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ABSTRACT

The archaeological excavations ongoing since 2011 at Tol-e Ajori - located 3.5 km NW of the Persepolis
Terrace - discovered an Achaemenid monumental gate dating back to the second half of the 6th century
BC. Thousands of glazed clay bricks, flat or in relief with decorative and figurative motifs, which are very
similar to the bricks of Babylon’s Ishtar Gate, were unearthed from Tol-e Ajori. As the glazed surfaces
of the bricks were seriously degraded, due to the long period of burial, a set of non-invasive investiga-
tions was first carried out to identify the original hues, also in situ, using digital microscopy, portable
energy dispersive X-ray fluorescence (ED-XRF) and visible reflectance spectrometry (Vis-RS). Minute sam-
ples were also investigated by micro-X-ray fluorescence (u-XRF), polarised light microscopy (PLM), scan-
ning electron microscopy with energy-dispersive X-ray spectroscopy (ESEM-EDS), and micro-Raman spec-
troscopy.

The occurrence of brizziite (sodium antimonate, NaSbOs3) and calcium antimonate (CaSb,0g) as white
opacifiers embedded in the lime-alkali glaze was evinced. Lead antimonate was also shown to be a yellow
opacifier while cobalt and copper occur as colouring agents in the blue glazes. The greenish hues were
obtained by mixing Cu®* with the yellow opacifier. These results are coherent with the general knowl-
edge available on the Iron Age glaze production in the ancient Near East. Moreover, the iconographical
and archaeological features suggested close ties between the glazed bricks from Tol-e Ajori monumental
gate and the Ishtar Gate. We also considered the similarities and differences between glaze technology
evidenced in Tol-e Ajori and important archaeological sites in Iran and Iraq. In addition, the source of Co
in the glazes from Tol-e Ajori bricks and other Achaemenid glazed bricks from Susa and the Persepolis
Terrace is discussed.

© 2023 Consiglio Nazionale delle Ricerche (CNR). Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

of glazed fragments found in the accumulation and collapse layers
give evidence of an original rich glazed relief and flat decoration

The excavations ongoing from 2011 by the “Iranian-Italian Joint
Archaeological Mission in Fars” in the Persepolis area (Marvdasht
plain) (Fig. S1a), unearthed an Achaemenid monumental gate in
the site of Tol-e Ajori, located 3.5 km to the west of the Perse-
polis Terrace and dated to the second half of the 6th century BC
[1-3]. The Tol-e Ajori building (Fig. S1b) measures 39.07 m (NW-
SE) x 29.05 m (NE-SW). The glazed bricks were part of the pre-
served sections of the building’s wall (in situ) and the thousands
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(Fig. 1a,b). The glazed bricks were marked on the upper faces with
a series of simple signs - called fitters’ marks - to show the brick-
layers the right position of each brick [4-6]. Similar fitters’ marks
have been found on other ancient Near East glazed bricks [7,8].
Data from literature related to Babylonian decorated bricks
highlighted an exceptional similarity with the same materials from
pre-Achaemenid Babylon, especially the glazed clay bricks decorat-
ing the last phase of the Neo-Babylonian Ishtar Gate (6th century
BC). This similarity is so strong to stress that almost all of the frag-
ments of bricks of Tol-e Ajori belonged to the same motifs visi-
ble on the Babylonian bricks [4-6]. In particular, the glazed relief
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(h)

Fig. 1. Insertion of the fragments of decorated bricks from Tol-e Ajori in a reconstructed scheme of the Babylonian panel with (a) a bull motif in profile to the right and
(b) a muShussSu motif in profile to the left. Drawing 1. Arlotti, © Iranian-Italian Joint Archaeological Mission in Fars (c-h) Six decorated brick fragments from Tol-e Ajori and

analysed by XRF and Vis-RS.

bricks of Tol-e Ajori, like those of the Ishtar Gate, show different
parts of the bull (Fig. 1a,c,d) and the Mesopotamian snake dragon
[6] (Fig. 1b,e,f) known as muspussu [9]. These discoveries are in
agreement with the results of the excavations, which show that
the plan of the monumental gate of Tol-e Ajori repeats that of the
inner section of the Ishtar Gate of Babylon [10], albeit on a larger
scale and with significant modifications [1,2]. As regards the hues
most of the Tol-e Ajori bricks are severely damaged: the glazes are
generally decolourized and leached and, in many cases, crizzling
and spalling phenomena are visible on the glazed surface [11].

