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Abstract

The potters of Qallaline (or Kallaline, from galldl, meaning “potters” in Arabic), a dis-
trict of Tunis (Tunisia) near the now-vanished Bab Kartdjanna gate, produced tiles from
the 16th century until the end of the 19th century, with peak activity in the 18th century.
These tiles, made from local clay, feature decorations influenced by Hafsid art, the Castil-
ian Renaissance, the Spanish Baroque of the Valencia region, and Ottoman styles. Their
characteristic color palette combines green, blue, and ochre. Representative sherds from
various 18th-century sites were analyzed using SEM-EDS, portable XRF (pXRF), and Ra-
man microspectroscopy. The results were compared with tiles from earlier (16th-century
Iznik, Tiirkiye), contemporary (18th-century Tekfur Palace, Istanbul, Tiirkiye), and later
(19th-century Naples, Italy) productions used for similar purposes. The chemical signature
of the different cobalt ores used appears to depend primarily on the production period.
The pastes used in Iznik, Tekfur, and Qallaline ceramics exhibit different compositions.
Qallaline potters employed three types of pastes, varying in calcium content, which were
used either separately or together within the same tile. In some cases, tin was also present
in association with lead. The cobalts used at Qallaline originate from different sources
than those used contemporaneously in Meissen (Saxony), as well as from those used in
the decoration of Iznik tiles one or two centuries earlier, which are themselves comparable
to the cobalt used in Persian mina’i. The As, Ni, and Mn contents are similar to those of
the cobalt employed at the Royal Manufacture of Sevres, believed to have come from the
Giftain Valley in Catalonia.

Keywords: ceramics; Tunisia; Ifriqiya; Hafsid; glaze; color; pigments; opacifier; cobalt;
elemental composition; Raman spectroscopy

1. Introduction

The expulsion of Muslim artisans from Spain in the mid-16th century led many to
settle in Hafsid Ifriqgiya, particularly in Tunis [1]. Moorish potters (Moriscos) established
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themselves near the now-vanished Bab Kartdjanna gate, an area rich in clay deposits. Their
production became known as Qallaline, derived from gallal, meaning “potters” in Arabic.
The district was originally named Houmet el-Andlouss (“the neighborhood of Andalus”).
Kilns were located in what is now known as ‘Place des potiers’, or Jamc ]'did (“Potters’ Place”)
in Arabic. The production of architectural ceramics flourished in the 17th and 18th centuries,
supplying tiles for the decoration of homes and mosques [2,3]. In fact, it is reported that
ceramic production has existed in this area since the 10th century [4].

The decoration of Qallaline tiles inspired by zellij (also spelled zillij or zellige), a mosaic
tilework made from hand-chiseled pieces [5-9], primarily associated with Morocco [8,9], but
also found in al-Andalus and Ifrigiya [7,10], featured mainly painted geometric and floral
design. These were stylistically akin to Portuguese azulejos [10-14], Spanish azulejos [15],
and Ottoman tiles from Iznik, Ttirkiye [16-24].

Qallaline tile decoration is characterized by a palette combining green, blue, and
ochre—colors typical of Hafsid pottery [25]. Their designs were influenced by the Castilian
Renaissance, the Spanish Baroque of Valencia, and Ottoman ceramic styles from Iznik and
Kitahya [15,26,27].

To the best of our knowledge, the present work is the first comprehensive study of
Qallaline production, with the exception of a preliminary Raman analysis of two utensil
shards [25]. We compare the compositions, colorants, and opacifying phases of four
representative Qallaline tiles with reference samples from earlier and later productions,
including 16th-century Iznik tiles (Ttirkiye), 18th-century Ottoman tiles from Tekfur Palace
(Istanbul, Tiirkiye), and a 19th-century or later tile from Naples (Italy). Non-invasive
techniques such as Raman microspectroscopy and portable X-ray fluorescence (pXRF)
were prioritized to allow for comparable in situ analysis of similarly tiled sites. In specific
cases, small samples were extracted for SEM-EDS analysis to confirm and supplement the
spectroscopic data.

2. Materials and Methods
2.1. Artifacts

Table 1 shows the labels of the sherds, as well as their provenance and dating.

Table 1. Provenance of the samples and their expected place and date of production. References
related to the different types of decor are given [16-18,28—41].

Production Place

Provenance Period (Colors) [Remarks] Tile View Label Refs
(Expected)
Art market, 18th century?
Tunis, Tunisia Qallaline (circa 1735-1756)
Expected from the Tunisia ! (blue, green, eggplant, Q [28-33]
dribad of BirLahjar brown-orange, and milky
madrasa white)
Sidi Ali Azzuz Qallaline, Second half of 18th century
mausoleum (zdwiya),  Tunis, [signature from Usta AZ [30-32]
Zaghouan, Tunisia Tunisia masciidal-Sabac]
Sidi Ali Azzuz . Second half of 18th century
L. Qallaline, .

mausoleum (zdwiya), . (circa 1756)

. Tunis, P1 [30-32]
Tunis, Tunisia (blue, green, brown, and
Tunisia milky white)
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Table 1. Cont.
Provenance Production Place Period (Colors) [Remarks] Tile View Label Refs
(Expected)
Sidi Ali Azzuz %Silizhne, First half of 18th century P2
mausoleum (zdwiya), Tunislia (circa 1710) [30-33]
Zaghouan, or (blue, green, brown, and
Tunisia Tiirkiye? milky white) P3
Mosquée des Teinturiers Eirrsctahf;g%f 18th century
C 1/4: 7
(Jam® J'did, Dyers Tekfur (blue, turquoise, coral red,
mosque), Palace, . ) Tek [30,34-39]
Tunis Tiirkive black line covered with
Tunisia Yy optically clear
colorless glaze)
Art market Italy, 19th or 20th century (?)
Tunis, Naples (blue, white) It
Tunisia mark ’
Art market Iznik [16—
France Turkiye 16th century Iz1C 18,40,41]
Art market Iznik . [16—
France Tirkiye Middle 16th century 1z2Tr 18,40,41]

