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Abstract: In this study, the well-preserved glazes of 13 colored bricks representative of the decoration
of the palaces of Sargon II (Khorsabad, 8th century BC) and of Darius I (Susa, 6th century BC) were
examined. The purpose of this research is to gather information about the ancient brick manufacturing
processes by examining the colored glazes and, in particular, black glazes using a combination of
methods that included optical microscopy, SEM-EDX, synchrotron µ-XRD, and µ-Raman spectroscopy.
The results revealed different coloring techniques for producing black glazes in the Neo-Assyrian and
Persian Achaemenid periods. Regarding the black glazes of Susa, it is particularly interesting to note
that their chemical composition varies according to the function of the glazes on the bricks: manganese
oxide (for colored fields of glaze) and iron-rich compounds (for raised lines separating glazed areas).
In comparison, the black glazes from Khorsabad are characterized by the presence of spherical copper
sulfide and galena nanoparticles (ranging from less than 100 nm to about 1 µm) for both the glazed
areas and the separating lines. This coloring technique to obtain black glazes is very rarely described
in the literature, as well as the mechanism of formation of these spherical nanoparticles.

Keywords: architecture; bricks; Susa; Khorsabad; black glazes; nanoparticle; sulfide

1. Introduction

The use of colored glazed bricks characterized the monumental architecture of Middle
Eastern palaces and cities between the 14th and 4th centuries BC [1]. The production
of this kind of decoration required thorough knowledge and important resources, in a
societal context favorable to invention and exchange. The regions of production of these
bricks (Assyria, Babylonia, Elam) moved throughout history between the Mesopotamian
alluvial plain and the Iranian world [2]. However, the share of knowledge and local
innovations that took place in this geographical area are not clearly defined. That is why
diachronic investigation is essential in order to refine the evolution of ancient practices and
the technological transfers that may have taken place.

More precisely, this research is focused on the comparative study of productions from
the Neo-Assyrian (900–610 BC) and Persian Achaemenid (539–330 BC) empires. During
this period, glazed bricks adorned the huge cities and palaces of the kings who thus proved
their magnificence. Among the various colors of these architectural decorations (different
shades of blue, white, black, yellow, orange, green), we concentrated on black glazes that
are used to separate different glazes or to fill colored areas. It is noteworthy that it is
difficult to objectively identify the color of the black glaze, and in the literature, the different
color descriptions included brown, gray, dark blue, dark green or blackish glazes.
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Several studies have investigated the different black coloring techniques employed
in different chronological periods for the production of glazed bricks in the Middle
East [3–8]. A previous paper determined that the black glaze can be colored by cop-
per sulfide nanoparticles distributed throughout the glaze, with a probable contribution of
the Fe3+-S2− chromophore [5]. In fact, this sort of pigment seems to have been employed
by the Neo-Assyrians from Khorsabad and Aššur and Neo-Babylonians from Babylon
for black glazes [5]. The present work aims to further investigate the characterization of
these decorations in a larger corpus in order to improve understanding of their production.
From the rich collections of the Louvre Museum, two corpora of bricks were selected,
including bricks excavated at the archaeological sites of the royal palaces of Sargon II in
Dûr-Sharrukin (modern Khorsabad, Iraq) and of Darius I in Susa (Iran) (Figure 1). These
ancient cities correspond to two different geographical and chronological periods, which
allow us to consider a comparative study of these productions. Khorsabad, formerly
Dûr-Sharrukin, was founded in northern Mesopotamia in 713 BC by the Assyrian king
Sargon II, who reigned from 721 to 705 BC. The walls of his palace and the royal city
were decorated with colored glazed bricks [9,10]. At the death of the king, the city was
abandoned, unfinished, by his son Sennacherib. The decorative subjects represented are
very diverse, both figurative and geometrical. A wide variety of figures are depicted, as
well as animals and mythological creatures. Other abstract and vegetal designs such as
bands with geometric and floral patterns framed the friezes and decorated the walls of the
palace and public structures. The second corpus of bricks examined concerns the palace
built in Susa during the reign of Darius I (522–486 BC), considered the golden age of the
Achaemenid Persian Empire. He ruled a territory stretching from the Indus valley to the
Balkans and established one of the capitals of his empire at Susa. There, he decided to build
a magnificent palace, which was decorated with large ornamental ensembles including the
famous life-size Archers’ frieze [11,12].
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The purpose of this research is to gather information about the brick manufactur-
ing processes by examining colored glazes using complementary techniques (optical mi-
croscopy, SEM-EDS, µ-Raman, and SXRD) to identify both the coloring agents and the
chemical composition of the black glazes. The data obtained in the context of this work were
compared and recontextualized with available published data on other brick productions.
This provides a valuable tool for supporting hypotheses on the development of production
techniques used by brick craftsmen in the Middle East in antiquity.

2. Materials and Methods
2.1. Archaeological Bricks

In this study, the well-preserved glazes of some colored bricks representative of the
decoration of the Neo-Assyrian and Achaemenid palaces were examined. The archaeo-
logical material studied comes from the collections of the Department of Near Eastern
Antiquities of the Musée du Louvre. More precisely, seven bricks from the palace of Darius
I in Susa (6th century BC) and six bricks from the palace of Sargon II in Khorsabad (8th
century BC) were selected (Figure 2a,b). These two corpora of bricks differ from each
other in several aspects, as we have just noticed, concerning the period and the place of
production. Moreover, the observation and material study of these bricks show significant
differences in the recipes of the ceramic bodies. Indeed, most of the Achaemenid Persian
bricks from Susa have quartz-based siliceous bodies while the Neo-Assyrian bricks from
Khorsabad are made from clay [11,13]. The bricks were chosen according to their state of
conservation and the color diversity of the glazes. As a matter of fact, the studied glazed
bricks were covered with several colored glazes, including blue, green, yellow, orange,
black, and white colors separated by a black glaze. The black glaze is used mainly for two
purposes: to outline the patterns, or as flat areas of color (e.g., the checkerboard shown
on brick N8098, Figure 2a). Despite the fact that some glazes on the bricks from Susa are
particularly weathered, millimetric samples of black glazes were taken from all bricks for
our study using a scalpel, avoiding weathered areas.

