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ABSTRACT: This paper examines the production technology of EGYPTIAN BLUE FROM KOs (GREECE)

Egyptian blue, an ancient artificial pigment, through the
investigation of an unsuccessfully produced pellet derived from
the Hellenistic production site of Kos (Dodecanese, Greece). This
heterogeneous material was investigated by a combination of
laboratory and synchrotron radiation-based (SR) techniques:
scanning electron microscopy coupled with energy-dispersive X-
ray spectrometry, micro-Raman spectroscopy, high-resolution SR
micro-X-ray fluorescence spectroscopy, and SR micro-X-ray
absorption near-edge structure spectroscopy (XANES), at the
ID21 beamline of the European Synchrotron Radiation Facility.
Principal component analysis of a large dataset of 171 micro-
XANES spectra acquired on the archaeological samples and on a series of reference copper compounds emphasizes high variations of
XANES features due to different speciation and also orientation effects, as demonstrated by the simulated XANES spectra. The
results indicate that, rather than inadequate firing temperatures that could have led to the reddish cuprite (Cu,O), unsuccessful
production may occur due to the use of inappropriate starting materials, which contain an unusually high iron content. The
contextual interpretation underlines the intertwined relationship between the production of Egyptian blue and metallurgy.
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gyptian blue (EB) is often described as the first artificially

produced material used as a pigment.'~* First occurring in
Egypt in the 4th millennium BCE,” the use of EB quickly
spread throughout the ancient Mediterranean world, becoming
the main blue pigment of the artist’s palette until the 4th
century CE.*° In the Aegean, EB has a long history of use,
being the main blue pigment from the 2nd millennium BCE.”
In most cases, however, EB is considered an imported material,
indicating trade with the known Egyptian and Italian
production sites.® Despite the broad application of EB in
ancient Greek polychromy,”'” evidence for the production in
the Aegean is so far limited to a late Hellenistic (1st century
BCE) site on Kos, where several EB pellets were found in the
context of a metallurgical and pigment workshop.'""

EB is a multicomponent material, produced by firing a
mixture that contains copper, silicon, calcium, and an alkali flux
at temperatures ranging from 850 to 1050 °C.'”" The
material’s blue color is primarily attributed to copper calcium
tetrasilicate crystals (CuCaSi O, naturally occurring as
cuprorivaite).'*™'® The presence of a copper-containing glassy
phase in EB finds possibly contributes to the blue color of the
pigment.z’17

The production of EB is a complex process requiring raw
materials derived from various sources and specialized
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knowledge of pyrotechnological processes. Vitruvius provides
us with a partial reconstruction of this process through his
description of EB production at the 1st century BCE workshop
of Vestorius in Puteoli (the modern Pozzuoli in southern Italy)
(Vitr. De arch. 7.11.1-2)." According to his narration, a finely
ground mixture of the starting materials (sand, natron, and
coarse filings of Cypriot copper) is moistened with water and
shaped into rounded pellets. The pellets are then dried and
placed into earthen vessels, which ensured a uniform firing of
the materials in the kiln. Such small EB pellets (1-2 cm
diameter) have been found in Graeco-Roman archaeological
contexts, with their particular shape thought to facilitate firing
and trade.”"”

Previous elemental, mineralogical, and isotopic character-
ization of EB finds complements Vitruvius’ description. At the
same time, the former demonstrated variations in the
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Figure 1. (a) Town plan of Kos. The pigment production and metallurgical workshop was found at the eastern sector of the ancient agora of Kos
[indicated by a star in (a)]; (b) plan of the workshop (after*") with the fire structure where the majority of the EB pellets were found; (c) selection
of successfully and unsuccessfully produced pellets of EB found at the above fire structure. (a,)b) are reproduced from refs 41 and 11 respectively.

