivianite Group) Oxides (Löllingite Group)- 

(Skutterudite Subgroup) 

(Cobaltite 

Group) 

(Tsumcorite Group) 

Zone ( Fig. 1 ) F F I I H L L F L F I L 

Spot 3 4 2 3 1 1 3 2 4 1 1 2 

Element % 

Mg b.d.l. b.d.l. b.d.l. b.d.l. 0.8 – – – – – – –

Ca – 0.3 0.2 – – – – – – – – 11.9 

Fe 0.8 3.1 1.8 0.9 1.4 0.4 0.3 0.2 2.4 1.9 0.6 22.6 

Co 19.6 20.4 19.0 18.8 18.6 0.4 0.7 0.7 20.6 20.7 28.4 2.0 

Ni 2.5 3.0 2.5 2.2 2.2 0.1 0.1 0.1 0.3 0.6 0.8 b.d.l. 

As 30.1 40.6 35.7 26.9 25.1 74.9 74.7 74.8 74.7 75.4 50.4 37.7 

S – 0.6 0.3 – – – – – 2.0 1.3 19.8 0.3 

O 15.9 21.6 18.4 14.6 14.7 24.2 24.2 24.2 – – – 24.5 

Total 68.9 89.7 78.0 63.4 62.9 100 100 100 100 100 100 99.0 

(Fe + Co + Ni)/As 0.96 0.84 0.83 1.04 1.13 0.01 0.02 0.02 0.40 0.39 0.75 0.87 
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ra from the Bruker Elio portable X-ray spectrometer at the DCCI, 

quipped with rhodium anode and operated at 30 kV. Incident 

eam diameter was 1 mm, and the X-ray spectra were collected 

y the 17 mm ² Silicon Drift Detector (SDD) with a CUBE (Bruker) 

reamplifier that allows energy resolution < 140 eV for Mn K α and 

etter peak/background value. 

. Results 

.1. Characterization of the natural ore 

.1.1. Textural and EDS compositional features 

The crosscutting veins of the Bou Azzer sample were investi- 

ated systematically by SEM-EDS microanalysis. 

Quantitative analyses of the examined spots, indicated by num- 

ers in Fig. 1 and reported in Table 1 , highlighted the presence of

ifferent mineralogical phases. 

The host rock consists of several minerals. The primary mineral- 

sation is composed by a grey, opaque mineral (spot 4, zone L and 

pot 1 zone F), which exhibits a (Fe + Co + Ni)/As atomic ratio close

o 0.4, intermediate between that of skutterudite (CoAs3 ) and cli- 

osafflorite (CoAs2 ). White mineral veins at spots 1 and 3 in zone 

 and spot 2 in zone F have a composition compatible with that of 

rsenolite (As2 O3 ). Idiomorphic prismatic crystals (spot 1 zone I) 

ave been identified as cobaltite (CoAsS). In spot 2 zone L, the ac- 

essory mineral was identified, based on the (Fe + Co + Ni)/As ratio, 

s Fe-Co-lotharmeyerite. 

The pink veins, that provided materials for the experiments 

escribed in the subsequent paragraphs, are mainly erythrite 

Co3 (AsO4 )2 ·8H2 O) as suggested by the higher Co/As atomic ratio, 

espite minor Fe and Ni substitution in the mineral. It appears as 

 polyphase aggregate consisting of a massive (spots 3, 4 zone F 

nd spots 2, 3 zone I) and a fibrous mineral (spot 1 zone H). 