2.2. Analytical Techniques

Cross-sections of the glazes were prepared to study each sample’s microstructure
by scanning electron microscopy (SEM), chemical composition with energy-dispersive
X-ray spectroscopy (EDS) and mineralogical composition with µ-Raman. Millimeter-sized
samples were also directly analyzed by X-ray diffraction at the synchrotron (SXRD). The
synchrotron and its particularly intense X-ray beam made it possible to obtain a more
intense signal for our microscopic samples.

2.2.1. Scanning Electron Microscopy–Energy-Dispersive X-ray Spectroscopy (SEM-EDS)

The chemical characterization of the brick glazes was determined using a JEOL 7800F
scanning electron microscope coupled with two AXS 6/30 energy-dispersive X-ray spec-
trometers. Samples were coated with platinum and micrographs were recorded in backscat-
tered electron mode (BSE). The resolution of the EDS detector is 129 eV at the Mn-Kα line
energy. For the chemical analysis, the experimental conditions were an acceleration voltage
of 15 kV using a 1.70 nA electron beam current. The software Esprit (Bruker® Quantax Duo
400, Bruker, Billerica, MA, USA) allowed us to achieve the quantification of the results using
the ϕ(ρz) method. For the quantification of the glass matrices (i.e., the continuous glassy
phase surrounding the pigment particles), several areas (at least two) as large as possible (a
minimum of 10 µm × 10 µm) were scanned, while the composition of the inclusions was
obtained by analysis of small areas or by performing several spot analyses.

2.2.2. Raman Microspectroscopy (µ-Raman)

The mineralogical nature of inclusions in the glazes was identified using µ-Raman
spectroscopy. The instrument used is a Renishaw® inVia spectrometer (Renishaw, Wotton-
under-Edge, UK), which is equipped with a 532 nm laser, a grating with 1800 L/mm, a
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confocal Leica® DM2500 microscope (Leica, Wetzlar, Germany) with four optical objectives
(×5, ×20, ×50, ×100), and a CCD detector coupled with the computer system. We shall note
that the µ-Raman analysis was performed taking care not to apply too much laser power in
order to avoid transformation of the mineralogical composition of the iron-rich inclusions
by the incident laser [14]. The wavelength scale at the beginning of each experiment was
calibrated using silicon at 520.5 cm−1. The exposure time and the accumulations were
adjusted to the fluorescence level and to obtain sufficiently informative spectra. Spikes
of cosmic rays and baseline were removed thanks to the software WiRE™ (Renishaw®).
Spectra identification was carried out using the RRUFF database on minerals.
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Figure 2. Glazed bricks from the palace of Sargon II in Khorsabad (a) and the palace of Darius I in
Susa (b) (© C2RMF/A. Maigret). Stars indicate the locations of the glazes that were sampled. The
two black glazes sampled, pr30 and pr31 (corresponding to red stars), have the peculiarity of not
being close to a yellow glaze.

2.2.3. High-Resolution Synchrotron X-ray Diffraction (SXRD)

Moreover, some archaeological samples were also analyzed using high-resolution
synchrotron X-ray diffraction analyses performed at the ID22 beamline of the European
Synchrotron Radiation Facility (ESRF, Grenoble, France), thanks to the Historical Materials
“Block Allocation Group”(BAG) access [15,16]. In the context of the BAG, standardized op-
erating conditions were provided, and the synchrotron X-ray diffraction data were recorded
at a wavelength of λ = 0.3542 Å, corresponding to an incident radiation of 35 keV. The
micro fragments of glazes were put into borosilicate glass capillaries (0.5 mm in diameter),
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which were sealed using wax. All samples were measured under rotation to minimize po-
tential preferred orientation effects. The high-resolution diffraction patterns were collected
over the range 1−30◦ (2θ) in continuous scanning mode (corresponding approximately
to an analysis time of 20 min). Throughout the scanning, the capillaries were rotating
perpendicular to the X-ray beam of about ~1 × 1 mm2. The wavelength and the detector
parameters were calibrated using a diffraction pattern collected on LaB6 and Si samples.
The identification of the mineralogical phases was performed using QualX software and
the database PDF-4+ from the ICDD (International Centre for Diffraction Data).

3. Results
3.1. Susa Glazes

The black glazes on the architectural bricks of the palace of Darius I in Susa can be
divided into two different groups: one is used to separate colored glazes and the other
is used to achieve the flat color. It is particularly interesting to note that the chemical
composition of these two kinds of glazes varies according to their function. Actually, for
one brick of the corpus we discerned both a black raised line and a black area (Figure 3a–c).
The observation and analysis revealed that the black glazed area is colored at a very fine
scale in the bulk, while the black glaze separating other glazes contains a lot of dark
inclusions of varying size (between a few microns and several tens of microns in length,
Figure 3c).
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the same archaeological brick (SB21474, (a)) for a black area (b) and a dark contour line (c).