Copyright 2021 American Chemical Society.

production processes and the use of raw materials, suggesting
the operation of different workshops during the Hellenistic and
Roman periods.'””>* When it comes to the starting materials,
archaeometric studies on EB samples show that the preferred
silicon source was (clean”) quartz sand.”** Calcium was most
likely naturally contained in the sand used.”'*** Additional
calcium-containing materials might have been added in cases
of low calcium content sands to ensure the correct
stoichiometry.”* Traces of tin and lead, identified through
elemental analyses on ancient samples, suggest the use of
(leaded) bronze filings as a copper source, thus implying the

recycling of copper alloys."”'%*****” The presence of alkali
oxides (K,O and/or Na,0) as fluxing agents is necessary for
the production of EB, as they contribute to the dissolution of
quartz at the temperatures achievable by the ancient
craftspeople.””'>***® The alkalis could be introduced uninten-
tionally as feldspars and clay minerals from the sand or,
deliberately, in the form of natron, a natural evaporite widely
used for the production of glass, and/or potassium carbonate
from soda-rich plant ashes.”"'?*****° The firing process
would have lasted several hours at a temperature typically
between 900 and 1000 °C," as exceeding 1050 °C results in

https://doi.org/10.1021/acs.analchem.1c02063
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Figure 2. (a) Sectioned successful and unsuccessful EB pellets from the production site of Kos. The successful pellet (bottom) has a homogeneous
blue color, whereas the unsuccessful one (top) is heterogeneous and features brown, green, and blue areas. The sampled areas are indicated by
white dots. The first four sampled areas were prepared as cross sections, whereas sampled area 5 was analyzed by SEM—EDS as an unmounted
fragment; (b) micrograph of the cross section of sample 1, retrieved from the brown area where blue crystals (cuprorivaite) are observed; (c)
micrograph of sample 2, retrieved from the blue-to-green area, where cuprorivaite crystals and quartz particles are observed; (d) micrograph of
sample 3, retrieved from the green area; (e) micrograph of sample 4, retrieved from the green area.

. . 1631,32 .
the decomposition of cuprorivaite.'”*"** An oxidizing

atmosphere was, in addition, necessary for the synthesis of
cuprorivaite.33

Excavations carried out on the island of Kos in the 1980s by
the Ephorate of Antiquities of the Dodecanese, under the
supervision of Kantzia, brought to light a late Hellenistic
workshop space, where numerous rounded EB pellets were
unearthed.'"'* The excavation finds include 136 EB finds and
numerous earth pigment lumps'"'>**** (Figure 1). The
majority of the EB pellets (98) were found in the context of
a fire structure (Figure 1b). These pellets vary in size, shape,
texture, and color and include blue, green/blue, and even gray
and purple finds (Figure 1c). As EB is a stable material, the
observed color variations cannot be attributed to weath-
ering”®?” but rather relate to the production process. Based on
the current understanding, this depends on the following
factors: (i) the firing conditions (temperature, atmosphere, and
firing time in the kiln); (ii) the starting materials and their
degree of purity; and (iii) the operational sequence (ratio of
the starting materials, the degree of grinding/mixing, single or
double firing, and so on).

On the basis of their color, the EB finds can be characterized
as “successful” and “unsuccessful” products. Variations of the
abovementioned factors and conditions would contribute to
the outcome of the production. The presence of the
unsuccessfully produced pellets in the context of a workshop
can be considered as evidence for the production of EB on the
island of Kos.'""> Unsuccessfully produced EB finds have not
been documented at other production sites. The green color of
some of the EB pellets should not be confused with the
Egyptian green pigment””**~** (which was obtained with the
same starting materials, but in different proportion, and whose

color is mainly due to the presence of a silica-rich copper phase
and parawollastonite®®), as it appears only on limited areas of
the pellets and cannot be considered as the intentional
outcome of a production process (Figure 1c).

Two EB pellets from the Koan workshop have been the
subject of previous research.'’ The two finds (Figure 2a) were
sectioned, showing that the color alteration of the unsuccess-
fully produced pellet is not restricted to the surface but
continues throughout the whole body of the pellets (Figure 2).
Given the conservation conditions of the site, it is unlikely that
such color alteration can be due to any weathering phenomena.
Approximately half of each pellet was analyzed by atomic
absorption spectroscopy (AAS) and scanning electron
microscopy (SEM) coupled with wavelength-dispersive X-ray
spectrometry, aiming to shed light on the production process.
Based on the reported results, we note that the unsuccessful
sample has an excess of iron compared to the successful one.
Moreover, a lower alkali content is observed for the
unsuccessful pellet, and the CuO/CaO mass ratio is higher
(4.53) when compared to the successful one (1.38). These
observations suggested that the starting materials influenced
the production of EB, without providing conclusive informa-
tion about the process.