Three sherds originate from the mausoleum (zdwiya ou zaouia) of Sidi Ali Azzuz in
Zaghouan (AZ, P2, and P3), a town approximately 65 km from Nabeul, Tunisia’s main
center for ceramic production. Another sample (P1) from a zaouia also dedicated to Sidi
Ali Azzuz in Tunis is dated to around 1756. Sidi Ali Azzuz, born in Fez, Morocco, was one
of Tunis’s revered patron saints. He lived during the second half of the 17th century, and
his primary zaouia is located in Zaghouan, where he settled for spiritual contemplation.
This venerable zaouia, constructed in 1680 by a Mouradite prince, features a dome of glazed
tiles and walls covered with geometric tile patterns. It is located near the Great Mosque of
Zaghouan. Stylistic analysis dates the tiles to approximately 1750-1760.

Documentation on the Qallaline workshops and their masters is scarce, with only
limited records available from the National Archives of Tunis (A.N.T) and the French
Consulate archives from the Protectorate period [30].

A tile marked “Naples” (labeled It hereafter) on its reverse side is characteristic of
late 19th-century (or later) Italian production and was widely used in Tunisian buildings
of that period.

A sherd from the Dyers” Mosque (Jami” Masjid ou Jam® J'did ou Mosquée des Teinturiers),
built by Hussein I Bey-founder of the Husseinite dynasty and successor to the Mouradites,
was also included. The mosque was inaugurated in April 1727 [28]. This sherd displays
a typical Ottoman palette, with vivid blues and reds [17,39-41], and is attributed to the
Tekfur Palace kilns, which were established in Edirnekapi, Istanbul, under the patronage of
Nevsehirli Damat Ibrahim Pasha. As tile production in Iznik had significantly declined by
the early 18th century, the establishment of a new production center aimed at achieving
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a quality comparable to that of Iznik became necessary. Therefore, in 1718, two master
tile makers were brought from Iznik to replicate Iznik-style ceramics. However, the tiles
produced at Tekfur Palace failed to achieve the same level of technical and aesthetic success
as their Iznik counterparts, and production ceased by the 1750s [17,39].

The ceramic bodies of Tekfur tiles (Tek) are frit-based, similar to those of Iznik tiles,
but generally coarser in texture [35,41—44]. A distinctive feature is the presence of a thick
quartz slip layer beneath the decoration, with a higher clay content than that typically
found in Iznik slips. The transparent glazes applied over the decoration often exhibit
a greyish or grey-green tint [43,44]. The color palette of Tekfur tiles includes pale red
with a brownish hue, cobalt blue, navy blue, turquoise, green, and black outlining. Tile
dimensions are comparable to those of Iznik tiles and generally larger than those produced
in Kiitahya [43,44].

For comparative purposes, two standard 16th-century Iznik tiles (Iz1C and 1z2Tr) with
polychrome decoration—exhibiting visually distinct ceramic bodies—were also included
in the study corpus [16,18-23,35-43].

2.2. Methods
2.2.1. Optical Microscopy

The sherds, including their surfaces and cross-sections, were observed without any
preparation using an Olympus BX51 microscope equipped with 5x (NA: 0.15) and 10x
(NA: 0.30) objectives, and AnalySIS 2006.V2 software (Olympus Soft Imaging Solution,
Tokyo, Japan). Images of the cut sections were captured with an Epson scanner (Seiko
Epson, Tokyo, Japan) at 600-1200 dpi resolution, ensuring optimal color balance.

2.2.2. Portable X-Ray Fluorescence Spectroscopy (pXRF)

The analytical protocol follows methods described in previous studies [45,46]. XRF
analysis was performed using a portable Elio instrument (Milano, Italy) featuring a Rh-
anode X-ray tube, a ~1 mm? collimator, and a large-area Silicon Drift Detector (energy
resolution < 140 eV for Mn Ko; detection range: 1.3—43 keV in air). The instrument was
mounted on a dedicated frame for stability, and measurements were taken in point mode
for 180 s at 50 kV and 80 pA, with no filter between tube and sample.

The analysis depth, estimated using the Beer-Lambert law (defined as the layer from
which 90% of the fluorescence originates), was approximately 6 pm for Si K&, 170 um for
Cu Ko, 300 um for Au La—comparable to glaze thicknesses—but 3 mm for Sn K« [47].
Accuracy was verified using reference glass and stone materials. Since the intensity of
electronic transition peaks (Ko, K3, M, M3, L&, LB, Ly, etc.) depends on both elemental
identity and concentration, peaks for trace elements like Pb and Rb can appear more intense
than those for major components like Si. Due to topological variation in the 3D distribution
of colorants, calculating a single “composition” is not meaningful. Instead, a clustering
analysis method developed by our group was used. This involved plotting normalized
peak areas (calculated with Artax 7.4.0.0, Bruker AXS GmbH, Karlsruhe, Germany) in
ternary and biplot scatter diagrams. Normalization was performed relative to the Rh
tube peak, and for blue-decorated samples, also to the Co or Si signal depending on the
pXRF instrument used in the other studies for comparative purposes across chronologies
and technologies.