Firstly, we will develop the characteristics of the glaze used as a colored field. Visually,
the glaze appears to be severely degraded, the piece has lost its gloss, and we can see a lot
of cracks in the glaze cross-section (Figures 3b and 4a). Supporting our optic observation,
EDS analysis showed that the glass matrix is very poor in alkalis (less than 1 wt% Na2O
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and K2O) and rich in SiO2 (around 89 wt%). This confirms that the glaze was probably
altered and that the alkaline elements were probably leached out during the burial (Table 1).
Weathered glazes covering bricks found at Persepolis, Rabat, and Qalaichi (near Hasanlu,
800–600 BC) show a very similar morphology [17]. Due to the very high refractory character
of glass compositions so rich in silica, it is very unlikely that glazes with this composition
were deposited as glass frits on the bricks with the heating techniques of that time.
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Figure 4. (a,b) SEM backscattered electron images of the black area (brick SB21474). (c) The EDS
elemental mappings of the elements K, S, and Cl correspond exactly to the SEM image (b). Calcium-
rich alteration products are visible in the cracks of the glaze.

Observation by optical microscopy revealed clouds of light spots (less than 1 µm in
diameter) in the glaze (Figure 3b). Semi-bubbles are visible on the surface of the glaze cross-
section, as well as white spherical particles with blurred edges (Figure 4b). SEM imaging
(taken with different acceleration voltages, 5 and 15 kV) revealed that these spherical
particles are present inside the glaze, below the surface of the polished section (Figure S1).
These particles, analyzed by SEM-EDS, are mainly rich in potassium, chlorine, and sulfur
(Figure 4c). There are few data in the literature to explain the presence of these salts, which
glassmakers call “bouillon de sels” or galle [18–21]. The semi-bubbles observed on the
surface of the cross-section also most probably contained salts that were dissolved during
the polishing stage. The sulfur and chlorine present in the glaze could be provided by
natural ingredients such as plant ash [22]. The presence of these salts could indicate that
a glazing mixture was deposited directly on the brick rather than using a colored frit.
Regarding the coloring of this glaze and according to EDS analysis, it appeared that the
dark color used for the colored field was achieved by adding manganese to the glass matrix
(around 3 wt% MnO). Moreover, iron is also present in the glass matrix, in the order of
0.5 wt% Fe2O3. This coloring method is widespread in ancient glass and glazes: manganese
in oxidation state +3 dissolved in the matrix can give a black hue [23].
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Table 1. Average chemical composition of the glass matrix of different black glazes of Susa, measured
by EDS analysis (wt% normalized to 100%). As a comparison, we indicate the average composition of
ancient Mesopotamian glasses published in Shortland and Eremin (2006) [24]. Numbers in parenthesis
indicate the standard variation and <LOQ signifies below quantification limit, n corresponds to the
number of the glazes analyzed, and nd to non-detected.

SiO2 Al2O3 Na2O K2O CaO MgO Fe2O3 CuO MnO TiO2 CoO ZnO SO3 Cl

Flat glaze (n = 1) 89.0
(0.1)

0.4
(0.1)

0.3
(0.1)

0.7
(0.2)

2.8
(0.4)

0.4
(0.1)

0.5
(0.1) nd 3.0

(0.1) nd nd nd 1.3
(0.1)

1.6
(0.1)

Separating glazes
(n = 3)

69.4
(1.4)

2.7
(0.6)

12.8
(0.6)

2.3
(0.3)

3.6
(0.7)

2.0
(0.3)

4.5
(1.4)

1.4
(1.0) <LOQ 0.2

(0.1)
0.5

(0.6) <LOQ 0.4
(0.1)

0.4
(0.2)

Ancient
Mesopotamian
glasses [24]

62.8 0.5 15.9 2.3 6.4 4.3 0.2 - - - - - 0.2 0.8

On the contrary, the black line separating glaze has a different morphology: the thick
glaze forms a bulge (from one to several millimeters thick) to prevent adjoining flat glazes
from fusing together during the firing (Figure 5a). Observation of glaze cross-sections
revealed the presence of many particles of widely varying colors and sizes inside the glass
matrix (Figures 3c and 5b). The most abundant part consists of transparent inclusions of
a wide range of sizes (from several hundred microns to less than ten microns in length)
dispersed in the glass matrix (Figure 5b,c). EDS and µ-Raman analyses identified quartz
inclusions (SiO2), probably unmelted particles. The angular shape of some quartz grains
suggests that siliceous rocks (like quartz pebbles or quartzite) were coarsely crushed and
added to the glazing mixture (Figure 5b). Other smaller quartz inclusions have blunt edges
that indicate that there was a reaction between their surface and the liquid glaze at high
temperature (Figure 5c). The large amount of quartz raises the melting temperature of
this kind of black glaze compared to the other colors present on the brick. Moreover, the
intentional adding of quartz increases significantly the apparent viscosity of the glaze
and ensures that glazes adjacent to the contour lines do not mix together. Indeed, the
presence of solid heterogeneities dispersed in a liquid glaze is known to induce an increase
in the viscosity of the system due to an increase in the flow resistance [25]. A large
number of bubbles of varying sizes, up to several hundred microns, is also noticeable in the
glazes (Figures 3c and 5b). It would appear that the high viscosity of the glaze prevented
the bubbles from escaping the molten liquid that trapped them. Other inclusions can
also be seen, grayish in color and quite large in size (up to 50 µm, Figure 5b,c). These
inclusions were identified thanks to SEM-EDS analysis as iron-bearing Ca-clinopyroxene
inclusions (augite, (Ca,Mg,Fe,Al)2(Al,Si)2O6)) (Figure S2). Supporting the EDS results,
Raman bands centered at 323, 355, 390, 664 and 1007 cm−1 confirmed the presence of augite
(Figure S2) [26]. Their morphology and size suggest that these crystallizations were initially
present in the glaze mixture. Nevertheless, clinopyroxenes are found in magmatic rocks,
and in the immediate geological environment of the city of Susa there are no magmatic
rocks (such as basalt, for example). The use of magmatic rocks in the production of glazed
bricks in Susa would therefore have led to long-distance trade, whereas we might have
thought that another available material could replace it.