This paper revisits EB manufacture at the late Hellenistic
workshop of Kos, through the study of the unsuccessful EB
production by microanalytical and synchrotron-based techni-
ques.

Due to the limitations in sampling, the study was carried out
on the pellet previously sectioned."' Four samples were
retrieved from macroscopically distinct areas in the un-
successful pellet (brown, green, and blue zones) and were
prepared in cross sections (Figure 2). The main objective was

https://doi.org/10.1021/acs.analchem.1c02063
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to investigate whether copper species different from cupror-
ivaite are present in the samples and if these contributed to the
brown color of the unsuccessful production. The samples were
preliminarily examined by optical microscopy (OM) and SEM
coupled with energy-dispersive X-ray spectrometry (EDS).*
Micro-Raman spectra were recorded on specific points to
characterize the different phases and confirm the presence of
cuprorivaite in the blue areas.*” Spatially resolved information
on the chemical composition and crystal chemistry of the
copper-containing compounds were collected by Cu K-edge
micro-X-ray absorption near-edge spectroscopy (micro-
XANES) and micro-X-ray fluorescence (micro-XRF) at the
ID21 beamline of the European Synchrotron Radiation Facility
(ESRF) in Grenoble (France).* High-resolution synchrotron
radiation (SR) X-ray techniques are considered ideal for
studying heterogeneous materials such as EB.”~* By
combining these, we aimed to localize copper species at a
submicrometric resolution and a millimetric field of view.
Elemental distribution maps were then obtained from scanning
micro-XRF. Micro-XANES spectra were collected from specific
locations, revealing the elemental speciation in both
amorphous and crystalline phases.”” By acquiring a large
number of XANES spectra, and statistically comparing them
with those from the commercially available EB and a series of
references containing Cu at different oxidation states and
associated to different anions, we aimed at assessing the
possible spectral signatures and the presence of Cu phases
(other than cuprorivaite) that could contribute to the color
alteration.

B EXPERIMENTAL SECTION

Materials and Sample Preparation. Four samples from
macroscopically diverse regions of the heterogeneous un-
successful EB material were embedded in Technovit 2000LC
light-curing resin based on methacrylate, using EasySections
(precast poly(methyl methacrylate) blocks with wells by
VWFecit, London, UK). The samples were oriented using a
stainless steel needle, and the light-curing resin was poured
with a disposable pipette. The prepared embedded samples
were cured under blue light for 5—10 min in the Technotray
light polymerization unit (Kulzer GmbH, Wehrheim, Ger-
many). Covering varnish was applied, and the cast samples
were left overnight. The cured sections were polished using a
series of Micromesh polishing sheets of increasing grit size up
to 12,000 mesh/in.

Reference XANES spectra were obtained from the following
materials. EB (<120 um), atacamite (Cu,CI(OH)s, standard,
0—120 pm), dioptase (CugSiO;5-6H,0, <40 um), and
malachite (Cu,CO;(OH),, natural, standard, 0—120 um,
ground and sieved) were supplied by Kremer Pigmente
(Aichstetten, Germany). Cuprite (Cu,O, >99.99% trace
metal basis, anhydrous) and tenorite (CuO, 99.999% trace
metal basis) were supplied by Sigma-Aldrich (Oslo, Norway).
The spectra of copper acetate (Cu(OAc),), copper resinate,
cuprorivaite, and copper sulfate pentahydrate (CuSO,-SH,0)
were taken from the spectral internal database of the ID21
beamline. For the SR analyses, the reference materials were
placed between two 4-um thick Ultralene foils (Spec,
Certiprep) and mounted vertically on an X-ray microscope.

Optical Microscopy. The cross sections were examined
using a Zeiss Axioplan 2 microscope at magnifications of 20X
and 50X with polarized light. The images were tiled using the
ZEN pro 2012 software.