.1.2. X-ray powder diffraction 

The SR-XRPD results indicate that the hand-picked pink to 

urple crystals from the vein are mainly erythrite (Co2.01 Fe 

.74 Ni0.25 )(AsO4 )2 ·8H2 O, International Centre for Diffraction Data 

CDD-code 01–086–0684) with minor content of clinosafflorite 

oAs2 and arsenolite As2 O3 ( Fig. 2 A, RT pattern; Fig. 1 supplemen- 

ary materials ). 
479
.2. Thermal treatment of erythrite ore 

.2.1. Continuous stepwise heating under synchrotron radiation 

To assess the erythrite phase stability under continuous heat- 

ng, an experimental run was carried out at the ALBA synchrotron 

acility in Cerdanyola del Vallés (Barcelona) up to 900 °C. The start- 

ng material was mainly erythrite with minor arsenolite and cli- 

osafflorite ( Fig. 2 A, RT pattern). At 227 °C erythrite began to de- 

ompose and at 285 °C only clinosafflorite and skutterudite were 

resent. Possibly, skutterudite occurred in the starting material, 

ut its peaks partially overlap those of erythrite and prevented 

dentification. From 227 °C to 635 °C an amorphous phase was 

ormed characterised by a very large background with two max- 

mum peaks at d-spacing 4.13 Å ad 2.66 Å. At 560 °C, the mon- 

clinic Co3 (AsO4 )2 (ICDD code 01–073–1093) and the tetragonal 

o3 (AsO4 )2 (ICDD code 01–074–1930) cobalt arsenates began to 

orm and fully developed at 620 °C; they remained stable during 

he heating and cooling process. At 627 °C another cobalt arsen- 

te Co3 (AsO4 )2 was formed but was unstable and disappeared at 

55 °C ( Fig. 2 A and B). Peaks of this phase have been attributed to

o3 (AsO4 )2 since, in the lack of a specific database they fit with a 

onoclinic structure like Zn2.28 Mg0.72 (AsO4 )2 (ICDD 01–085–0317). 

t 775 °C a rhombohedral cobalt arsenate rich in cobalt and poorer 

n As is formed (Co7.8 As3 O16 , ICDD 01–070–1528). The monoclinic 

nd tetragonal Co3 (AsO4 )2 and Co7.8 As3 O16 (ICDD codes 01–073–

093, 01–071–1930 and 01–070–1528) were stable also after the 

ooling cycle ( Fig. 2 A and B). 

.2.2. Step heating of erythrite powder 

This experiment was designed for longer heating durations 

ompared to the synchrotron experiment. A quantity of 0.0834 g of 

rythrite powder (ER) was thermally treated in the TERSID tubular 

ven (in an alumina crucible), according to the steps detailed in 

able 2 . Selected heating steps were inspected by XRPD and XRF. 

The highest weight loss was observed after heating at 250 °C 

 Table 2 ) while a total weight loss of 25.1 % was recorded at the

nd of heating process. 

The mineral and bulk composition of the untreated powder and 

hat resulting after heating at 450, 650 and 900 °C (7 h) was char- 

cterised by both XRPD (Bruker D4 ENDEAVOR) and XRF. Consider- 

ng the different performance of the D4-ENDEAVOUR diffractome- 

er, compared to that of the MSPD, the diffractograms obtained 



L. Bruzzone, L. Gaggero, J. Molera et al. Journal of Cultural Heritage 73 (2025) 476–487

Fig. 2. A: Erythrite structural changes during heating from room temperature (RT) to 900 °C (HT-SR-XRPD). The marked temperatures correspond to the transitions reported 

in the text. B: Thermal stability range of cobalt crystalline phases during heating. 
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n this mineral processing confirm the results given by the syn- 

hrotron: i.e. the relevant transformation of the ER mineral struc- 

ure – particularly the presence of a high background at 450 °C, 

ue to a large amorphous content of the powder– but at the 

ame time a limited arsenic loss on average because Co3 (AsO4 )2 

s formed at higher temperatures. 

The moderate arsenic loss is also observed in the XRF spectra 

ollected at various steps of the heating. In a fluorescence spec- 

rum, the area of elemental characteristic peaks is proportional to 

he number of atoms of the element in the sample. If we normal- 

ze the ratios to the same Co peak areas, the change in the ratio 

ill correspond to the relative change of the As quantity. The plot 

n Fig. 2 supplementary materials , proves that in the thermal pro- 

ess of Table 2 (four steps) that led to 900 °C, the As quantity did

educe progressively and ended at around 20 % bulk total loss, not 

istant from the loss observed while weighing the powder after 

ach step and at the end of the cycle. 

.2.3. Heating of the erythrite fragment 

Investigation of possible cobalt rich phases produced after heat- 

ng was also done on the ER pink-purple fragment roasted in the 
480
ERSID tubular oven according to the steps indicated in Table 2 , 

aintaining the maximum temperature of 900 °C for 14 h. In this 

ase the maximum weight loss was experienced after the long 

oasting at 900 °C, while a total weight loss of 41 % was measured 

t the end of the cycle. 

After all firings, the erythrite fragment was embedded in resin 

nd polished for SEM-EDS analyses performed with the Zeiss GEM- 

NI (Shottky FE) scanning electron microscope at the Universitat 

olitècnica de Catalunya. Table 1 supplementary materials reports 

he elemental concentrations for each point or area marked in 

ig. 3 and the elemental ratios of interest to this study. 