Black and red particles are also dispersed in the glass matrix. The size of the red grains
varies between several dozen and a few microns (Figure 5b). Their observation by SEM
revealed a very particular morphology with crystallization stripes of lighter contrast in the
images (Figure 6a). Raman bands at 228, 247, 294, 413, 509, 609, 668, and 1324 cm−1 allowed
us to identify hematite by comparison with the RRUFF database (Figure 6b) [27]. These
lines of crystals seem to grow on an area that is particularly rich in magnesium (39.3 wt%
MgO), silicon (39.0 wt% SiO2), and iron (20.2 wt% Fe2O3). Surprisingly, the chemical
composition of this area is very close to olivine (Mg,Fe)2SiO4. It is interesting to note that
olivine is also known to occur in basaltic rocks, like augite. The olivine inclusions present in
the glazes may have been transformed during glaze firing, leading to the formation of the
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hematite that covers them [28]. Moreover, we observed, around the red particles, a border
of neo-formed crystals rich in Ca, Na, and Si (Figure 6c, spectrum 3). These neo-formed
crystals are most probably the result of the reaction during firing between the iron-rich
inclusion and the glass matrix around it (Table 1).
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of different parts of a red particle present in the black separating glazes of Susa. Inset illustrated
colored particle analyzed and the stars correspond to the EDS spots whose results are reported in (c).
Qz = quartz; nd = non-detected.
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Concerning the black inclusions, they are at least ten microns long (Figure 5b). The
analysis by µ-Raman showed three bands centered at 325, 480, and 700 cm−1, which can be
attributed to cobalt ferrite (CoFe2O4) by comparison with the literature [29] (Figure 7a,b).
Moreover, the EDS analysis highlighted high concentrations of copper (1.3 at%) and zinc
(2.1 at%) (Figure 7c). Nickel is also found in quantities close to the detection limit (0.2 at%).
These different elements were most certainly associated with cobalt in the raw materials
used to color the glazes and could be markers of the raw materials used [30]. Moreover, it
can be assumed that zinc and copper may have substituted for cobalt in the spinel ferrite
structure [31,32]. Like augite and olivine, cobalt ore can be derived from magmatic rocks,
since it is frequently formed by the leaching of cobalt from ultramafic rocks [33]. As we
saw previously for red particles, there is a zone of crystallization between the glass matrix
and the cobalt ferrite grain: we noticed a border of neo-formed crystals that mainly contain
Ca, Na, Si, and some Fe (probably diffused from cobalt ferrite) (Figure 7c).
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as shown by the amount of alkali present (approximately 15 wt% Na2O + K2O, Table 1). 
The amount of potassium and magnesium could suggest the use of plant ash [22]. In ad-
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Figure 7. (a) SEM backscattered electron images, (b) optical microscope photograph, and µ-Raman
spectrum of black particles present inside black separating glazes from Susa. (c) Chemical composition
of different parts of a black particle present in the black separating glazes of Susa. Inset illustrated
colored particle analyzed, and the stars correspond to the EDS spots whose results are reported in (c).
Qz = quartz; nd = non-detected.

These different particles are dispersed in a glass matrix that appears to be unaltered, as
shown by the amount of alkali present (approximately 15 wt% Na2O + K2O, Table 1). The
amount of potassium and magnesium could suggest the use of plant ash [22]. In addition, it
is interesting to note that the average composition of ancient Mesopotamian glasses is very
close to the vitreous matrix of the black separating glaze (Table 1). The small and highly
variable amounts of copper, cobalt, and iron detected in the glass matrix (1.4 wt% CuO,
0.5 wt% CoO, and 4.5 wt% Fe2O3 on average, Table 1) can be attributed to the diffusion of
these elements from the colored iron, copper, and cobalt-rich particles present in the glazes.
In conclusion, the dark color of this kind of glaze is mainly attributed to the presence of



Heritage 2023, 6 6300

black and red particles, but the glass matrix, which contains a significant amount of iron,
copper, and cobalt, also contributes to the black color (Table 1).

3.2. Khorsabad Glazes

As at Susa, the black color is used both to draw the motifs’ outline and to fill the
colored fields (Figure 2a). However, unlike the Achaemenid bricks of Susa, the separating
black glazes of Khorsabad do not show a specific relief-like bulge (Figure 8a,b). That is
why, both on the surface of the bricks and on the sample cross-section, we can see that the
limit between the different colored glazes is not clearly defined (Figure 8a,b). The thickness
of all the glazes varies between 300 and 500 µm. In the following, we will first present the
results obtained on black glazes not adjacent to a yellow glaze and then those concerning
black glazes located close to a yellow glaze.
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Figure 8. Optical microscope photographs of the surface (a) and the cross-section (b) of a black glaze
close to a yellow glaze on a brick found at Khorsabad.

3.2.1. Study of Black Glazes Not Close to Yellow Glazes

Two samples from the brick N8123 (pr30 and pr31, Figure 2a) have the particularity
of not being close to a yellow glaze. The cross-sections of these samples show a black
appearance under optical microscopy (Figure 9a). By observing the cross-sections of these
samples, we can distinguish dark volutes constituted of black particles suspended within
the transparent glaze. The scattering of light by the nanoparticles explains the whitish
color of the volutes (Figure 9b). Actually, SEM observation revealed that the black volutes
are constituted of a large number of spherical nanoparticles dispersed in the glass matrix
(Figure 9c,d). The size of these nanoparticles is very variable, ranging from less than 100 nm
to about 1 µm for the larger ones. However, the large majority of particles are smaller than
500 nm (Figure 9d).