Scanning Electron Microscopy Coupled with Energy-
Dispersive X-ray Spectrometry. An FEI Quanta 450
scanning electron microscope coupled with an Oxford X-
Max" 50 SSD detector was used for the analysis. The
measurements were performed without conductive coating of
the samples in a low vacuum mode to avoid charging and at an
accelerating voltage of 20 kV. The instrument was operated
using the AZtec 3.1 SP1 software by Oxford Instruments. The
spot size and working distance were modified depending on
the sample.

Micro-Raman Spectroscopy. Raman spectra of the cross-
sectioned samples were recorded using a confocal Renishaw
inVia Reflex Raman microscope equipped with a grating of
2400 mm™' (vis) and a 1040 X 256 pixel RenCam CCD
detector. The instrument uses edge filters (low-pass dielectric
filters) to collect the Stokes part of the spectrum. The Raman
microscope is equipped with a set of objectives of increasing
magnification, which were used for the localized analysis
(Olympus Plan FL N 20%/0.40, Leica N PLAN EPI 50%/0.75,
N PLAN 100x/0.85). The measurements were obtained using
the 514 nm laser probe in a spectral range from 86 to 1447
cm™". The slit opening was set to 65 yum. Laser power (from S0
to 100%), exposure time (3—10 s), and the number of
accumulations (1—100) were modified depending on the
sample’s micromorphology. All measurements were performed
at room temperature. Raman spectra were collected from the
commercial reference samples, EB, tenorite, dioptase, and
malachite (Supporting Information Figure S1). The obtained
Raman spectra were compared with the spectra from RRUFF*®
and the Handbook of Raman Spectra (free database 2000—
2019, Laboratoire de Géologie de Lyon ENS-Lyon France).

Micro-XRF and Micro-XANES. Micro-XRF measurements
were performed at the ID21 X-ray microscopy beamline at the
European Synchrotron Radiation Facility (ESRF, Grenoble,
France) using the SXM-II microscope.” The primary beam
energy was tuned at the Cu K edge by a Si(lll)
monochromator. The average beam flux was 9 X 10°
photons/s during the measurements. All data were normalized
to a flux of 10° photons/s and an exposure time of 0.1 s. The
XRF maps were acquired with an incident beam energy of
9135 eV. The overview maps were obtained by scanning the
sample with a 7 X 7 um® step size, and higher resolution maps
were obtained with 2 X 2 and 1.2 X 1.2 um” step sizes. The
data were analyzed by the PyMca software.”” For the maps
with multiple primary beam energies, the images were aligned
based on the iron elemental map. The obtained data were
analyzed by the PyMca software, together with the
Spectrocrunch library to facilitate quantification and image
alignment. XANES spectra were obtained by scanning the
incident energy from 8960 to 9135 eV with 0.3 eV steps. The
spectra of copper reference compounds were acquired with a
beam defined by a pinhole of 200 um. Theoretical XANES
spectra were simulated with the FDMNES code, using SCF
with a radius of 6 A around the copper atom.”® The linear
combinations of the reference spectra were computed using
Athena.”’

Principal Component Analysis. Principal component
analysis (PCA) was carried out using the “prcomp” command
of R 4.0.3.°° RStudio 1.4.1103 was used as GUL’" The matrix
dataset for the PCA was composed of the whole normalized
Cu K-edge XANES spectra. In the computing of the PCA, data
were scaled. The calculation by “prcomp” is done by a singular
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Figure 3. (a) Optical micrograph of sample 1, with the mapped areas annotated; (b) micro-XRF map of copper (red), iron (green), and calcium
(blue); (c) micro-XRF map of copper (red), silicon (green), and calcium (blue); (d) high-resolution micro-XRF maps of areas A and B of copper
(red), iron (green), and calcium (blue); (e) high-resolution micro-XRF maps of areas A and B of copper (red), silicon (green), and calcium (blue).
The white numbers in (d,e) indicate the spots where the XANES spectra were collected.

value decomposition of the centered and scaled matrix B RESULTS
Micro-Raman and SEM—EDS. Micro-Raman spectrosco-

py on the blue areas of the samples confirmed the presence of
dataset.* cuprorivaite, with the characteristic Raman bands at 361, 378,
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Figure 4. Micro-XRF maps of areas A (a) and B (b) of sample 1 (Figure 3) at two different energies (red: E = 9150 eV, green: E = 8989 eV). The
white numbers in (a,b) indicate the spots where the XANES spectra were collected.