The different elements represented on the brick panels (in re-
lief or flat) - like those from the Ishtar Gate [12] - are outlined by
a dividing line to separate them and to avoid the different glazes
mixed before and during the firing in the kiln. The outlines on
Tol-e Ajori bricks [6] are not in relief but sinking in the glazes
(Fig. 1g,h). A similar line was used on the Achaemenid decorated
bricks of Susa and the Persepolis Terrace, although in those cases
the lines are clearly in relief and black/dark in colour [13,14].

The similarity between the figurative panels of the Tol-e Ajori
monumental gate and the Ishtar Gate is not only in iconography,
colour, proportions and size: each glazed brick from Tol-e Ajori
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that forms part of the figurative panels has been copied from the
Babylonian panels down to the smallest detail. Moreover, archaeo-
metric analyses showed that the bricks of the Tol-e Ajori gate were
produced from local calcareous clays [15,16], and thus indicate that
these ‘Late Babylonian’ style artefacts were produced in the heart
of the Achaemenid empire [9,17].

2. Research aim

The glazed bricks used in the Tol-e Ajori monumental gate, re-
cently discovered in Fars, Iran, are affected by intense deterioration
processes due to the long burial. So, the first focus of this work
was to define the original glaze hues of the unearthed bricks us-
ing non-invasive procedures. Moreover, a multi-analytical approach
based on microscopic and spectroscopic analyses was used to char-
acterize the Achaemenid polychrome glazed bricks and to compare
them with the glazed bricks from significant sites in Iran and Iraq,
such as the Ishtar Gate. In addition, the Co provenance was con-
sidered by comparing Tol-e Ajori data with the analytical results
related to other Achaemenid blue glazes from Susa and Persepolis
Terrace.
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3. Material and methods

About 300 glazed bricks and brick fragments were first stud-
ied by a non-invasive Dino-Lite portable 5Mpx digital microscope
(DM), and an Oxford Instruments X-Met 8000 energy dispersive X-
ray fluorescence (ED-XRF) device equipped with a Rh target X-ray
tube operating both at 8 kV and 50 pA (for low atomic weight el-
ements) and 40 kV and 8 pA (for high atomic weight elements).
A 90 s measurement time (% dedicated to the 8 kV condition, %
to the 40 kV one) was chosen to maximize the signal-to-noise ra-
tio and Bruker Artax software was employed to elaborate spec-
tra. Multivariate statistical analysis was applied to the elemental
composition data by considering the net area of the L-alpha lines
(only for Pb and Sb) and K-alpha lines of the selected elements, to
identify any additional latent information other than the apparent
colour of the glazes. Hierarchical Cluster Analysis (HCA) and Prin-
cipal Component Analysis (PCA) elaborations were carried out by
the statistical packages of Originlab v8.0.

Visible reflectance spectrometry analysis (Vis-RS) was per-
formed on the glazed surface of about 30 bricks and brick frag-
ments, using a handheld spectrophotometer Minolta CM-2600d
equipped with an integrating sphere: spectral range 360-740 nm,
10 nm acquisition step, d/8 geometry, UV included, 3 mm diame-
ter spot (reduced to 2 mm? when needed), measurement time 1 s,
specular component included and excluded. Vis-RS allowed also
colorimetric measurements.

In order to verify locally the elemental composition of a de-
graded glaze, with a chromatically inhomogeneous surface, micro-
X-ray fluorescence (u4-XRF) elemental maps were acquired only in
one greyish glazed brick fragment using a Bruker M4-Tornado u-
XRF spectrometer, Rh target, working at 50 kV, 600 pA and 20
mbar pressure with pixel size 25 nm and acquisition time of about
500 s.