Some nanoparticles contained in samples pr30 and pr31 were probed by EDS spot
analyses. Table S1 summarizes the chemical composition of some of the nanoparticles
examined. It should be noted that, depending on the size of the nanoparticles, they contain
more or less silica (which corresponds to the contribution of the glass matrix surrounding
the particles). Compared to the glass matrix, the nanoparticles are especially rich in copper
and sulfur (between 1.9 and 27.8 at% Cu and 0.9 and 12.6 at% S, Supplementary Material,
Table S1) and the content of these two elements seems to be directly correlated. In fact,
the stoichiometric ratio calculated between copper and sulfur might suggest that these
nanoparticles consist of copper sulfide, probably as Cu1.9S (Figure 10a). This result was
confirmed by X-ray diffraction analysis, which highlighted the presence of chalcocite (Cu2S)
in the two samples studied (pr30 and pr31) (Figure 10b).
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Furthermore, X-ray diffraction indicated the presence of quartz grains (SiO2) visible 
in the optical microscopy and SEM images (Figure 9). Their size varies from about ten 
microns to about fifty microns in length (Figure 9c). The morphology of the quartz inclu-
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portion of the Cu2S crystalline phase is much lower than that of quartz. This observation 
confirms the optical microscopy and SEM images, which showed the presence of large 
quartz grains (Figure 9). In addition, SEM-EDS analysis also allowed us to assess the high 
quantity of copper sulfide nanoparticles present in the glaze. 

The quartz inclusions and spherical particles are immersed in a vitreous matrix 
mostly composed of silica (SiO2 contents higher than 70 wt%) and alkaline fluxes (between 
13.5 and 15.8 wt%0 Na2O and 3.1 and 3.5 wt% K2O on average). Finally, we also noted the 
significant presence of calcium (between 4.5 and 5.6 wt% CaO) and the low content of SO3 
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Figure 9. Microphotographs (a,b) and SEM backscattered electron images (c,d) of nanoparticles
present inside isolated black glazes from Khorsabad (N8123, pr30 and pr31). Quartz (Qz) inclusions
are visible in the glazes under both optical microscopy (white inclusions for (a) and transparent
inclusions for (b) and SEM (c)). The scattering of light by the nanoparticles produces the white color
of the volutes (b).

Furthermore, X-ray diffraction indicated the presence of quartz grains (SiO2) visible in
the optical microscopy and SEM images (Figure 9). Their size varies from about ten microns
to about fifty microns in length (Figure 9c). The morphology of the quartz inclusions and
their blunt edges indicate that there was a reaction between the surface of the particles and
the liquid glaze at high temperature.

The relative intensity of the bands in the X-ray diagram demonstrated that the pro-
portion of the Cu2S crystalline phase is much lower than that of quartz. This observation
confirms the optical microscopy and SEM images, which showed the presence of large
quartz grains (Figure 9). In addition, SEM-EDS analysis also allowed us to assess the high
quantity of copper sulfide nanoparticles present in the glaze.

The quartz inclusions and spherical particles are immersed in a vitreous matrix mostly
composed of silica (SiO2 contents higher than 70 wt%) and alkaline fluxes (between 13.5
and 15.8 wt%0 Na2O and 3.1 and 3.5 wt% K2O on average). Finally, we also noted the
significant presence of calcium (between 4.5 and 5.6 wt% CaO) and the low content of SO3
(0.4–0.8 wt%) (Table 2). It is interesting to highlight that no chromogenic elements were
detected in the glass matrices of these two samples.
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Table 2. Average chemical composition of glass matrices of Khorsabad glazes, measured by EDS
analysis (wt% normalized to 100%). n corresponds to number of analyzed glaze samples, nd indicates
non-detected, and <LOQ signifies below quantification limit.

SiO2 Al2O3 Na2O K2O CaO MgO Fe2O3 CuO TiO2 Sb2O3 PbO SO3 Cl

N8123 pr30 70.2
(0.3)

1.9
(0.5)

15.8
(0.2)

3.1
(0.1)

4.5
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2.6
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N8123 pr31 71.3
(1.0)
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3.2.2. Study of Black Glazes Close to a Yellow Glaze

The other samples of black glazes, which represent the main part of the corpus,
are situated beside a yellow glaze. The limit between adjacent glazes, yellow area, and
black line is not clearly defined; it remains a region where colored glazes mix together
(Figure 11a). From the point of view of the color and the morphology of the glazes, there
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are no significant differences between the two samples and black glazes described above,
which are not located close to a yellow glaze. Observation of the glaze cross-sections by
optical microscopy revealed the presence of dark volutes (Figure 11a) composed of black
particles (appearing in white in Figure 11b). Actually, SEM observation indicated that the
black volutes are constituted of a large number of nanoparticles dispersed in the glass
matrix (Figure 11c,d). As we saw above, the size of these spherical nanoparticles is very
variable, ranging from less than 100 nm to about 1 µm for the larger ones. Nevertheless, the
great majority of particles are smaller than 500 nm. Unlike isolated black glazes, it should
be noted that the contrasting SEM images indicated that the nanoparticles presented are not
chemically homogeneous (Figure 11d,e). In fact, we observed this in nanoparticle regions
richer in heavy elements (appearing in white on the SEM images), most often present on
the edge of the particles (see arrows in Figure 11d). This morphology suggests that the
phases have crystallized heterogeneously from the interface between the spherical droplet
and the surrounding silicate phase.
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EDS spot analyses were carried out on the largest nanoparticles and demonstrated 
that two different regions coexist: one mainly composed of copper and sulfur (shown in 
gray on the SEM images) and the other rich in lead and sulfur (shown in white on the SEM 
images; Figure 12a,b). Two phases can be defined on the basis of EDS chemical analysis: 
phase A, enriched in lead (Cu0.7Pb0.6S), and phase B, richer in copper Cu2.1Pb0.1S (Figure 
12a,b). The small amount of lead in phase B is probably due to the contribution of phase 
A during spot analysis. In addition, other chemical elements like iron, silver, nickel, or 
antimony can be occasionally detected in low quantities in the particles. Concerning the 
significantly high content of SiO2 (between 14 and 17 wt%), it can be attributed to the sur-
rounding glass matrix (Figure 12b). 