2.2.3. Raman Microspectroscopy

Raman analysis was conducted using a Labram HR800 spectrometer (HORIBA Scien-
tific Jobin-Yvon, Palaiseaur, France), with excitation provided by an Ar* ion plasma laser
(Innova 190C 6UYV, Coherent Inc., Santa Clara, CA, USA). The 457.9 and 514.5 nm lines
were used with laser powers ranging from ~0.3 mW (for colored enamels) to 8 mW (for
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paste) at the sample surface. Spectra were acquired using a 50 x long working distance
(LWD = 13 mm, NA = 0.45) objective (Olympus, Tokyo, Japan). Each analyzed spot mea-
sured ~5 x 5 um?, consistent with expected pigment grain sizes. Penetration depth was
uniform in colorless glazes but lower in dark-colored zones.

Spectral windows ranged from 50 to 4000 cm !, with accumulation times ranging
from a few minutes to tens of minutes. At least three accumulations were made per spot to
suppress cosmic ray noise. Three measurements were made per area. Using a 600 lines/mm

grating, the uncertainty in peak position was about +-2 cm 1.

2.2.4. Scanning Electron Microscopy-Electron-Dispersive Spectroscopy

Following Raman and pXRF analyses, only micro-samples (~1 mm?®) were extracted
from sherd edges to minimize damage. SEM-EDS analyses were carried out using
a JEOL 5410 LV microscope at 20 kV accelerating voltage in SE imaging mode. Sam-
ples were mounted on a metal stub, partially covered with carbon-rich tape to reduce
charging effects, leaving a small window for analysis. Because colored areas could not be
precisely identified in SEM imaging, this window allowed correlation with Raman and
optical microscopy data.

EDS spectra were recorded at 400 x magnification, covering a ~300 x 250 um? area—larger
than the typical pigment grain size—to ensure representative composition measurement.

3. Results

3.1. Microstructure and Composition Comparison
3.1.1. Paste

Figure 1 illustrates the diversity of glaze colors (turquoise, green, blue, red, yellow,
eggplant, and black) and ceramic body hues (white and reddish-pink). Qallaline tiles
typically exhibit a two-tone paste structure, with a white slip layer over a pink body
beneath the glaze. In contrast, Ottoman tiles from Tekfur Palace and Iznik (see Table 1)
feature either white or pale pink pastes. Enamel thickness varies between 300 and 500 um.

Figure 1. Top view (left) and sections (right) of the sherds: (a) Tekfur Palace tile fragment (Tek) and
its section; (b) Qallaline tile rectangular fragment (Q) and its section (with full view of the sherd
showing the pink and cream layers); (c) Sidi Ali Azzuz Zaghouan mausoleum fragment (AZ) and
its section; (d) Italian sherd (It); (e) Sidi Ali Azzuz Tunis mausoleum fragments P1 and P3; and
(f) fragment P2 (Sidi Ali Azzuz Zaghouan mausoleum).
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Examination of the Qallaline body sections under both an optical microscope
(Figure 1b) and an electron microscope (Figure 2) reveals a very fine grain size, with
the largest grains rarely exceeding 20 um. This suggests that the paste is intermediate
between typical terra cotta and earthenware.

Figure 2. Electron microscopy images (SE imaging mode) of body paste fracture sections in tiles Q,
P1, and IzC (scale bar = 50 pm). In the IzC section, the ceramic body, the white and red slips, and the
overlying glaze layer are clearly visible (The continuous and dotted lines visualize the boundaries
between the layers of enamel and the paste).

The high clay content in the Qallaline-type tiles results in a texture that visually retains
traces of the forming process, such as residual deformation patterns in the paste-clear
indicators of a clay-based body. In contrast, the Iznik paste exhibits a more homoge-
neous structure with grain sizes ranging from 10 to 20 um, as inferred from the voids
left by grains on the fracture surface. Closer inspection of a red-decorated area reveals
a superficial, transparent enamel layer approximately 50-100 um thick, overlaying, for
example, a red granular mixture applied on a siliceous slip, which is characteristic of Iznik
production [16,26,35-42].

In the Qallaline tiles, this quartz-based slip is absent. A partial slip layer is observed
in the Tekfur tile: it appears beneath the white areas and the raised red decoration, but
not under the blue areas. High-magnification optical images of sherd sections and glazed
surfaces are shown in Figure 3. The paste of tile AZ (Figure 3C) appears finer in grain size
than that of tile Q (Figure 3B). Overall, the paste sections of sherds Q and AZ appear similar.
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©
AZ

Figure 3. Detailed view of the glazes of tiles Tek (A), Q (B), and AZ (C): sections of the zones colored
in blue (Aa, Bb, and Ca), red (Ab), black (Ac), and green (Cc) and paste (Bc,Cb); Ad, Ba, and Ca
show the surface of the colored areas. The scale bar corresponds to 1 mm, except for the image of Ab,
where it corresponds to 500 um.

The pXRF and SEM-EDS techniques are complementary: EDS allows accurate local
measurement of major elements, especially lighter ones, while XRF detects a broader
range of minor and trace elements but over variable depths. Light elements (e.g., Si,
Al) are analyzed at the very surface (a few um layer); transition metals are detected at
medium depths (up to 100-200 pm, that almost correspond to the glaze thickness), and
heavy elements (e.g., Sn, Sb) are measured from deeper layers due to their high-energy
peaks. Therefore, XRF data are primarily comparative, the contribution of the heavy
elements from the glaze being decreased by the contribution of the substrate, almost free of
heavy elements.