Even considering that the points measured before and after 

eating are not the same, the SEM results on the ER fragment, 

rove that new tabular crystals rich in Co and As are formed af- 

er heating at 900 °C for 14 h which correspond to Co3 (AsO4 )2 de- 

ected by XRD. Moreover, the cobalt content increases with respect 

o arsenic in the fired fragment. The average value of the atomic 

atio Co/As ranges from 0.79 in the natural ore (the parts roughly 

dentified with erythrite; see Table 1 ) to 3.02 after roasting for 14 h 

nd from an average value of the atomic ratio (Fe + Co + Ni)/As of

.96 in the natural ore to 3.57 after roasting. 
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Table 2 

Erythrite (powder and fragment) weight loss during step heating, RT = room temperature. ∗XRPD analyses were performed by the Bruker ENDEAVOUR diffractometer. 

Action Initial 

temperature 

Final 

temperature 

Gradient Time at constant 

temperature 

Initial 

weight 

Final 

weight 

Weight 

loss 

[ °C] [ °C] [ °C]/ [min] [min] [g] [g] [%] 

Erythrite powder 

Heating up to 250 °C RT 250 3 – 0.0834 – –

Roasting at 250 °C 250 constant 145 – – –

Return to RT 250 RT no-control – – 0.0673 23.9 

Heating up to 450 °C RT 450 7 – 0.0673 – –

Roasting at 450 °C 450 constant 145 – – –

Return to RT 450 RT no-control – – 0.0653 3.1 

Sampling for XRPD, XRF 0.0653 0.0577 

Heating up to 650 °C RT 650 10 – 0.0577 – –

Roasting at 650 °C 650 constant 180 – – –

Return to RT 650 RT no-control – – 0.0567 0.2 

Sampling for XRPD, XRF 0.0567 0.0533 –

Heating up to 900 °C RT 900 15 – 0.0533 – –

Roasting at 900 °C 900 constant 150 – – –

Return to RT 900 RT no-control – – 0.0527 1.1 

Sampling for XRPD, XRF 

Erythrite fragment 

Heating up to 200 °C RT 200 2 – 0.0509 – –

Roasting at 200 °C 200 constant 60 – – –

Return to RT 200 RT no-control – – 0.0492 3.4 

Heating up to 400 °C RT 400 4 – 0.0492 – –

Roasting at 400 °C 400 constant 60 – – –

Return to RT 400 RT no-control – – 0.0416 18.3 

Heating up to 900 °C RT 900 9 – 0.0416 – –

Roasting at 900 °C 900 constant 840 – – –

Return to RT 900 RT no-control – – 0.0323 28.8 

XRPD, SEM, EDS characterisations 
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Is this sufficient to explain why in PIXE analysis of dated della 

obbia sculptures, produced before 1520, arsenic was below detec- 

ion limits [ 12 , 13 ]? On around 60 sculptures studied and almost

00 analyses on blue glaze points, PIXE did not detect arsenic in 

20 of them. In case of arsenic absence, the PIXE spectra, decon- 

oluted by the Gupix analysis software [ 33 ], gave the values of Co

oncentrations in % weight, the arsenic minimum detection limit 

As MDL) in ppm and the ratios of the two quantities, which are 

eported in Table 2 supplementary materials . 

The As MDL distribution ( Fig. 3A supplementary materials ) has 

ts maximum around 750 ppm with an average of 1061 ppm, while 

he distribution of Co/As MDL ( Fig. 3B supplementary materials ) is 

uite extended, with its peak around 5, an average of 8.29 and a 

ew very high outliers. 

Reasonably considering the data of Table 1 supplementary ma- 

erials as representative of the average composition of roasted ery- 

hrite, Co results at an average of 46.56 % weight and As at an av-

rage of 21.66 % weight. Therefore reducing e.g. cobalt to 0.654 % 

eight ( Table 1 supplementary materials ) would bring As down to 

.30 % weight (30 0 0 ppm), exceeding the average MDL found in 

he della Robbia pieces, i.e. 1061 ppm. Arsenic, although reduced 

y the selection of erythrite, maybe by precipitation [ 34 ] and fur- 

her reduced by roasting should have been detected in the PIXE 

nalysis. 