Figure 11. Microphotographs (a,b) and SEM backscattered electron images (c–e) of nanoparticles
present inside black glazes located next to yellow glazes from Khorsabad. Here again we can
distinguish quartz (Qz) inclusions under both optical microscopy (white inclusions for (a) and
transparent inclusions for (b)) and SEM (c). The scattering of light by the nanoparticles produces
a white color of the nanoparticles (b). The arrows present in (d) point to regions richer in heavy
elements at the edge of the nanoparticles.

EDS spot analyses were carried out on the largest nanoparticles and demonstrated that
two different regions coexist: one mainly composed of copper and sulfur (shown in gray on
the SEM images) and the other rich in lead and sulfur (shown in white on the SEM images;
Figure 12a,b). Two phases can be defined on the basis of EDS chemical analysis: phase
A, enriched in lead (Cu0.7Pb0.6S), and phase B, richer in copper Cu2.1Pb0.1S (Figure 12a,b).
The small amount of lead in phase B is probably due to the contribution of phase A during
spot analysis. In addition, other chemical elements like iron, silver, nickel, or antimony
can be occasionally detected in low quantities in the particles. Concerning the significantly
high content of SiO2 (between 14 and 17 wt%), it can be attributed to the surrounding glass
matrix (Figure 12b).
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Figure 12. (a) EDS spectra and SEM backscattered electron image of the two areas of a nanoparticle 
present inside a black glaze from Khorsabad close to a yellow glaze (brick N8099); (b) detailed chem-
ical compositions of each area (A and B) of the nanoparticle, measured by EDS analysis (at% nor-
malized to 100%). The orange spectrum corresponds to region A and the purple spectrum corre-
sponds to region B. 
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ence can be assumed on the basis of SEM-EDS analyses. Compared with lead (Z = 82), 
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sulfide diffraction peaks is lower than for lead sulfide. Therefore, galena is better detected 
in XRD than chalcocite. Gypsum could be considered as pollution from the soil environ-
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matrix close to a yellow glaze (colored by the addition of lead antimonates particles, 
Pb2Sb2O7) contains both antimony and lead in small (respectively, 0.4 and 0.9 wt%, on 
average) and disparate amounts (as shown by the calculated standard deviations reported 
in Table 2). On the contrary, the matrix of the two isolated black glazes pr30 and pr31 do 
not contain antimony and lead at all (Table 2). That is why the presence of lead in the black 
nanoparticles and in the glass matrix can be explained by diffusion of this chemical ele-
ment from the yellow glazes to the adjacent black glaze. 

Figure 12. (a) EDS spectra and SEM backscattered electron image of the two areas of a nanoparticle
present inside a black glaze from Khorsabad close to a yellow glaze (brick N8099); (b) detailed
chemical compositions of each area (A and B) of the nanoparticle, measured by EDS analysis (at%
normalized to 100%). The orange spectrum corresponds to region A and the purple spectrum
corresponds to region B.

From a mineralogical point of view, SXRD analysis of the black glazes of the bricks
AO29711 and N8080 indicated the presence of quartz (SiO2), gypsum (CaSO4 · 2H2O),
and galena (PbS) (Figure S3). Galena was identified in a very small amount compared
with other crystalline compounds. Unlike black glazes that are not close to a yellow glaze,
chalcocite, which could correspond to phase B, was not detected by XRD. However, its
presence can be assumed on the basis of SEM-EDS analyses. Compared with lead (Z = 82),
copper (Z = 29) has a much lower atomic scattering factor, so the intensity of the copper
sulfide diffraction peaks is lower than for lead sulfide. Therefore, galena is better detected in
XRD than chalcocite. Gypsum could be considered as pollution from the soil environment
during burial. As for isolated black glazes, quartz grains (probably unmelted particles
initially present in the mixture deposited on the bricks before heating) with blunt edges
are actually visible in the glass matrix. Their size varies between ten and fifty microns in
length (Figure 11c).

Chemical EDS analysis of the glass matrix did not show any significant differences
between black glazes sampled that were near a yellow glaze and those that were not,
except concerning antimony and lead contents. In fact, it was observed that the soda-
lime matrix close to a yellow glaze (colored by the addition of lead antimonates particles,
Pb2Sb2O7) contains both antimony and lead in small (respectively, 0.4 and 0.9 wt%, on
average) and disparate amounts (as shown by the calculated standard deviations reported
in Table 2). On the contrary, the matrix of the two isolated black glazes pr30 and pr31 do
not contain antimony and lead at all (Table 2). That is why the presence of lead in the black
nanoparticles and in the glass matrix can be explained by diffusion of this chemical element
from the yellow glazes to the adjacent black glaze.
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4. Discussion and Contextualization of the Production Techniques of the Black Glazed
Bricks in the Middle East

The first use of dark separating colored glazes in architectural bricks was documented
as early as the Elamite period (13th century BC) at Chogha Zanbil and Susa [6,34]. Thanks to
the data already published in the literature, we drew up a table summarizing the processes
used to produce a black glaze between the 13th and 4th centuries BC (Table 3). Thus, we
can contextualize the data obtained in this study.