Figure 4 compares the XRF spectra acquired from the ceramic body sections. The
Ottoman Iznik sample is notable for its strong lead signal (both M- and L-lines), indicating
the use of a lead-rich frit in the body composition. The other bodies contain only a small
amount of lead, with slightly higher levels in the P2 sherd and the pink slip of the Qallaline
sherd. The similarity between the bodies of AZ and P1 is clear, while the spectra of the
Qallaline and P2 sherds are also quite similar, with the slip layer showing a modestly
elevated lead content, probably due to diffusion from the glazed surface. Surprisingly, a
significant level of tin is observed for P1, and a lower level for P2 and P3. The addition of tin
should be voluntary since the amount of lead is very low. However, tin may be associated
with the lead ore or introduced through the use of metallurgical scrap as a raw material.
A third hypothesis is the use of a Sn-containing glaze as a frit to aid in the sintering of the
body. The measurements were taken a few millimeters away from areas where the body
was contaminated by the molten glaze, which appears to have been excluded. The highest
amount of tin is detected in the P1 sherd. Distribution appears rather homogeneous at the
measurement scale.

Table 2 compares the main characteristics of the local paste compositions, including the
Si/ Al ratio, flux content (Na, K, Ca, and Pb compared separately), Ca/(Na + K) ratio, and
concentrations of Fe and Ti, the main impurities in the raw materials. EDS measurements
were performed at 400 X magnification over areas of approximately 300 x 250 pum, with care
taken to avoid large grains that could bias the results. Therefore, the reported compositions
should not be considered fully representative of the entire paste but rather indicative of
intra-sample variability.
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Figure 4. Comparison of representative XRF spectra recorded between 0.1 and 25 and between
25 and 35 keV on the body of Tekfur, Qallaline white (Body Kallaline) and rose (Slip Kallaline), Sidi
Ali Azzuz mausoleum (Tunis, AZ and P1), and Sidi Ali Azzuz mausoleum (Zaghouan, P2, P3) sherds.
Peaks marked with * are due to the Compton effect (broad) and those marked Rh* (narrow) the
components of the rhodium anticathode.

The Si/ Al ratio effectively differentiates siliceous pastes from clay-based ones. For
comparison, the Iznik sherds exhibit Si/ Al ratios ranging from 9.78 to 17.19, consistent with
the known presence of quartz grains in the body volume analyzed [16]. The Tekfur sherd
shows an even higher Si/ Al ratio up to 19.48, confirming its silica-rich, fritware composition.
In contrast, the AZ, Q, P1, and It sherds, which display Si/ Al ratios between 2.20 and 4.36,
confirm their clay-based nature. Interestingly, the P2 sherd—although visually similar to
Pl—has a Si/ Al ratio of 14.21, indicating a more siliceous—or heterogeneous—paste than
P1. This distinction, also observed in the XRF data, suggests that different types of tiles
were used in the Sidi Ali Azzuz mausoleums at Zaghouan and Tunis, despite their similar
construction periods.

The calcium-to-(Na + K) ratio further classifies the pastes into three distinct groups:

(i) high-calcium: 1.9-11.3 (Q, AZ, and P1);

(ii) low-calcium: 0.2-1.8 (Iznik and Tekfur);

(iif) intermediate-calcium pastes: 1.8-3.7 (It and P2).
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Table 2. Elemental composition (at. %) and atomic ratios of studied ceramic bodies, measured
by SEM-EDS at 400 x magnification. Full datasets are provided in the Supplementary Materials.

(-: below the limit of detection).

Sample Si/Al Na K Ca Ca/Na+K Pb Fe Ti
Q white 2.76 5.93 1.04 13.57 1.95 - 3.88 0.30
Q rose 2.48 1.17 0.62 14.47 8.08 - 3.31 0.32
AZ 4.36 1.19 1.25 14.62 5.99 - 2.3 0.79
2.83 0.81 1.21 12.39 6.13 0.88 1.41 0.17
425 1.69 2.17 9.25 2.40 1.54 1.69 0.14
P1 2.20 1.06 0.63 19.14 11.32 - 3.53 0.31
P2 14.21 1.74 1.54 6.12 1.87 - 0.61 0.04
It 2.33 1.03 2.07 6.99 3.74 - 2.72 0.33
1z1C 16.18 2.48 0.46 0.66 0.22 - 0.31 0.1
1591 2.99 0.65 1.42 0.39 0.13 0.73 0.1
grain 17.19 24 0.32 0.67 0.25 0.06 0.78 0.03
12T 2431 1.95 0.28 1.3 0.58 0.02 0.16 0.06
9.78 1.47 0.62 3.89 1.86 - 0.04 -
Tek 19.48 2.61 0.52 1.48 0.47 0.12 0.55 0.04

This criterion again distinguishes P2 from the other tiles. Notably, small amounts of
lead are present in the Iznik sherds, Tekfur paste, and certain areas of the AZ sherd, as
evidenced by the XRF spectra (Figure 4).

Analysis of the iron and titanium contents—key contributors to the paste coloration—
confirms these groupings. The Iznik, Tekfur, and P2 samples exhibit particularly low iron
concentrations. In contrast, the pink coloration observed in the Qallaline slip appears to be
primarily correlated with its higher calcium content. As a result, two distinct types of “Tunisian”
pastes are identified: a clay-based paste used in Q, AZ, and P1 wares, and a more siliceous
clay-based paste in the sample P2.

3.1.2. Glazed Decoration

Figure 5 presents representative XRF spectra recorded on the surface of the colored
glaze areas. The spectra of the white glazes (Figure 5a) indicate the use of tin as an opacifier
in Tunisian ceramics, consistent with previous analyses of utensil sherds attributed to
the Qallaline kilns [25], and also reveal traces of barium. Cassiterite opacification of lead
enamels has been practiced by potters in the Islamic world since the Abbasid Dynasty
(9th century) [48]. The Qallaline sherd also displays arsenic, similar to the P1 sherd. These
white areas are partially contaminated by adjacent colored zones (Figure 1), which may
contribute to these additional elemental signals.