Based on non-invasive data, 31 samples (Fig. S2) were selected
for micro-invasive analysis as shown in Table S1. Twenty-one brick
fragments were embedded in an epoxy resin and carefully pol-
ished after curing the resin with progressively finer paper to be
made into polished cross-sections. A few samples were carefully
ground to a final thickness (usually 30 xm) to be made into pol-
ished thin sections. Transmitted and reflected light observations on
cross-sections and thin sections of glazed bricks were performed
using an OLYMPUS BX51 polarized light microscope equipped with
fixed oculars of 10x and objectives with different magnifications (5,
10, 20, 50 and 100x), directly connected to Olympus SC50 camera
and Stream Basic software for images acquisition. A Philips Quanta
FEI 200 scanning electron microscope (ESEM) equipped with an
energy dispersive X-ray spectrometer (EDS) (model 6103, Link An-
alytical Oxford UK) was used for elemental analysis with an accel-
erating voltage variable between 20 and 30 kV, a lifetime of 40 s
and a working distance of 30 mm. Twenty-one samples were ex-
amined in both high and low vacuum depending on the typology
of the samples (thin/cross-section or micro fragment). The sam-
ples weren'’t coated with a conductive thin layer, which could limit
their further investigation. Micro-Raman analysis (p-Raman) was
performed on 4 representative samples with a LabRam instrument
from the Jobin Yvon-Horiba, equipped with a red 633 nm laser, a
Peltier-cooled (—70 °C) CCD detector with 1024 x 256 pixels with
a spectral resolution of 1 cm~! and spatial resolution 1 pwm. The
scanning time varied from 5 to 20 s with the laser power of 5 mW
and Olympus long working distance objectives with 50x and 100x
were used.

4. Results

The original hues of the Tol-e Ajori glazes are often no longer
present because they are deeply affected by decay. However, ED-
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XRF data, carried out on 300 discoloured glazed and unglazed
bricks, both in situ and in the deposits, assisted by multivariate
statistical techniques (PCA and HCA) allowed the identification of
4 main groups characterized by the presence of the typical chro-
mophore elements that should have been responsible for the orig-
inal hues (Figs. 2a and S3, Tab. S2). Three main groups are at-
tributable to the blue, yellow and white glazes (see below in the
text, also for the colour of the ellipses/sets), while the fourth group
of data cannot be clearly defined because the surface of the bricks
is too altered (the points under the light grey ellipse in the centre).
Some unglazed relief bricks were also analysed by ED-XRF to ver-
ify if they could be originally glazed, revealing very high Ca con-
tent with lower amounts of Si, in association with Fe, Al and K,
confirming a calcareous clay body [15,16] and the absence of chro-
mophore element linked to glaze.

Vis-RS was carried out on 31 glazed fragments selected from
the 3 different groups identified by HCA and PCA allowing to chro-
matically characterize the discolouration and the degradation phe-
nomena and verifying the potential and limits of the technique
[18,19].

PLM (Fig. S4a,b) and ESEM-EDS investigations (Tab. S1) con-
firmed a calcareous clay body and highlighted the presence of an
interface, thinner than 100 pm, generally showing a high content
of Si, Al and Na together with Mg, Fe, (P, K, Cl), and Ca, with-
out chromophore components. Tol-e Ajori glazes are lime-alkali
[20] and different colouring agents and opacifiers have been em-
ployed to obtain the different hues. The glaze’s thickness ranges
between 1.2 and 2.8 mm. Many undissolved crystals of quartz, py-
roxene and dark particles are spread in the unaltered glazes (Fig.
S4c). Bubbles, which are produced due to released gases in the
vitrified glaze during the firing, were also visible. The voids per-
centage is very high (about 30%), with many gas bubbles of vari-
ous diameters, ranging from 90 to 2800 pum, sometimes filled by
secondary calcite. Degradation of glaze, opaque crusts and irides-
cent areas arranged as laminar or ring-shaped and in concentric
“Liesegang” structures are visible in the glazes [21] due to de-
alkalization mechanisms, such as leaching and network dissolution
[22] that altered the original hues (Fig. S4b-d).