430, 474, 570, 765, 788, 990, 1014, and 1085 cm™'
(Supporting Information Figure S2), in good agreement with
those reported by other studies.”**** Slight variations in the
relative intensity of the Raman bands are expected and are
attributed to polarization effects.”” Quartz and calcium
carbonate were also detected (Supporting Information Figure
S3).

The backscattered electron (BSE) micrographs show the
heterogeneity of the material (Supporting Information Figures
S4 and SS). The SEM—EDS analysis of sample 1, where the
brown color is dominant (Figure 2b), revealed the presence of
iron-rich phases, and up to 14 wt % Fe was detected
(Supporting Information Figure S6). The quartz particles are
anhedral and subangular, and their sizes range from 25 to 300
um. Euhedral cuprorivaite crystals (sizes ranging from 10 to 70
um) are formed on the borders and in direct contact with the
quartz grains (Supporting Information Figure S4b2). The
cuprorivaite particles appear in clusters without a silica
network between them (Supporting Information Figure
S4bl), probably indicating a starting mixture with a low
presence of alkali and sintering.”**>>* Rounded calcium-
containing particles (<SO pm diameter), most probably in the
form of calcium carbonate, are observed in sample 2
(Supporting Information Figure S4b1).

The SEM micrograph of an unmounted fragment of green
color (sampled area S) suggests the presence of an amorphous,
copper-based material (Supporting Information Figure SSa)
covering the different particles. Very small (<3 ym diameter)
silica particles (Supporting Information Figure SSa) and tin-
containing nodules were identified (Supporting Information
Figure SSb). Finally, a euhedral copper silicate crystal was also
observed in the sample (Supporting Information Figure SSb),
suggesting the presence of other copper compounds, besides
cuprorivaite, in the material.

Micro-XRF and Micro-XANES. Based on the results from
SEM—EDS, iron, copper, calcium, and silicon were considered
the most important elements for the study of EB. Therefore,
micro-XRF maps were obtained to study the 2D distribution of
these elements in the obtained samples (Figure 3; Supporting
Information Figures $7—S9) and to provide complementary
information about possible trace elements and selectively
excite specific fluorescence lines.>

The micro-XRF maps (Figure 3) depict the cuprorivaite
crystals (magenta). These are surrounded by an iron-
containing phase (green in Figure 3b,d), corresponding to
the brown color in the micrograph (Figure 3a). The high-
resolution maps of areas A and B in sample 1 (Figure 3d,e)
allow us to distinguish copper- and calcium-containing
materials (red in the micro-XRF maps and brown in the
optical micrograph; blue in the micro-XRF maps and not
distinguishable in the optical micrograph, respectively).
Copper, however, is in excess in some regions (red and not
magenta in Figure 3b,d).

As detailed below, the micro-XANES spectra at the Cu K-
edge revealed important heterogeneity of the material, showing
the presence or absence of a sharp peak at 8989 eV. To
visualize the distribution of the different spectral signatures,
micro-XRF maps were acquired for each sample using two
different incident beam energies, 8989 and 9150 eV. At this
latter energy, all copper species are equally absorbing.
Therefore, the color intensity is due to the total copper
content (Figure 4, Supporting Information Figures $7d, S8d,
and S9b).

Micro-XANES spectra were recorded at 30 points of interest
on sample 1, 27 on sample 2, 61 on sample 3, and 34 on
sample 4, the points being selected in regions showing different
intensity ratios in these dual-energy maps (Figure 4). Some of
such spectra from samples 1—4 are shown in Figure Sa. The
XANES spectra of the commercially available EB, as measured
in six different spots (Figure Sa), and a series of reference
copper compounds (Supporting Information Figure $10) were
also recorded. It is worth of notice that spectrum EBI is very
similar to the reference spectrum (acquired with a different
spatial resolution) reported by Pinakidou et al. in a recent
work.*®