The spectra of the blue areas (Figure 5b) indicate the use of different cobalt-based
chromophores. In the Tekfur sherd, the blue coloring is relatively weak due to a thick
transparent overglaze. Cobalt is accompanied by copper, while iron is present (as usual) in
the uncolored glaze.

The Qallaline sherd reveals the use of a cobalt-rich raw material that also contains iron,
nickel (including contributions from cobalt Kf3 lines), arsenic, and manganese, as well as
traces of titanium, vanadium, and chromium—suggesting the use of a chemically European
cobalt ore with limited purification [49]. The cobalt sources used in sherds P1 and P2 appear
similar, containing minor amounts of nickel, copper, and zinc. The presence of zinc may
suggest the formation of (Co,Zn),5iO4, a known 19th-century blue pigment [50,51]. The



Minerals 2025, 15, 865

10 of 23

Counts

Counts

AZ sherd spectrum exhibits lower copper levels; however, in other samples, some copper
may have resulted from color bleeding. The spectrum of the more recent Italian sherd
(Figure 5c¢) is relatively simple, reflecting the use of purified cobalt sources such as cobalt
carbonate or cobalt oxide.

Pb Pb ob
Pb -
Tek \-
Kal ~ Sn As
’ ] \
Sn
* Rh*
AZ ”
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S
Pb Sn
U o A
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. Mj Sn s K
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A /\_
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Pb Fe 7n Pb
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: K
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Energy / keV o " —~
Energy / keV
() (d)

Figure 5. Comparison of representative XRF spectra recorded on Qallaline, Sidi Ali Azzuz mausoleum
(Tunis, AZ and P1), and Sidi Ali Azzuz mausoleum (Zaghouan, P2) (a) white and (b) blue glazed areas;
(c) blue Italian glaze; (d) various colored areas of Tekfur sherd. Peaks marked with * are due to the
Compton effect (broad) and those marked Rh* (narrow) the components of the rhodium anticathode.

The green color observed in the Tekfur sherd (Figure 5d) is typically attributed to
the use of copper. The brown-yellow areas of the Qallaline tile contain both Sn and Sb,
consistent with the presence of Naples yellow, a lead antimonate pigment. The purple
(eggplant-colored) zone is colored with manganese, as expected. The matte black area
appears to be a firing defect resulting from localized overheating. Barium is detected in
both the blue and brown regions of the P2 sample.

Table 3 summarizes the main characteristics of the glaze compositions, including the
Si/ Al ratio, total flux content (Na + K + Ca, and Pb), and the concentrations of Fe and Ti,
which are interpreted as raw material impurities. It also lists colorant elements (Cu, Co, Zn,
As, Mn, and Cr), along with rare earth elements such as Ce and Sc. All glazes except blue
exhibit a visible Sn signal.
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Table 3. Elemental composition (at. %) and atomic ratios of studied glazes measured by SEM-EDS at
400x magnification. Full datasets are provided in the Supplementary Materials. (?: not measured;
-: below limit of detection).

Na +

Sample Si/Al K + Ca Pb Sn Fe Ti Cu Co Zn Cel//Sc As Mn//Cr
Qallaline

glaze (white) 8.75 4.55 3.92 0.28 0.02 - - - - - - -

blue 10.39 5.54 6.86 ? 0.22 0.29 - 0.30 - 0.16//- - 0.07//-
brown-yellow 7.41 4.28 5.28 ? 0.20 - - - 0.12 -//0.09 - -
eggplant 4.50 4.29 3.02 0.12 0.08 - 0.07 - - - - 0.21//-
green-black 7.58 6.68 4.65 1.32 0.44 0.05 1.78 - - - - -//0.03
green 7.67 6.79 5.42 1.11 0.42 0.09 2.1 - - - - -//0.03
green 2 10.12 6.63 7.11 3.36 0.42 - 4.86 - - - - -

black 1.93 592 41 0.73 0.40 - 297 - - - - -

Sidi Azoug

Azzuz AZ

glaze (white) 5.18 4.19 1.83 0.56 0.04 - - - 0.05 - - -

glaze (white) 2 5.72 59 2.95 1.01 0.09 - - - - - - -

blue 5.44 4.67 2.57 - 0.14 - - 0.03 0.12 - 0.06 -

green 8.25 9.63 517 0.73 0.46 0.06 0.61 1.65 - - -

Sidi Azoug

Azzuz P1

glaze (white) 3.63 8.21 2.75 0.61 0.03 - - - - - 0.03 -

dark blue 3.52 5.24 4.65 ? 0.17 - - - - - - -

blue 8.13 6.48 5.87 ? 0.18 - - 0.09 - - - -

Sidi Azoug

Azzuz P2

glaze (white) 5.77 5.48 5.75 0.39 0.09 - - - - - 0.01 -

blue 9.19 6.65 6.41 ? 0.56 1.14 - 0.44 - 054//- 028 -

black line 13.13 7.69 8.66 ? 0.53 0.28 - 0.21 0.2 - - 0.7//-
Italian tile It

blue 8.0 8.47 0.45 - 0.93 0.17 - - - - - -

white

Iznik Iz1C

blue 1 9.58 3.24 4.0 - 0.09 - 0.11 0.01 - - - -

blue 2 8.52 8.34 5.66 0.5 0.15 - 0.09 0.06 - - - -

blue 3 23.97 5.84 5.02 0.43 0.19 - 0.18 0.06 - - - -

blue 4 14.89 8.19 426 0.36 0.16 - 0.09 0.01 - - - -//0.11
blue 5 38.23 4.67 441 0.44 0.10 - 0.13 0.06 - - - -

red 1 14.32 6.82 2.69 0.16 1.08 - - - - - - -

red 2 1500 19.80 7.18 3.42 - 0.49 - - - - - - -

Iznik 1z2Tr

blue 12.20 8.55 4 0.42 1.24 - 0.23 0.01 - - - -//0.32
red 25.57 3.86 0.1 ? 1.61 - - - - - - -
Dyers’ mosque

(Tek)

glaze (white) 14.71 9.68 1.95 - 0.06 - - - - - - -

glaze (white) 2 721 14.86 - - 0.07 - 0.01 - - - - -

light blue 17 4.63 4.86 - 0.14 - 0.22 - - - - -
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Table 3. Cont.