4.1. Cobalt and copper-containing glazes

PCA biplot on the ED-XRF data preliminary classified and segre-
gated by HCA treatment (clusterization by Ward method, tested for
both City-Block, Euclidean and Squared Euclidian distance) identify
a cluster of samples highly associated with Co and Cu (Fig. 2a, blue
95%-confidence-ellipse confined samples from HCA visible in Fig.
S3), as the elements responsible for the blue colour, together with
Fe, Zn, Ni and Mn as trace elements. The heterogeneity of the dis-
tribution of Co and Cu, as well as the effects of the alterations of
the blue glazes, that occurred during the centuries, was also ev-
ident in the Vis-RS and colorimetric measurements on the same
areas, showing the variability in colour.

Vis-RS allowed detecting, in the pale blue and grey-bluish
glazes, the presence of a Co-based chromophore group, similar to
that measured on Co-coloured glasses [23]. In these cases, in fact,
Vis-RS spectra show absorption bands (Fig. 3a) at about 530, 590-
600 and 640-650 nm (more pronounced in curves 1 and 5 of the
figure, relating to darker areas), typical of Co2* in tetrahedral sym-
metry. The presence of Cu can also modify the spectrum in Cu and
Co-containing samples, hiding the typical spectrum due to the Co
chromophore (Fig. 3b, solid lines).

Cu chromophore has a characteristic broad absorption band at
about 800 nm due to the d-d transition, not completely exhibited
in the selected range (Fig. 3c), while a broad reflectance maxi-
mum at about 500-600 nm is due to the combination of copper
(I1) [24] and the glass absorption. In some samples this reflectance
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Fig. 2. (a) PCA biplots (loading and scored plots) based on ED-XRF spectra acquired on the glazed surfaces (excluding lateral and body samples) considering some significative
elements; points are grouped and confined by the 95% confidence ellipses based on the clusterization derived from the Hierarchical Cluster Analysis (see Fig. S3); the colour
of the ellipses has been attributed accordingly with the discussion; (b) Fitter marks composition -green circles- projected on the space of the 1st and 2nd PCs derived from

the PCA (Fig. 2a) and HCA (Fig. S3).

peak shows a maximum around 600 nm, possibly influenced by
the presence of iron oxides (as in Fig. 3b).

In the Vis-RS spectra of Co-based glazes, the loss of the re-
flectance peak in the blue region is rather pronounced in all the
samples examined (curves 1, 14-15, Fig. 3a) due to discolouration
phenomena, as demonstrated on Co-containing glasses like smalt
blue pigments [25].

In some grey-bluish hues, Vis-RS allowed to identify a weak
shoulder in the curves at 420-450 nm (Fig. 3b, curve 11) related
to the effect of iron oxides (Fe3* ions) with their typical c. 450 nm
band. Generally, this signal can derive from the Fe oxides included
in the glaze and also detected by EDS, while in the damaged glazes
it is due to the clay bulk inside the lacunas (Fig. 3b, dotted curve
10).

EDS of bluish glaze confirmed the presence of both Fe-Co-rich
particles and Cu filings. Rare crystal aggregates Sb-Ca based and
very small in size (approximately 0.3-0.4 wm) were also found.
In some grey-bluish glaze samples, the colouring agent is only Cu
without Co and the opacifier agent is Ca antimonate.

1-XRF mapping carried out on a grey-bluish sample (Fig. S5a,b)
showed the heterogeneous distribution of Co and Cu in the grey-
bluish glazes and, at a microscopical level, no significant relation
between Cu and Co. Ca and P signals are related to the burial con-
ditions while Si as a glaze component is uniformly distributed.
In this sample, Pb is present at a trace level, while Fe and Mn
cores are evident and generally unrelated. Co and Mn (and Cu to a
lower extent) are usually more concentrated where black spots are
present. In the bluish glazes (Fig. S6a), ESEM-EDS detected Cu and
Co -coherently with the results of non-invasive analyses- some-
times with a variable amount of Fe (Fig. S6a,b).