Previous work on Neo-Elamite glazed pieces found at Susa showed that dark separat-
ing glazes were especially rich in unmelted quartz and hematite inclusions that color the
glass matrix [6]. This kind of recipe seems to have remained until the Persian Achaemenid
period in Elam. Actually, studies on Achaemenid black contour glazes from Susa and
Persepolis have shown the preponderance of iron-rich minerals (like hematite and/or
magnetite) [3,4,17,35,36]. Nevertheless, some chemical elements have also been detected
in these glazes, such as copper, which contributes to the dark appearance of the glaze.
In addition, the Persepolis samples (Achaemenid Empire, mid-first millennium BC) are
characterized by significant cobalt contents [3]. Several papers report the presence of a large
number of quartz inclusions in the dark-colored relief glazes that heighten their melting
point and viscosity and thus prevent the mixing of glazes between them [3,6,17,35]. As we
have seen in the study of the black separating glaze of Susa, our results are in accordance
with the results of previous studies [4,35]. We identified the high amount of hematite and
quartz inclusions and determined from a mineralogical point of view in which form the
cobalt is present (cobalt ferrite associated with high amounts of Cu and Zn). During the
late antique period, cobalt colorants were associated with impurities such as iron, nickel,
and copper (with occasionally zinc and lead). On the contrary, between the 8th and 12th
centuries in the Islamic world, the use of a new type of zinc-rich source cobalt appeared [37].
Although it is difficult to deduce where the ore was extracted, it is interesting to note that
in the case of the cobalt-rich particles present in the Susa glazes, the cobalt is mostly accom-
panied by iron, copper, and zinc. Moreover, it should be noticed that the Persepolis dark
separating glazes contained cobalt that is probably associated with arsenic [3]. We also
highlighted a clear modification in the recipes and coloring agents related to the use of the
black glaze during the Persian Achaemenid period. As a matter of fact, the black coloration
is obtained thanks to manganese oxide (for colored fields) and to iron-rich compounds
(hematite and cobalt ferrite, for relief lines separating glazes). It is also noteworthy that
manganese (associated with a high Fe concentration) was also identified in black glazes
used for colored areas in the bricks of Nimrud (Neo-Assyrian period) [38,39]. From a
more general point of view, it is important to mention that the use of manganese as a glass
colorant has been highly developed and well-known since antiquity [23,40,41].

The Neo-Assyrian and Neo-Babylonian periods seem to be marked by another partic-
ular technology for the production of black glazes based on the presence of copper sulfide
nanoparticles. Concerning the Khorsabad glazes examined in this study, it is interesting
to note that we determined that whatever the function of the black glaze (contour line or
colored field), the type of coloring of the glazes is the same. In fact, a further study reported
the identification of nanoparticles rich in copper and sulfur that produced black color in an-
cient bricks [5]. The presence of sulfur and copper-rich nanoparticles has also been reported
in several published papers concerning other dark archaeological glazes [21,42–45]. The use
of this kind of coloration is attested to across a wide chronological and geographical range,
for the black coloration of glass vessels and beads and also of glazed ceramics. Actually,
this coloring method is described for productions from Iran, Iraq, and Jordan between the
2nd millennium BC and the 15th century AD. Stapleton and Swanson pointed out that
in black glasses from Hasanlu (9th century), the black particles comprise mixed copper–
iron–lead–antimony sulfides [21]. However, the chemical heterogeneity of these kinds
of nanoparticles, i.e., the presence of a Pb-rich phase like galena, has never been clearly
reported. As these various sulfides are not miscible in the crystalline state, the sulfide liquid
drops that separated from the surrounding silicate glass may have cooled to form polyphase
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aggregates, which explains the heterogeneous areas observed in nanoparticles [46,47]. The
minor chemical elements (particularly Pb, Sb, and Ag) may be markers of the ore used.
Nevertheless, our results also seem to demonstrate that the chemical heterogeneity of the
nanoparticles could be explained by the diffusion of elements present in the yellow-orange
adjacent glaze. Furthermore, it is not clearly established how these nanoparticles were
formed (probably neo-formed phases from the glaze mixture to be determined) and how
they persist during firing, as sulfides oxidize easily. It will be necessary to check with
laboratory replicas as to whether the nanoparticles could be the remains of larger copper
and lead sulfide particles. Nevertheless, their size (no larger than a micron) and spherical
shape suggest a formation in the glaze. Moreover, questions remain about the presence of
these sulfide nanoparticles since their formation necessarily requires reducing conditions
(probably obtained by means of the furnace atmosphere or/and by adding a reduced agent).
The presence of turquoise (colored by Cu2+ dissolved in the glass matrix) and yellow glazes
positioned on the same brick as the black glaze (Figure 2) implies that the glazed bricks were
fired in an oxidizing atmosphere. From an economic point of view, it is more advantageous
to fire all the glazes at the same time than to carry out a preliminary firing for the black
contours and then another for the other colored glazes. Thus, several hypotheses can be
formulated concerning the formation of these sulfides in the black glaze. The use of copper
sulfide ores in the initial recipe is often proposed [21,38,42], especially as they had been
employed in Mesopotamia for bronze metallurgy since the late Bronze Age [48]. Based on
the study of Hasanlu green glazes (9th century BC), Holakooei et al. considered that the
copper carrier of Mesopotamian glazes was provided by copper sulfide [38]. Another study
suggests that the important thickness of the glaze (up to 650 µm and 1.3 mm) could be
sufficient to prevent diffusion of oxygen and to explain the survival of copper sulfide parti-
cles [42]. The addition of an ingredient that would play the role of a reducing agent, such
as charcoal or bitumen, is also possible. Bitumen could have been employed, particularly
since it was commonly used at that time in the Middle East as an adhesive [49,50]. On the
other hand, the black glaze may have required a preliminary preparation including a firing
in a reducing atmosphere and then a final firing in an oxidizing condition with the other
colors on the bricks. In order to understand the thermal protocols and the recipes that the
ancient craftsmen could have followed to obtain the sulfide particles’ presence, laboratory
replicas have been implemented and the results will be presented in a forthcoming paper.
At the same time, some studies on red glasses reported the presence of copper sulfide
spherical particles and may allow us to better understand their formation [51–55].