Sample Si/Al §a++Ca Pb Sn Fe Ti Cu Co Zn Cel//Sc As Mn//Cr
Dyers’ mosque
(Tek)
blue 3.42 2.25 1.8 - 0.03 - 0.06 0.01 - - - -
red 51.21 6.76 0.93 - 2.94 - - - - - - -
turquoise 2 16.53 16.22 45 - 0.10 - 0.11 - - - - -
turquoise 1 2.38 3.46 1.28 - 0.03 - 0.12 - - - - -
turquoise 3 5.74 12.88 2.76 - 0.06 - 0.03 - - - - -
turquoise 4 7.75 5.09 2.4 - 0.08 - 0.16 - - - - -
black 3.46 11.88 1.39 - 1.35 0.15 1.86 - - - - -
black 2 4.59 12.21 4.26 - 0.24 0.03 0.3 - - - - -
black 3 17.32 15.53 - - 0.26 - 0.12 - - - - -

Except for the glaze of the Italian tile and certain red or black areas of the Iznik and
Tekfur tiles, all glazes contain lead addition between 1.8 and 6.4 at%. The red and black
regions exhibit lower lead levels. As in Iznik ceramics, the refractory black lines separating
the colored zones act as diffusion barriers, preventing the migration (“burrs”) of coloring
agents. Qallaline black is obtained with copper, iron, and manganese, although P2 (Sidi Ali
Azzuz Zaghouan mausoleum) and Tekfur black lines are obtained without copper. The
Italian glaze stands out with an exceptionally low lead content (0.45 at%), consistent with a
later production technique. The total flux content (Na + K + Ca) remains relatively stable,
ranging from ~4 to 8 at%, indicating consistent firing temperatures across samples. In
the Tekfur sherd, the turquoise area shows heterogeneously high sodium content. While
turquoise is traditionally achieved using Cu®* ions, cobalt is also detected in the turquoise
glaze of this sample (Figure 6).

Counts

v

5 10
Energy / keV

Figure 6. Comparison of representative XRF spectra recorded on Qallaline (Q, d: black defect and
1: dark line), Sidi Ali Azzuz mausoleum (Zaghouan, P2), Tekfur Palace (Tek) black zones; additionally,
the spectrum of the yellow Tekfur zone (Tek_y) is shown.
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Blue coloration is generally obtained using cobalt [50], though copper is also present
in both Iznik and Tekfur samples, and arsenic is detected in the AZ, P1, and P2 tiles. Black
lines contain traces of chromium (e.g., in Iznik and Q), reflecting the use of ferrite and/or
chromite pigments typical of Iznik productions. Since the composition of the black lines in
enameled decorations often varies from one point to another, a larger set of measurements
is required to confirm this preliminary result. Notably, elevated trace levels of cerium are
detected in the Q (brown-yellow) and P2 (blue) sherds. As a rare element in ceramic glazes,
cerium likely contributes to the prominent peak in the Qallaline blue spectrum, which may
be misidentified as vanadium (4.95 keV) (Figure 5b), due to the close energy of the Ce L
(4.84 keV). This instrumental overlap supports the identification of cerium and strengthens
the hypothesis that the P2 tile may have been produced by Qallaline potters, given the
shared raw material sources.

3.1.3. Blue Zones

Comparison of the peak areas of the elements associated with cobalt [45,46,49,52]
clearly shows that the cobalt of the Tekfur tile, ‘rich” in arsenic, is different from that used
by Tunisian potters, cobalt containing more manganese. The latter is more comparable to
that used for Italian tiles, except for the higher purity of the latter. The differences between
Tunisian tiles are small, but two groups can be identified: Az and Q for one part and the
others. The Mn-Cu-Fe diagram of Figure 7 clearly visualizes the differences deduced from
the observation of the spectra, black based on copper oxide or iron and manganese oxides.

Ni/Co Mr/Rh
0.00 ,1.00 0.00,1.00

0.25 0.75
0.50 0.50
P2
075 0.25
black line \fl
black defect Q Tek
¢ / \ Q
0.00 100 A/ » AW 0.00
0.00 025 0.50 0.75 1.00 0.00 025 050 0.75 1.00
As/Co Mn/Co CuRh Fe/Rh

(a) (b)

Figure 7. Comparison of XRF peak area of elements associated with cobalt in cobalt ores:
(a) Ni, As, and Mn measured on blue zones of studied sherds; data were normalized by the cobalt
signal. (b) Comparison of XRF peak area of elements Mn, Cu, and Fe measured on ‘black’ zones and
lines; data were normalized by the rhodium anticathode signal.