In a few yellowish glazed bricks attributable to the curl of
mu$hussu and the bull’'s hoof (Fig. 1d,e), ED-XRF detected the un-
usual combination of Cu, Sb, Pb and Fe as confirmed by ESEM-EDS
analysis. These decorative parts have been supposed to be green-
ish by the similarities with Babylonian glaze bricks (4,5,6). In these
glazes, the reflectance peak lies between 560 and 580 nm (Fig. 3c,
curves 49-51), shifted to longer wavelengths when the yellow hue
is evident (curve 52) due to Sb and Pb, detected by XRF. As noted
above, a weak shoulder in the Vis-RS curves at 420-450 nm is pos-
sibly due to Fe oxides.
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It is interesting to mention that sometimes at the base of the
glaze, very small (ca. 10 um) particles rich in Ag, Pb, Cl and Sn
were found (Fig. S6a,c) by ESEM-EDS. Similarly, a few particles rich
in REE (La, Ce and Nd) and Ag were detected in a greenish glaze.
Since Ag was only found in the blue glazes, it is most certainly
linked with the colouring agent of these glazes; i.e. Co or Cu. No
traces of Ag and REE were found in the portable ED-XRF and u-
XRF spectra of blue glazes, maybe due to the lower amount than
the detection limit for these elements and to the fact that their
characteristic X emissions are absorbed by the thick glassy ma-
trix on the top since their presence is most probably restricted to
the lower layer of the glazes (perhaps for a migration phenomenon
due to gravity while firing), as found by ESEM-EDS.

In greenish glazes (Fig. 4a), very small Cu-filing were detected
by ESEM-EDS (Fig. 4b,c). Large Fe-pellets were also detected show-
ing a very rich border composed of glauconite elongated crys-
tals (Fig. 4b,d). The Raman bands registered from the Fe-rich
pellets (i.e. 174, 254, 563 and 694 cm~!) which are consistent
with the mineral glauconite ((K,Na)(Fe3*,AlMg),(Si,Al)4019(OH),)
[26] (Fig. 5a).

4.2. Lead antimonate opacified glazes

According to ED-XRF data, the group of glazes containing high
amounts of Sb, Pb and Fe (orange 95% confidence ellipse confined
points on the PCA biplot; Fig. 2a) suggested the presence of lead-
based yellow glazes, associated with P, V, As and Cl other than
Sb and Pb. Vis-RS spectra show a broad absorbence region below
480 nm (Fig. 3d) and a small shoulder at 450-460 nm related to
the electronic transitions of Fe3+ ions, arranged in octahedral sym-
metry [27]. In addition, PCA confirmed that the composition of the
fitters’ marks was similar to that of the glazes (Fig. 2b).

PLM and ESEM-EDS analyses of the yellow glazes (Fig. S7a,b)
confirmed the presence of Pb-Sb and Fe-based compounds. Regard-
ing the lead antimonate crystallites (Fig. S7c), their shape and com-
position could be compared with iron-modified lead antimonate
(PbyFeq.5Sby.506.5), with the cubic crystal system (symmetry Fd-
3 m (227)) [28,29]. Some of the yellow glazes and fitter's marks
showed minor evidence of V in association with Pb, P and CI (Fig.
S8a,b).
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Fig. 3. (a) Vis-RS spectra of grey-bluish glazes containing Co) and Cu, where the first determines the final blue colour; (b) Vis-RS spectra of greyish glazes where Cu is
prevalent (solid lines). The brown curve (dotted line) shows the effect of brown-pink earth deposits. The final colour of the surface is described as “pink-brown grey”, due
to these deposits; (c) Vis-RS spectra of greenish and yellow glazes containing Cu; (d) Vis-RS spectra of yellow or dark yellow glazes containing Pb and Sb. The elements
Co, Cu, Pb and Sb were detected by ED-XRF and EDS analyses. The symbol * indicates the abs. sub-bands of Co?* in tetrahedral symmetry; ° marks the broad peak due the
combination of the glass and Cu?* absorption; + the shoulder due to Fe**+ ions; § in the dotted line marks the shoulder typically related to goethite and to its c. 550 nm
inflection point; ~ and v, respectively, the abs. edge and peaks linked to lead antimonate. Some shifts of reflectance peaks are evident, particularly for lighter surfaces, such