.3. Ore treatment according to ancient recipes 

Several accounts of ore processing, not limited to the ore roast- 

ng, have been reported in ancient literature or have been passed 

n, by tradition, until documented in recent times. Some have been 

eproduced using skutterudite by Molera and coauthors [ 27 ]. 

To explore further recipes with erythrite, we reproduced the 

ecipe given by Isfahani [ 35 ], first replicated by Matin and Pol- 

ard [ 34 ]. The mixture consists of 10 parts of ore powder, 5 
481
arts of “bureh-i-Yazd ” (ulexite or borax according to literature) 

nd 5 parts of “Tangar ” (identified as borax). Ulexite has formula 

aCaB5 O9 ·8H2 O. In the lack of ulexite, the mixture “bureh-i-Yazd ”

nd “Tangar ” was replaced by borax (Na2 B4 O7 �10(H2 O)) and cal- 

ite + calcium oxide obtaining a mixture identified as EM, com- 

osed of powdered erythrite ore (0.4002 g), of borax (0.3092 g) 

nd of calcite + calcium oxide (0.0908 g). The mixture has been 

eated in the TERSID tubular oven at the University of Genoa in- 

ide an alumina crucible. The temperature was increased for 30 

in up to 250 °C and maintained for an hour, then it raised in one

our up to 900 °C and remained at this value for 7 h. After that,

he oven was switched off and left cool down to room tempera- 

ure. The result was a solid body intermixed with the alumina cru- 

ible (that showed partly a blue colour). As much as possible of the 

roduced body was recovered by breaking the crucible: part was 

round for XRPD analysis and part was embedded in resin and pol- 

shed for observation under polarized light and polished for SEM 

nalysis. 

The EM mixture (made with the same proportions detailed 

bove) was heated up to 1020 °C in the HOBERSAL oven, over a 

aolinitic crucible. The maximum temperature was reached after 

0 h and was maintained for 30 min, then the oven was switched 

ff. The heated mixture was characterised by SEM-EDS. 

Other recipes for preparing cobalt pigments and dyes have been 

eported in literature by Olmer [ 36 ], Rochechouart [ 37 ], Schindler 

 38 ], Krieg [ 39 ]. All of them use borax as the main flux [ 7 , 34 ].

s regard erythrite the present work was limited to the Isfahani 

ecipe. We have reproduced those of Schindler and Krieg [ 38 , 39 ]

ut only with clinosafflorite [ 40 ] which falls beyond the scope of 

his paper, focused on erythrite. 

.3.1. XRPD analysis of the EM mixture heated at 900 °C and 1020 °C 
The reaction of erythrite with borax and calcite + calcium ox- 

de after heating at 900 °C is evident in the diffractogram by HT- 
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Fig. 3. SEM-BSE microphotographs of the roasted erythrite fragment (ER) zones. Boxes indicate addressed areas for spot analyses (results in Table 1 supplementary materials ). 
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R-XRPD synchrotron experiment. Three main phases ( Fig. 4 ) are 

dentified: 1) a Na- Ca- and Co- arsenate (NaCa2 Co2 (AsO4 )3 ), 2) Ca- 

rsenate (Ca3 (AsO4 )2 ) and 3) Co- borate (Co3 BO5 ). Notably, a high 

ackground is due to the presence of a vitreous matrix. 

At 1020 °C the mixture was fired inside a kaolinitic crucible. 

he reaction with SiO2 and Al2 O3 from the crucible gives a sil- 

ca blue glass, and calcium sodium aluminosilicates are formed be- 

ides Na-, Ca- and Co- arsenates. It is not possible to identify Co- 

udwigite or Co, Ni spinels in the XRD pattern. 

.3.2. Microscopic and compositional features of EM mixture heated 

t 900 °C and 1200 °C 
After heating at 900 °C for 7 h, correlative images ( Fig. 5 A and

) under TLM show a blue dark matrix, pink euhedral crystals and 

adial acicular dark crystals. The SEM analysis was performed with 

he GEMINI (Shottky FE) scanning electron microscope at the Uni- 

ersitat Politècnica de Catalunya ( Fig. 5 C to 5 H). 