To establish possible signatures in the XANES spectra, and
identify the composition of Cu in the different locations
selected in Figure 4, PCA was carried out on the entire set of
normalized XANES spectra obtained from (i) six different
spots of the commercial EB, (ii) the series of copper
references, and (iii) the 152 spots on the four archaeological
samples (Figure Sb, Supporting Information Figure S1la,b).
The objective was to highlight possible clusters and outliers in
the data from the archaeological samples and guide their
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Figure S. (a) XANES spectra of the commercially available EB (measured in six different spots), of cuprite and tenorite, and of four representative
spots from the archaeological samples; (b) score plot of the different regions of the EB archaeological samples and the reference compounds
projected in the first two principal components. The outliers are labeled.

identification by comparison with the reference compounds.
Figure Sb shows a main large cluster in the upper part of the
score plot and spreads over the PC1 axis. Such a large cluster is
composed of (i) most of the spots on the four archaeological

11563

samples, (ii) the six spots of the commercial EB, and (iii)
cuprorivaite. In general, the variation of XANES features can
be translated either as different speciation or as a variation of
crystal orientation. Here, the fact that the commercial EB
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Figure 6. (a) Simulated Cu K-edge XANES spectra of cuprorivaite with different orientations with respect to the beam. The black and red spectra
correspond to the beam parallel or normal to the square-planar Cu?* ion in the cuprorivaite structure, respectively: the intermediate orientations are
plotted in gray; (b) comparison of the Cu K-edge micro-XANES spectra of the samples and the simulated spectra of the oriented cuprorivaite

(black and red lines, same as the previous figure).

shows such high variations led us to pay particular attention to
the possible effect of crystal orientation. In square-planar
coordination, the probability that an incident photon is
absorbed by a copper atom depends on the orientation of
the Cu®* equatorial coordination plane with respect to the
polarized SR. This is shown in Figure 6a, where the simulated
XANES spectra of an oriented cuprorivaite crystal are plotted.
It can be seen that the intensity of the pre-edge feature around
5 eV (typical of Cu®* in a distorted Jahn—Teller system®’)
varies considerably as a function of the orientation between the
square-planar Cu’* ion and the polarization vector of the
incident beam. The spectra of the commercial EB can be
reproduced by a combination of cuprorivaite particles with
different orientations (Figure 6b).

In fact, the variance of the different XANES spectra
measured on the reference EB material, which appears as
PC1 (Supporting Information Figure S11a), can be explained
by the differently oriented crystallites with respect to the
microbeam. Therefore, the variance in PCI is mostly due to
the different orientations of the cuprorivaite particles and the
size restrictions of the microbeam, which can only probe a few
crystallites. The different colors in the areas that correspond to
the cuprorivaite crystals in the energy maps (Figure 4)
visualize the crystal orientation effect on absorption.

Conversely, the distribution of the different reference copper
compounds in Figure Sb shows that PC2 (Supporting
Information Figure S11b) is more sensitive to the modification
of speciation rather than of crystal orientation. In particular,
the only Cu* compound (cuprite) clearly stands out from the
other references in the bottom left corner. Interestingly, few
outliers can be identified in the set of spectra acquired in the
archaeological samples. Guided by the results of the PCA, we
modeled the Cu K-edge XANES spectra of the three outliers
from sample 1 (spots 34, 156, and 198) and of the two outliers
from sample 4 (spots 94 and 100) using a linear combination
of the reference spectra from cuprorivaite, dioptase, and
tenorite (the latter giving a small contribution). According to
this combination analysis, the outliers from sample 1 appear to
be composed mainly of dioptase. On the other hand, in the
outliers from sample 4, both cuprorivaite and dioptase are
present in similar amounts.

Two additional spots from sample 2 and one from sample 3
appear as outliers in the score plot (Figure Sb). However, here,

copper is present in an overall low content (Supporting
Information Figures S7 and S8). The copper species therein
are, therefore, not as easily identified through comparison with
the reference XANES spectra. In fact, such (trace) copper
species are probably present as phases other than our reference
compounds, where copper may even replace other ions.