as Fig. 3d.

In agreement with these observations, p-Raman showed the
significant occurrence of Pb,Sb,0; as the yellow opacifier in the
glazes, with the Raman bands at 77, 96, 147, 206, 304, 339 and 517
cm~! [30,31] (Fig. 5b). Also, p-Raman revealed the occurrence of
haematite (Fe,03) in the glazes with the bands at 230, 249, 296,
415, 504, 618 and 667 cm~! [32] (Fig. 5¢) consistent with the ma-
jor incorporation of Fe in the glaze. The presence of red haematite
in the yellow glazes is the reason for their orangish colour.

4.3. Calcium and sodium antimonate opacified glazes

ED-XRF showed the major occurrence of Ca and Sb in the white
samples (Fig. 2a, white 95% confidence ellipse confined dots and
Fig. S3). The Raman bands at 241 and 675 cm™! [32] showed
the occurrence of calcium antimonate (CaSb,0g) incorporated as
a white opacifier [33] (Fig. 5d). Apart from calcium antimonate, p-
Raman investigation on the white opacified glaze detected sodium
antimonate (NaSbOs, brizziite) with Raman bands at 160, 209, 236,
620 and 665 cm~! [34] (Fig. 5e). The large contribution of two
white opacifiers is an interesting feature of these glazes.
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Digital microscope allowed to highlight that the outlines on
Tol-e Ajori materials are sinking in the glazes (Fig. S9a,c). In a
few cases, a Fe-rich red slip is present under the glaze (Fig. S9b).
ESEM-EDS analysis confirmed the presence of calcium-antimonate
in the white petals while the outline is distinguishable for the
strong presence of Si (Fig. S9d), denoting the use of quartz pow-
der. These white outlines are compositionally similar to the Neo-
Assyrian ones [35].

5. Discussion
5.1. Antimonates as opacifiers

The occurrence of lead antimonate and calcium antimonate as
yellow and white opacifiers in the vitreous materials of the Late
Bronze Age and Iron Age in the Near East is well documented [36].
Lead antimonate, which has been reported to be the sole yellow
opacifier used in the early Near Eastern vitreous materials, has
been sometimes mixed with red haematite to produce orangish
colour in the glaze [37,12]. Sodium antimonate has occasionally
been identified in first-millennium glazed materials from north-
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(d) BSE micrograph of Fe-pellet with a glauconite-rich border.

western Iran, as in the seventh century BC ‘Mannaean’ glazed
bricks from Tepe Rabat [38] and in Achaemenid glazed bricks of
Susa [39] and Persepolis Terrace [38].

Sodium antimonate is evidenced in the glazed bricks from Tol-
e Ajori monumental gate but not in those from the Ishtar Gate
[40,41] highlighting a major difference between them. However,
there is no sufficient evidence to argue that sodium antimonate
is absent in the glazes of Ishtar Gate, moreover, we are not able
to discuss if the presence of sodium antimonate at Tol-e Ajori
is a technological choice or accidental. If a deliberate choice, it
has been suggested that sodium antimonate is formed in an al-
kali glaze when the Ca content of the glaze is consumed to pre-
cipitate Sb as calcium antimonate and there is still sufficient Sb
content to be precipitated with the Na content of the glaze [42].
This can mean that: the amount of Ca of the glazes which incor-
porated sodium antimonate has not been high enough to precipi-
tate the whole Sb content; or conversely, the Sb content has been
high to satisfy both Ca and Na of the glazes at the expense of
the formation of calcium and sodium antimonate. Therefore, the
presence of NaSbOj in Tol-e Ajori glazed bricks should be an arbi-
trary accident resulting from high Sb or low Ca contents. Perhaps, a
more in-depth isotopic study on the glazed materials from the Tol-
e Ajori gate and a thorough comparison of the isotopic data with
those available from the Ishtar Gate [43] will shed further light on
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the similarities/dissimilarities between the glaze technology from
these very similar monuments.