The composition of the material was measured by EDS on 17 

pots, some corresponding to a point, some to a scanned area 

 Fig. 5 and Table 3 ). Analysis of the bright crystals at SEM (pink

rystals in TLM) confirms that they correspond to NaCa2 Co2 (AsO4 )3 

 Fig. 5 spots 2, 3, 8, 13 and 14) previously identified by HT-SR- 

RPD. The acicular crystals and amorphous phase contain boron 
482
 Fig. 5 spots 6, 9, 10 and 11) and are borates rich in Co, Fe and

i. They correspond to the Co-ludwigite orthorhombic phase pre- 

iously identified by HT-SR-XRPD. SEM-EDS analyses gives a com- 

osition of Co2 Fe0.7 Ni0.3 BO5. The amorphous phase ( Fig. 5 spots 

, 7, 16 and 17), dark blue under transmission optical microscopy 

nd black under SEM-EDS, has the following element weight per- 

entage composition: 9.79 % B, 45.71 % O, 10.01 % Na, 1.49 % Al, 

.47 % Si, 0.68 % S, 0.03 % K, 4.33 % Ca, 0.55 % Fe, 15.93 % Co, and

1.01 % As. 

The results in Table 3 demonstrate that in the mixture the fi- 

al Co/As atomic ratios can reach much higher values than in the 

rythrite alone, after heating at the same temperature, in corre- 

pondence with the acicular, hexagonal or rhombic section crystals 

dentified in Fig. 5 (zone F, points 6 and 9; zone G, points 10, 11

nd 12). 

At 1020 °C, the mixture reacted with the silica and alumina of 

he kaolinitic crucible, and the final roasted mixture is completely 

lue ( Fig. 6 ). The amorphous phase contains SiO2 (53.0 wt. %), 

l2 O3 (20.9 wt. %), Na2 O (9.4 wt. %), CaO (4.4 wt. %), K2 O 

1.4 wt. %), FeO (1.0 wt. %), NiO (0.6 wt. %), As2 O3 (1.8 wt. %) and

oO (6.0 wt. %) ( Fig. 6 C area 2). 

Boron was above detection limit ( Fig. 7 ) in the amorphous 

hase but could not be quantified. At SEM the bright crystals cor- 
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Fig. 4. SR-XRD patterns of the mixture EM before heating (RT) and during the thermal treatment at 400 °, 600 ° and 900 °C. The pattern at the top represents the mineral 

composition of the EM mixture heat-treated for 7 h at 900 °C inside the TERSID tubular oven. Symbols indicate the identified structures. Phases listed in italic correspond 

to virtual structures and not to real phases in the mixture, due to lack of Mg, Cu, Cd and Zn. 
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espond to NaCa2 Co2 (AsO4 )3 ( Fig. 6 spot 1), and other elongated 

right crystals only contain Co, Fe and Ni ( Fig. 6 spot 4). These

rystals do not contain B and could possibly correspond to Fe, Ni, 

o spinels which recall the pigment relics identified by Kleinmann 

 6 ] in Early Islamic blue glazes. 

The transformation of Co3 BO5 into Co3 O4 takes place at tem- 

eratures above 150 °C [ 41 ]. Therefore, Co3 BO5 could be converted 

n cobalt oxide (spinel, Co3 O4 ). The Co/As atomic ratio increases 

urther, again in correspondence with crystal structures embedded 

n the fused body ( Fig. 6 , zone C spectrum 4). 

. Discussion 

Our investigation on possible thermal treatments that erythrite 

ould have undertaken in the past, to obtain a cobalt secondary 

roduct to be used in the production of blue glass and ceramics 

as produced the following relevant evidence. 

XRPD demonstrated that erythrite breaks down upon heating, 

orming an amorphous phase from 227 to 635 °C with the maxi- 

um weight and As loss. Then, at 560 °C, it begins to crystallize 

s different cobalt arsenates (Co3 (AsO4 )2 , monoclinic, tetragonal), 

nd arsenic is retained in the new crystals and cannot be liber- 

ted from the fired powder or the fragment. At 627 °C an unsta- 

le cobalt arsenate is formed and disappears at 755 °C. Finally at 

75 °C a poorer arsenic cobalt arsenate (Co As O ) is formed. 
7.8 3 16 

483
herefore, three different cobalt arsenate phases remain at 900 °C 

etaining arsenic. 