3.2. Raman Signatures of Glazes

We begin by considering the Raman spectra of the 1z2Tr sherd (Figure 8a,b), which
display the characteristic Iznik glaze signature: a doublet at ~985 and 1060 cm~! with a
shoulder near 915 cm™~! [20,21,52]. These bands correspond to different stretching modes
of S5iOy tetrahedra in the silicate glass network [53]. The black line shows a strong band
at 840 cm ™!, attributed to chromates [26,27]. The Raman spectrum of the black line is
dominated by the signature of chromate ions due to the very high intensity of the stretching
modes of this ion. Red areas reveal hematite (220, 298, 415, 615, 1325 cm™!) and quartz
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Raman Intensity

(200, 465 Cm’l) [54,55], confirming the use of an intimate mixture of quartz and iron ox-
ides/hydroxides, usually called “Armenian bole”—a sandstone or wacke containing goethite
between quartz grains—similar to “grés de Thiviers” used in France for the production of,
e.g., Nevers faience decoration [56,57].

black line black line
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600 800 1000 1200 1400 O 1000 2000 3000 4000

(@) (b)

P
2
2
<
5
& AL _ / \ /
S "7\,%&76
e RS
% o
! body /M
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(c) (d)

Figure 8. Representative Raman spectra of 1z (a,b) big triangle) and It (c,d) sherd glazes recorded
using a blue laser; a zoomed-in view of the spectral range where the vibrational modes are observed
is given in (a,c).

The white glaze shows a typical glass signature along with a quartz-based underlayer.
Fluorescence appears peaking at ~2900 cm ™! under blue laser excitation.

By contrast, the Raman spectrum (Figure 8c,d) of the Italian sherd (It) is markedly
different. Its glaze features a main SiO4 stretching component between 980 and
1000 cm ™!, consistent with lead-based glass, and a second component at ~1125 cm ™!
according to the content of alkalis. A doublet at 675-1015 cm ™! matches low-calcium
pyroxene (enstatite) [55,58], in line with high calcium levels found in both body and glaze
(Tables 2 and 3). Anatase form of TiO, (main peak at 144 cm™1) is also detected [59].
The body shows stoneware characteristics, including a broad SiO4 bending band around
480 cm~! associated with a quasi-mullitic glassy phase [60,61], and a feldspar peak at
508 cm~!. Peaks at 285, 473, 573, and 633 cm~! match substituted tin oxide [62],
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a 20th-century blue coloring pigment. The absence of fluorescence supports modern pro-
duction, i.e., 20th century. The body can be qualified as stoneware, not terracotta.

Figure 9 shows the spectra of the colored and white areas of the glaze on tiles P2
and P3. We observe an intense band around 1250 cm~! in the blue zones, along with

1 in addition to a band at 818 cm~! and a shoulder at

a secondary band near 2900 cm™
775 cm ™1, which are characteristic of lead arsenate [63—65]. As expected for a lead-based
glaze, the center of gravity of the SiO, stretching mode is located around 980 cm ! [53].
The band at ~1250 cm ™! has been observed in various overglazes based on lead with the

addition of borax [66], suggesting that the blue color was produced using this combination

of fluxes.
1265
'\%q@ 2880
%‘ 3425 blue
c
Qo
E brown line
£
s brown line blue
\
brown line white
T T T T T T T T T 1 T T T T T T T T
0 200 800 1000 1200 1400 0 1000 2000 3000 4000
(@) (b)
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=
(7]
5
£
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£
&
I
white
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Figure 9. Representative Raman spectra of P2 (a,b) and P3 (c,d) sherd glazes recorded using a blue
laser on the glaze surface; a zoomed-in view of the spectral range where the vibrational modes are
observed is given in (a,c).

The white areas exhibit a spectrum showing the cassiterite doublet (630775 cm™1) [25,26];
this opacifier, which forms the basis of the opacification of Islamic pottery and later of
majolica and faience [48], is also detected in the green and blue zones. The fluorescence
background is similar across all colors, indicating the use of the same primary raw materials
in glaze preparation.
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The Raman spectra of the sherd glaze attributed to the Qallaline kilns (Figure 10) share
several common features:
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Figure 10. Representative Raman spectra of the glazes of Q (a,b) and AZ (c—f) sherds recorded on the
glaze surface (a,b,e,f) or on sherd section (c¢,d) using a blue (a,b,e,f) or green (c,d) laser; a zoomed-in
view of the spectral range where the vibrational modes are observed is given in (a,c,e).
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(i) Firstly, the main component of SiOy stretching band peaks at ~995 cm~1;

(ii) Secondly, the signature of lead—calcium/potassium/sodium arsenates, indicated
by a strong As-O stretching mode at 820 to 830 cm ™! [63-65], accompanied by a broad
band at 1265 to 1280 cm ! attributed to borates [66—70] in the blue areas;

(iii) Thirdly, a weak doublet at 633-775 cm ™! characteristic of the cassiterite opacifier;

(iv) The signature of quartz.

Some specific features are also observed: a 625-995 cm ™! doublet characteristic of
wollastonite (CaSiO3) [71-73], consistent with the high calcium content measured; the
signature of calcite with its very narrow peak at 1085 cm~! [74]; and a 292-342 cm™!
doublet probably corresponding to the Cu3SnS;3 phase [75], found in some black lines.

The Raman spectrum of the Tekfur tile from the Dyers” Mosque (Figure 11) reveals an
intermediate glaze profile, marked by a doublet at ~990 and 1080 cm ™!, with a dominant
low-energy component. This result is consistent with the higher Pb/(Na + K + Ca) ratio
measured for this sample (Table 3).