5.2. Vanadium, phosphorus and chlorine

The presence of Pb, Cl and P in the yellow glazes is proba-
bly related to pyromorphite (Pbs(PO4)3Cl) or lead hydroxyapatite.
Pyromorphite is a secondary phase formed because of the reten-
tion of phosphate in the Pb-bearing glassy materials [44] due to
the degradation phenomena [35]. Since the archaeological site of
Tol-e Ajori is located in an agricultural field irrigated for many
years, the corrosion of the glazes and incorporation of P and Cl
available in that environment could support this claim. On the
other hand, the presence of V in most of the P-Pb-bearing crys-
tals, as well as the association of Pb with low amounts of V, Cl,
As and P in Sb-deprived crystals, support the idea that the Pb-
source for the glazes contained pyromorphite Pbs(PO4)3Cl, vana-
dinite (Pbs(VO4)3Cl) and mimetite (Pbs(AsO,4)3Cl). These miner-
als, belonging to the apatite group, occur in nature as a result
of weathering of galena (PbS), the most common lead source
used for glaze production in antiquity [45]. Interestingly, ancient
Mesopotamian craftsmen have been familiar with a Pb-based sub-
stance called kalgukku, yellow and orangish in colour, used in
glass and vitreous materials production in ancient Mesopotamia
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Fig. 5. Raman spectra of the glazes from Tol-e Ajori: (a) sample TAJ 2, glauconite;
(b) sample TAJ 4, lead antimonate; (c) sample TA] 4, haematite; (d) sample TAJ 3,
calcium antimonate; (e) sample TAJ 3, sodium antimonate.

[45]. Thavapalan suggested [46] that this Pb-based material could
be either minerals bindheimite (Pb,Sb,0g(0,0H)), massicot (PbO)
or wulfenite (PbMoQ,4). However, there is no reason to rule out
the connection of kalgukku with the aforementioned apatite group
minerals. Thus, the possibility of the use of weathered galena with
crusts of pyromorphite and vanadinite as the main source of Pb in
the yellow glazes from Tol-e Ajori cannot be entirely excluded.

5.3. Source of Co

Blue was an important colour in ancient Iraq and Iran and at
least from the Neo-Assyrian period, and it was used in the pro-
duction of glazed bricks [47]. Since it was impossible to perform
a quantitative study on the blue glazes of Tol-e Ajori due to their
severe weathering, it is hard to establish a provenance for the Co
source based only on the qualitative data.

The earliest Co sources used in early vitreous materials from
Near East are reported from Dakhla Oasis [48] and the Western
Oases in Egypt [49]. The Egyptian sources of Co were still in use
in the glass industry of the first half of the first millennium BC at
Nimrud [50], while the later first millennium AD vitreous materials
of Nimrud show a different signature of Co source than those of
Egyptian ones [51].

Similar to the Western Oases Egyptian source of Co, which
shows Fe, Zn, Mn, Al and Ni as associated elements [48], the Co-
coloured glazes from the 6th century BC Ishtar Gate are associ-
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Fig. 6. A comparison among representative ED-XRF spectra acquired on
Achaemenid blue glazes from Tol-e Ajori, Persepolis and Susa (the ED-XRF
spectra from Persepolis Terrace and Susa are acquired from Holakooei et al.
[37] and Holakooei [38] respectively).

ated with Ni, Mn, Fe, Cu and Zn [43] suggesting that the Egyptian
source of Co. Noteworthy, the bluish Co-coloured glazes from Tol-e
Ajori demonstrate high Fe content, and minor trace amounts of Cu,
Ni, Mn and Zn indicating the same Egyptian origin, and the fact
that this source may have been still in use around the mid-first
millennium BC.