This explain why the simple roasting of erythrite up to 900 °C, 

s could be reached in 14th-16th century ovens, is not enough to 

emove the arsenic, neither completely, nor to such an extent to 

ake it undetectable in medium resolution techniques, like PIXE 

nd XRF. This is parallel to what has been found for skutterudite 

 27 , 42 , 43 ] and erythrite [ 34 ] in previous works. In the bulk, XRF

nalyses show a 22.4 % loss of arsenic with respect to Co. Similarly, 

EM-EDS analysis on scattered points of a fragment of erythrite 

eated up to 900 °C gives an atomic ratio Co/As that goes from a 

inimum of 1.37 to a maximum of 6.19, not compatible e.g. with 

nding arsenic below detection limit in artistic 15th-16th century 

culptures [ 12 , 13 ]. 

The most plausible hypothesis is that to obtain cobalt rich 

hases without arsenic from erythrite it is necessary to study the 

hermal treatment of a mixture of ingredients, prepared, as closely 

s possible, according to ancient recipes. In the present study 

e obtained new information on crystal and amorphous phases 

resent after heating the erythrite mixed with borax and calcite, 

ccording to Isfahani [ 35 ]. With borax and calcite an amorphous 

lue glass is formed containing Co, As and B among others. Be- 

ides, NaCa2 Co2 (AsO4 )3 and Ca3 (AsO4 )2 we observed the forma- 

ion of Co borate acicular crystals (Co-ludwigite), with a lower Fe 

nd Ni content and much lower As. These acicular crystals, not 
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Fig. 5. Microphotographs of mixture EM after heating at 900 °C for 7 h. Zones A and C, and B and D show a comparison between transmitted light OM (TLM) and SEM,. E, 

F, G and H are enlargements showing the spots and areas analysed by SEM-EDS (results in Table 3 ). 
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bserved before, have been identified by XRPD and SEM-EDS as 

o2 Fe0.7 Ni0.3 BO5 . 

Like the findings of Molera et al. [ 27 ] in their work on skut-

erudite, it has been observed that a blue amorphous phase con- 

aining cobalt is formed, including different arsenates of Ca, Na, 

nd Co. Sodium from borax and calcium from calcite favour the 

ormation of these arsenates. These results parallel what Molera 

t al. [ 27 ] found in skutterudite mixtures, where Pb and Ca pro-

oted the formation of arsenate crystals (Ca,Pb)5 (AsO4 )3 (F,Cl,OH), 

ut in that case with a hedyphane structure. With borax and cal- 
484
ite, the structure of the arsenates is not hedyphane (hexagonal), 

ut instead, NaCa2 Co2 (AsO4 )3 and Ca3 (AsO4 )2 are formed. 

The amorphous blue glass contains also Co, As and B. Therefore, 

he roasting process of erythrite mixture would result in a blue 

lass that could have been crushed and ground to be sold as cobalt 

igment. In any case, since arsenic does not completely disappear 

nd remains trapped in the crystalline phases of sodium, calcium, 

obalt arsenates, or even in cobalt arsenates, such treatments do 

ot explain the low arsenic content in ceramics dating before A.D. 

520. 
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Table 3 

The composition in % weight element of the materials analysed in the areas and spots shown in Figs. 5 and 6 for the EM mixture fired at 900 °C or at 1020 °C, b.d.l. = below 

detection limit. D.N.Q. = Detected but Not Quantified. 

Zone Spectrum 

(Point/Area) 

% Weight elements Atomic ratios 

B O Na Mg Al Si S K Ca Ti Fe Co Ni As Total Co/As (Fe + Co + Ni)/As 

Mixture EM 900 °C 

E 2 A b.d.l. 29.1 4.4 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 13.9 b.d.l. 0.4 18.5 2.5 31.1 100 0.76 0.88 

3 P 28.4 4.2 13.8 0.7 18.8 2.4 31.7 100 0.75 0.88 

5 A 45.5 13.1 2.9 0.4 1.0 5.9 0.5 18.3 b.d.l. 12.4 100 1.88 1.93 

F 6 P b.d.l. 37.1 8.3 b.d.l. 2.2 0.3 0.5 b.d.l. 2.2 b.d.l. 7.9 30.3 3.5 7.7 100 5.02 6.99 

7 A 46.7 11.6 2.7 0.4 0.9 5.9 0.5 19.2 b.d.l. 12.0 100 2.04 2.10 

8 P 28.9 4.4 b.d.l. b.d.l. b.d.l. 13.7 0.8 18.6 2.2 31.5 100 0.75 0.87 

9 P 39.4 8.5 2.5 0.6 0.4 2.3 6.5 28.4 3.2 8.0 100 4.49 6.09 

G 10 P b.d.l. 29.2 b.d.l. b.d.l. 1.2 b.d.l. b.d.l. b.d.l. 0.3 b.d.l. 14.7 45.1 7.3 2.2 100 26.16 39.46 