Table 3. Summary of the black glazes used to decorate bricks in the Middle East between the 13th
and 4th centuries BC.

Location Period Type of Glaze Coloring
Element

Nature of Colored
Crystalline Phases

Other Phases
Present

Chemical
Composition of
the Glass Matrix

Published
Paper

Susa Neo-Elamite
(1000–539 BC) Separating glaze Fe Hematite Quartz - [6]

Khorsabad Neo-Assyrian
(900–610 BC)

Separating glaze
+ colored field

Copper sulfide nanoparticles
+ chromophore Fe3+-S2− - Soda–lime

matrix [5]

Nimrud Neo-Assyrian
(900–610 BC) Colored field Mn, Fe Mn2O3, Mn3O4,

Mn(IV)1−2xMn(III)2xO2−x
- - [38]

Nimrud Neo-Assyrian
(900–610 BC) - Mn (+Fe) - - Soda–lime

matrix [39]

Tepe Rabat 8th–7th BC Separating glaze Fe, Cu Hematite Lead
antimonate - [3]

Babylon Neo-Babylonian
(626–539 BC)

Separating glaze
+ colored field

Copper sulfide nanoparticles
+ chromophore Fe3+-S2− - Soda–lime

matrix [5]

Persepolis
Persian

Achaemenid
(539–330 BC)

Separating glaze Co, Cu, Fe Hematite, magnetite Quartz - [3]
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Table 3. Cont.

Location Period Type of Glaze Coloring
Element

Nature of Colored
Crystalline Phases

Other Phases
Present

Chemical
Composition of
the Glass Matrix

Published
Paper

Persepolis
Persian

Achaemenid
(539–330 BC)

Separating glaze Fe, Cu Fayalite coated iron oxide,
copper-bearing Mg-silicate Quartz, calcite - [17]

Persepolis
Persian

Achaemenid
(539–330 BC)

Separating glaze
(grayish) Fe, Cu - - - [36]

Susa
Persian

Achaemenid
(539–330 BC)

Separating glaze Fe, Cu Hematite, magnetite - Alkali matrix [4]

Susa
Persian

Achaemenid
(539–330 BC)

Separating glaze Fe, Cu - Quartz Alkali matrix [35]

- no specific information is provided.

5. Conclusions and Future Works

In this paper, we investigated the black glazes of polychrome glazed bricks found in
the Neo-Assyrian and Persian Achaemenid royal palaces. The well-preserved glazes of
13 colored bricks representative of the decoration of the palaces of Sargon II (Khorsabad,
8th century BC) and Darius I (Susa, 6th century BC) were examined using a combina-
tion of methods that included optical microscopy, SEM-EDX, synchrotron µ-XRD, and
µ-Raman spectroscopy.

The results revealed major differences in the coloring techniques of black glazes
employed in the Neo-Assyrian and Persian Achaemenid periods. Interestingly, we noted
that the chemical composition of the black glazes of Susa varies according to the function
of the glazes. In fact, the black coloration is obtained thanks to manganese oxide (for
colored areas) and to iron-rich compounds (hematite and cobalt ferrite, for relief lines
separating glazes). On the contrary, Khorsabad seems to be an exception as regards
coloring techniques: the black color is characterized by the presence of copper sulfide and
galena nanoparticles. For the first time, to our knowledge, we were able to demonstrate
the chemical heterogeneity of the nanoparticles present in this dark decoration. We have
especially shown that the presence of yellow glazes close to black glazes had an impact on
the chemical composition of the latter due to probable diffusion between the two glazes.
This coloring technique is very rarely described in the literature, as well as the mechanism
of formation of these nanoparticles. Their spherical shape suggests that the formation of
these crystalline phases was preceded by the formation of liquid particles, which then
crystallized during cooling, possibly with successive sulfide crystallizations. Forthcoming
research will focus on understanding how such microstructures could be obtained by
forming a colored glass synthesis. Glazes produced under controlled conditions with
different copper vectors and the presence (or not) of a reducing agent can give us some
indications of the production techniques (recipes, firing temperature, and kiln atmosphere).
Additional experiments in the laboratory should allow us to understand the conditions of
elaboration of the glazes applied on the bricks and the production process. The effects of
these parameters are currently under study and will be discussed in a forthcoming paper.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/heritage6090329/s1, Table S1. Chemical composition of some
nanoparticles present in the isolated black glazes and separating lines of the two samples pr30
and pr31 as determined by EDS analysis (at%). nd indicates non-detected and <LOQ signifies
below quantification limit. Figure S1. SEM backscattered electron images for two accelerating
voltages of the black area from Susa (brick SB21474). Figure S2. (a) Optical microscope photograph.
(b) Raman spectrum and (c) average chemical composition of an inclusion of augite present in the
black separating glazes of Susa (Figure 5b,c). Figure S3. X-ray diffractogram of a representative
sample of black glazes close to a yellow one (brick AO29711 from Khorsabad).

https://www.mdpi.com/article/10.3390/heritage6090329/s1
https://www.mdpi.com/article/10.3390/heritage6090329/s1
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