Differently, the Achaemenid blue glazes at Susa [37] and Perse-
polis Terrace [38] differ for Mn, Ni and Zn contents from Tol-e Ajori
and Ishtar gates (Fig. 6).

The change in the supply of Co-minerals is coherent with the
dating proposed for the Tol-e Ajori monumental gate, which is
thought to predate the buildings at Susa and the Persepolis Ter-
race.

Concerning Ag occurrence in a limited number of Tol-e Ajori
blue glazes, there is no firm evidence for the occurrence of Ag
in the ancient Near East Co-Cu blue-coloured glazes, while Dayton
[52] reports that Co source of Mycenaeans blue glazes contains Ag.
In any event, the mines of Co and Cu which contain Ag are nev-
ertheless located almost exclusively in Europe and North America
[51,53,54].

5.4. Glauconite as a degradation product

With regards to the occurrence of glauconite in the green glaze
of the shard TA] 2, it should be mentioned that since glauconite is
transformed into other minerals phases in relatively low temper-
atures [55] and is not a stable phase in high firing temperatures
that the glazed bricks have undergone (ca. 850 °C as shown by
Amadori et al. [16]), it must have been formed as a result of the al-
teration of Fe-rich silicates originally used in the glazed bricks. Fe-
rich minerals phases embedded in a siliceous matrix together with
copper prills have been already reported to be the reason for the
green colour in the eighth-century BC glazed materials from Nim-
rud [35]. Glauconite may have been formed due to the alteration
of these Fe-rich aluminosilicates in the humid burial environment
(the archaeological site of Tol-e Ajori is located in an agricultural
field where irrigation is a routine practice).

6. Conclusions

From a methodological point of view, this research has shown
that the mixed analytical approach, consisting of a first broad cam-
paign of non-invasive XRF and Vis-RS analyses, possibly carried out
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in situ, and a series of targeted in-depth analyses (ESEM-EDS, Ra-
man, etc.) on selected micro-samples, represents an interesting op-
erational protocol. Moreover, the reflectance measurements, often
neglected for the study of ceramics, offer qualitative data useful
for understanding the effective contribution of some elements, and
related chromophore groups, to the final colour.

Thanks to the integrated investigations carried out on the
glazed bricks of Tol-e Ajori monumental gate and the compara-
tive research with the Ishtar Gate, it became possible to stress that
white and orange-yellow glazes have been mainly used for the
figurations, while blue glazes have been employed for the back-
ground and in the bull's details, exactly like in the Neo-Babylonian
Ishtar Gate. In addition, some features of the animal body, like the
mu$pussu curl and bull hoof have been manufactured with green-
ish glazes.

The possible same source for Co as the colouring agent of blue
glaze, the occurrence of lead antimonate and the use of clay bod-
ies are the major technical similarities between the glaze technol-
ogy of these two important monuments. The difference between
them is in the presence of brizziite and calcium antimonate found
as a white opacifier in the glazed bricks of Tol-e Ajori gate. More-
over, the use of a Fe-rich greenish glaze not evinced in the Ishtar
Gate glazes could highlight another difference that occurred be-
tween these two monuments.

Despite comparative studies being limited by the amount of al-
ready published analyses on the glazes from various ancient Near
East sites and future publications might bring new elements to
this discussion, the results of the investigations underline that the
production of the Tol-e Ajori bricks shows much more similarities
with the earlier Neo-Assyrian and especially Neo-Babylonian tech-
nologies rather than the later Achaemenid glazed bricks at Susa
and the Persepolis Terrace. A future isotopic study on the glazes
from Tol-e Ajori could shed light on the provenance of the raw
materials used to produce the decorated bricks.
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