B DISCUSSION

The presence of cuprorivaite crystals in the samples of the
unsuccessful pellet, identified by SEM—EDS and micro-Raman
spectroscopy, confirms that the analyzed material is an
unsuccessful EB product. The required firing temperature for
the production of EB ranges between 850 and 1050 °C; below
850 °C, the cuprorivaite crystals do not form, and, above 1050
°C, they decompose to silica, copper oxides, and para-
wollastonite."'#***>*® The cuprorivaite crystals, correspond-
ing to the blue areas observed through OM, show that the
reaction for the production of EB was successfully carried out.
Moreover, the PCA of the XANES spectra shows that Cu®
species are absent in the analyzed regions of the archaeological
samples (Figure Sb), confirming an oxidizing atmosphere
during ﬁring.40’42 Therefore, the unsuccessful outcome of
production is not the result of insufficient firing but instead can
be considered the outcome of factors inherent to the starting
materials. The duration of the process could also influence the
outcome of production. However, this parameter could not be
addressed through the methodology applied here, and further
experimental studies, including the laboratory synthesis of the
material under controlled conditions, are required to
determine how the firing time could affect the production
process.

The electron micrographs, as well as the micro-XRF maps,
reveal the heterogeneity of the material. In the BSE
micrographs, the cuprorivaite crystals appear in clusters,
occasionally in close contact with the quartz grains
(Supporting Information Figure SS). This micromorphology
is characteristic of the crystal formation process in low alkali
mixtures.'””**> The micro-XRF maps provide additional
information about the mechanism of formation of cuprorivaite
(Figure 3d, area A). Without the necessary flux, the glassy
phase cannot be formed at the temperatures available to the
ancient craftspeople. The copper-rich phase observable
between the cuprorivaite crystals is characteristic of the low
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alkali content in the starting mixture. Therefore, cuprorivaite
was synthesized in the contact areas of the grains, following
Fick’s laws of diffusion.”®

The quartz particles show an uneven size distribution (from
less than 3 to 300 ym diameter), indicating a rather uneven
grinding process. As the outcome of the solid-phase synthesis
largely depends on the surface area of the particles, the large
quartz crystals would decrease the cuprorivaite crystal
formation process. Moreover, the solid-phase synthesis
requires a longer firing time in order to complete the synthesis
of the EB crystals,28 making the process demanding in fuels.

Tin-containing nodules were identified by the SEM—EDS
analysis. Previous research has suggested that the presence of
tin points to the use of bronze filings from scrap metals as a
copper source.””****” Even so, tin was not identified by the
previously conducted bulk AAS analysis,'" indicating that the
metal is only present in traces and in point areas of the sample.

The presence of iron in EB samples is commonly attributed
to contamination from the silica sand used for production.”*
However, the iron content of the studied sample exceeds the
one in the successful pellet,"" as well as the contents from EB
finds from other sites.”* The excavations brought to light
several corroded iron objects, and in one case, an EB pellet was
found adhered to a corroded iron nail,'? suggesting the
unintentional introduction of iron from other materials present
in the workshop. The localization of iron in the brown regions
of the EB pellets, as shown by the micro-XRF maps, points to
its contribution to the final color. The iron and copper
distributions show a negative correlation in the micro-XRF and
EDS maps, demonstrating that they are present as separate
compounds.

B CONCLUSIONS

The investigation of the unsuccessful EB pellet from the Koan
pigment production site using microscopic techniques sheds
new light on this heterogeneous, multicomponent material. By
combining SR-micro-XRF and SR-micro-XANES with the
laboratory OM, SEM—EDS, and micro-Raman spectroscopy,
we were able to determine most of the phases present in the
complex matrix of EB. The XANES spectra showed that
copper is predominantly present as Cu™, pointing to an
oxidizing atmosphere while firing. Cuprorivaite crystals were
successfully formed during the production process. Therefore,
the possibility of inadequate firing temperatures being
responsible for the unsuccessful outcome is rather unlikely.

The results indicate that the cause of the failure in the
production is probably limited to the starting materials and, to
a lesser extent, to poor mixing and grinding. The micro-
morphology of the analyzed samples indicates a low alkali
content of the starting mixture, resulting in the solid-phase
synthesis of cuprorivaite. The relatively high content of iron in
the unsuccessful product could not be related to the type of
sand used in the manufacture, as that would affect the whole
batch of EB pellets. Rather, iron could come either from the
surroundings, where corroded iron objects were found, or from
the copper source.
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