0

—
200

T
400

785 / gark blue
rre~— Tt T T T T —T T T T T T T T T T T T T T
600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
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460 480 500 520 540 560 580
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Figure 11. Representative Raman spectra of Tek sherd glazes recorded using a blue laser: (a) red area,
examination of the glazed section; (b) other colored areas, section analysis; (c) full spectral range
expressed in absolute nm scale for the measurement of the maxima of fluorescence components.
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4. Discussion on Raw Material Provenance

Table 4 summarizes the principal characteristics differentiating the studied tiles. How-
ever, the limited number of analyzed sherds and the lack of comparative data on local clay
sources prevent a more detailed classification of the ceramic pastes. On the other hand,
it is possible to discuss the types of cobalt used and their geological origins. Cobalt was
typically obtained as a by-product of silver or bismuth mining [49], and the associated
elemental signatures vary significantly depending on the mining site—sometimes with
elements present in concentrations comparable to cobalt itself.

Table 4. Main characteristics and conclusion.

Kiln. Samol
(Previous Location amp'e Paste Glaze Blue Black Remarks
. (Origin)

Assignment)
Two layers
(red Si-rich Pb-based

Qallaline Tunis Q layer + Ce traces Low As Cu-based
white Low Ca Association of Group 1
Pb-doped layer) and Group 2’ Qallaline

Qallaline, Zaghouan AZ Pb traces Pb-based Low As

Qallaline Tunis P1 Pb added Pb-based

Qallaline Group 2 Qallaline

or Tirkiye Zaghouan P3 Pb traces Pb-based

Qallaline Pb-based

or Tiirkiye Zaghouan P2 Pb traces Ce traces Group 2’ Qallaline

. Mixed .
Tekfur Tunis Tek Pb-based Pb-alkalis High As Fe-based
. No Sn
Ttaly Tunis It No Pb Low Ca
. s Mixed
Iznik Tiirkiye Pb-alkalis CrO4

Despite these limitations, three important findings emerge:

(1) The presence of tin in the body of some tiles attributed to the Qallaline kilns;
(2) The presence of lead in the bodies of both Qallaline and Tekfur tiles;
(8) The presence of tin in some Tekfur glazes.

The latter finding is consistent with recent results reported in the literature [76].

Figure 12 compares the results obtained in this study regarding elements associated
with cobalt to those from other 18th century glazes (porcelain from Meissen, Saxony [61,77];
porcelain from Sevres, France [78]; and fritware from Tekfur, Istanbul [39,76]), as well as to
blue enamels from earlier periods (mina‘i, 12th-13th centuries, Persia [79]; Iznik ceramics,
15th—16th centuries [16]).

At least two distinct cobalt grades have been identified. The tile believed to originate
from the dribad of the Bir Lahjar madrasa (ca. 1735-1756) contains cobalt derived from
a more impure ore, characterized by the presence of significant amounts of Mn, Ni, and
As. In contrast, the cobalt used in tiles from the Sidi Ali Azzuz mausoleum—both the
Zaghouan example (ca. 1710) and the Tunis sample (ca. 1756)—is slightly purer, containing
Co, Ni, As, Cu, and Zn in lower contents.

Zinc is consistently detected in blue enamels as well as other colored areas, confirmed
through both pXRF and SEM-EDS analyses. However, Raman spectroscopy did not reveal
the presence of (Co,Zn),5i04, a known zinc-bearing blue pigment. The blue color is thus
obtained by the dissolution of Co?* ions in the glassy network. This zinc may originate
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from the lead source, as these elements are often geologically associated. Recycling lead

waste is also possible.
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Figure 12. Comparison of XRF peak areas for blue-glazed regions: (a,b) Co, As, and Mn; (c,d) Ni,
As, and Mn. Data are normalized to the Rhodium anticathode signal in (a,c) and to the Si signal in
(b,d), depending on the pXRF instrument used. The provenance of the analyzed artifacts or sherds is
indicated. For detailed data and provenance information, see data in references [76-79], including
minai ceramics from 12th—13th century Persia, 18th-century productions from the Meissen and Sévres
factories, 15th-16th-century Iznik tiles (notably from Edirne mosques), 18th-century Tekfur tiles, and
Qallaline tiles.

Instead, an unusual spectral profile is observed in blue areas, characterized by bands
around ~1285 cm ™! and ~2880 cm . These features may indicate the use of borax, sug-
gesting the formation of a borosilicate phase within the glaze matrix.

A comparison with the peak area ratios shown in Figure 12 indicates that the cobalt
used at Qallaline differs from that used contemporaneously in Meissen (Saxony), as well
as from that used in the decoration of Iznik tiles produced one or two centuries earlier,
which themselves are comparable to the cobalt used in Persian mina’7t ware. The As, Ni,
and Mn contents in the Qallaline samples are closer to those of the cobalt used at the Royal
Manufacture of Sevres, which is believed to have originated from the Giftain Valley in
Catalonia. This is consistent with the ancient links with Spain. In fact, the presence of
associated elements depends not only on the geological context but also on the separation
and purification treatments applied [49,80].
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5. Conclusions

Both pXRF analyses conducted on cut body sections and localized SEM-EDS measure-
ments indicate the presence of small amounts of lead. This addition promotes the formation
of a liquid phase at relatively low temperatures, thereby enhancing the vitrification process.
Although minor differences are observed among samples visually attributed to Qallaline
kilns, these variations are slight, and all sherds may have originated from Tunis. The
compositions of Iznik, Tekfur, and Qallaline pastes, however, differ notably. Potters at
Qallaline used three types of pastes containing varying amounts of calcium, sometimes
combined with the same tile or used separately, occasionally with tin associated with lead.
The pastes exhibit strong heterogeneity, in contrast to the relatively uniform production of
Iznik ceramics, which was closely controlled by the Ottoman administration (nakkashane).
This variability in Qallaline production suggests that multiple workshops likely contributed
to manufacturing the tiles found in the buildings from which they were recovered.
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