11 P 30.2 b.d.l. b.d.l. 13.9 46.0 6.9 3.0 100 19.16 26.17 

12 P 30.4 2.7 1.0 0.6 12.8 42.7 6.0 3.8 100 14.33 20.90 

13 P 26.9 4.2 b.d.l. 14.6 0.7 19.7 2.1 31.7 100 0.79 0.91 

14 P 26.8 4.5 0.3 14.2 0.7 19.5 2.4 31.5 100 0.70 0.92 

15 A 45.4 13.5 2.2 0.6 0.8 6.0 0.7 18.5 b.d.l. 12.3 100 1.91 1.98 

H 16 P 8.71 45.9 8.3 b.d.l. 1.9 1.5 0.9 b.d.l. 5.4 b.d.l. 0.7 16.6 b.d.l. 10.1 100 2.10 2.19 

17 P b.d.l. 39.0 9.1 2.5 b.d.l. 1.3 8.9 1.1 26.1 12.0 100 2.77 2.89 

Mixture EM 1020 °C 

B 1 P b.d.l. 34.7 3.9 1.0 0.3 1.11 b.d.l. b.d.l. 12.5 b.d.l. b.d.l. 14.3 1.4 30.7 100 0.59 0.65 

C 2 P b.d.l. 48.5 6.7 b.d.l. 10.4 24.25 b.d.l. 1.2 3.3 b.d.l. 0.6 4.0 b.d.l. 1.1 100 4.47 5.23 

3 P 39.3 1.1 1.5 4.7 9.13 b.d.l. 8.8 b.d.l. 27.2 8.2 100 4.22 4.22 

4 P 26.4 b.d.l. b.d.l. 2.9 0.85 0.2 0.5 13.0 35.4 19.8 1.0 100 46.87 91.41 

5 A 39.5 1.9 2.4 9.06 4.0 b.d.l. 0.7 37.8 b.d.l. 4.5 100 10.58 10.79 

D 6 P b.d.l. 49.6 5.1 b.d.l. 13.4 24.98 b.d.l. b.d.l. 5.9 b.d.l. b.d.l. 0.8 b.d.l. 0.1 100 6.70 6.70 

7 P 47.5 4.1 7.6 17.32 0.7 7.1 12.3 3.2 100 4.85 4.85 

Fig. 6. Microphotographs of mixture EM after heating at 1020 °C. Zone A shows the mixture under the stereomicroscope. Zones B, C, D are SEM images with spots and areas 

analysed by SEM-EDS (results in Table 3 ). Scale bar in photos. 

485
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Fig. 7. SEM-EDS spectra of glass and crystalline phases in mixture EM heated at 900 °C (A) and at 1020 °C (B). On the upper part, the detail of the boron peak in all EDS 

spectra (compositions in Table 3 ). 
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. Conclusions 

In conclusion, this study has allowed for the identification of 

he crystalline phases that form during the firing of erythrite and 

he mixture of erythrite with borax and calcite, some of which 

etain arsenic (Co3 (AsO4 )2, Co7.8 As3 O16, NaCa2 Co2 (AsO4 )3 and 

a3 (AsO4 )2 ). Furthermore, it has been possible to precisely deter- 

ine the composition and structure of the acicular “arsenic-free”

rystalline phases. In this case, they correspond to borates rich in 

o, Fe, and Ni with a Co-ludwigite structure (Co2 Fe0.7 Ni0.3 BO5 ) and 

ith SiO2 and Al2 O3 spinels (Co,Ni.Fe,Al)3 O4 . Therefore, the iden- 

ification of acicular crystals rich in Co, Ni, and Fe will require 

urther analysis of ancient ceramics to determine if they contain 

oron or not. The detection of boron is not easy because it is a 

ight element, and its detection must be done under very high- 

esolution. However, it is an interesting result as it will help deter- 

ine if boron was indeed used in pigment production. 

In conclusion, since arsenic is uptaken in the crystalline phases 

f sodium, calcium, and cobalt arsenates, such treatments fail to 

xplain the low arsenic content found in ceramics dating before 

.D. 1520. However in the current work we have demonstrated 

hat cobalt may form “arsenic-free” crystalline phases with iron 

nd nickel. 
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