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Abstract: In the present study an archaeometry programme has been developed on a limited number
of coarse wares, monochrome, and bichrome glazed ceramics retrieved in the cities of Évora, Mértola,
and Silves, located in Western Iberia, Portugal (Gharb al-Andalus during the Islamic period). The goals
were to shed light on glazed ceramics provenance, technology, trading, and on the glaze technology
applied. For this purpose, a multi-analytical approach was employed to characterize ceramic pastes
and glazes using optical microscopy (OM), X-ray diffraction (XRD), X-ray fluorescence (XRF), and a
Scanning Electron Microscope coupled to an Energy Dispersive Spectrometer (SEM-EDS). Results
evidenced that over the Islamic rule, coarse wares were locally produced at Évora. On the contrary,
monochrome and bichrome glazed ceramics were imported from the city of Silves, Mértola, and from
unidentified workshops, probably located in southern Iberia. The analysis of decorations evidenced
that despite the provenance of the samples, the glaze technology applied was rather uniform over
time, depicting a widespread technological transfer in the al-Andalus.

Keywords: Gharb al-Andalus; Islamic period; glazed ceramic; provenance; technological transfer

1. Introduction

The first evidence of Islamic glazed ceramic production in the Iberian Peninsula
(i.e., al-Andalus during the Islamic Middle Ages) was documented at Pechina, Málaga,
and Córdoba during the late Emiral period (end of the 9th/early 10th century AD) [1–3].
The production technology was characterized by the use of lead oxide (PbO), as the main
fluxing agent, and silica (SiO2) to produce high-lead glazed ceramics. The procurance of
lead was diverse but, preferentially, galena ore deposits from the southeast of the Iberian
Peninsula were largely quarried as a naturally occurring mineral [4]. The contribution of
alkaline earth metals (i.e., Na2O and K2O) as fluxing agents was generally low [5].

The glaze was commonly applied over biscuit-fired ceramic bodies, and calcareous
clays were usually chosen for the technical advantages they presented compared to silica-
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rich ceramic bodies [5–9]. Additionally, the ceramic paste generally becomes buffy after
firing, as calcareous clays prevent the crystallization of hematite in the ceramic paste.

The preparation of high-lead glazes involved the oxidation of galena (PbS) and con-
tinued with an additional two-stage process to produce “frits”. It consisted of a PbO-SiO2
mixture, which was melted at high temperatures to produce raw glasses. Eventually, tran-
sition metals such as copper (Cu/green), iron (Fe/yellow), and manganese (Mn/brown)
could be added, or not, as coloring agents to obtain different colored glasses.

The resulting glass was subsequently ground and mixed in water. A binding agent
(i.e., Arabic gum or clay) could also be included to favor glaze adhesion on the object
surface. The glaze suspension was then poured onto a biscuit-fired ceramic body, dried,
and submitted to the last firing cycle, forming a monochrome glaze cover [1,5,8,10,11].

In some cases, black/brown decorative patterns could also be drawn before the final
firing stage using manganese- (Mn) and/or iron (Fe)-rich pigments. Pigments could be
mixed with lead–silica mixtures and applied over, or under, the main glazed layer [10–13].

During the Emiral period, high-lead glazed ceramic dissemination was not uniform
throughout the al-Andalus. It was widely used in southern Iberia [1,2,10,14,15] and belated
toward more peripheral territories, such as the western al-Andalus: the “Gharb al-Andalus”
(current Portugal). So, its rarity over this period was proportional to its prestigious and rep-
resentative nature. Additionally, in this area, the distribution and ubiquitous dissemination
of glazed tableware was pointed out by [16,17].

Since the beginning of the Caliphate (10th century AD), a period characterized by
political stability and economic prosperity, high-lead glazed ceramics started to vulgarize,
and the technology started to spread at a regional level. In the western part of the al-Andalus,
it was probably the result of closer trading relationships between the most important cities
of the Gharb (e.g., Coimbra, Santarem, Lisbon, Beja, Évora, Faro, and Silves) and the
Islamic heartland (e.g., Bayyana, Málaga, Córdoba, Almería, and alike) which, in turn,
fostered changes in cultural habits. Afterward, the utilization of high-lead glaze technology
continued with no interruption during the Taifa, Almoravid, and Almohad Islamic periods
(11th to 13th centuries AD).

In the Gharb al-Andalus, the production of unglazed, painted, and some glazed ce-
ramics (monochrome and corda seca ceramic styles) is attested through the discovery of
several ceramic workshops in Lisbon [18,19] and Santarém at the end of the Taifa king-
doms/beginning of the Almoravid periods (11th/12th centuries AD) [20,21]. In Mértola,
the production of unglazed and white-painted pottery was also evidenced during the
Almohad period [22].

Nevertheless, the possible production of high-lead glazed ceramics in different cities/
workshops of the Gharb al-Andalus is still a matter of debate among archaeologists. Conse-
quently, the development of archaeometric studies on unglazed and glazed ceramics from
different archaeological sites is necessary to evaluate the ceramics’ possible origin, trade circuits,
and the diffusion of high-lead glaze technology during the Islamic period in Western Iberia.

The ceramic samples selected for this study include unglazed coarse wares, mono-
chrome (i.e., with a honey glaze), and bichrome (i.e., honey glaze with black/brown
decorations) glazed ceramics from the Gharb al-Andalus (south central Portugal) with a
relative chronology spanning between the 10th to mid-13th centuries AD. They were
recovered within the historical center of the cities of Évora (the majority of them), Mértola,
and Silves (Figure 1).

The methodology includes optical microscopy (OM), X-ray diffraction (XRD), and
X-ray fluorescence (XRF) to determine the technology and provenance of ceramic samples,
while a Scanning Electron Microscope coupled to an Energy Dispersive Spectrometer
(SEM-EDS) has been used to determine the glaze technology applied in each case.

The starting point is the city of Évora, where most samples were recovered. The
main goal is to evaluate the possible local production, or not, of glazed ceramics and their
characteristics. Therefore, unglazed tableware and a kiln tool has been used as possible
standards of locally available raw materials for comparison. As a second step, glazed
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ceramics from Évora has been compared to similar prototypes recovered in the cities of
Silves and Mértola to evaluate similarities and differences within cities in terms of ceramic
and glaze technologies.
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Therefore, the characterization of Islamic glazed ceramics from the cities under study not
only has the potential of adding new information regarding ceramic and glaze technology in
Évora during the Islamic period, but it will also make it possible to evaluate trades and con-
sumption trends over the given timeframe between the selected cities and, more generally, in
the Gharb al-Andalus. Results are compared to and evaluated with the most recent bibliography
in this field of study within the region [1–3,5,6,8–11,13–25] and other areas [26,27].

2. Geological Settings of the Cities of Évora, Mértola, and Silves

The selected cities are located in the south and central part of Portugal (Figure 1),
and the geological characteristics of each area are different. As a result, the compatibility
of the ceramic samples with the local geology in each place (Figure 2) can be evaluated
and established.

From a geological point of view, the city of Évora is included within the Évora Massif,
a geological unit outcropping within the Ossa–Morena Zone in the Iberian Variscan Orogen.
It mainly consists of Ediacaran, Cambrian, and Ordovician country rocks, affected by
medium- to high-grade metamorphism and large mafic to felsic intrusions. Specifically,
Évora lies over a core of high-grade metamorphic rocks that comprise a variable complex
of schists, migmatites, and gneiss. Also, intrusion of Variscan plutonic rocks ranging from
gabbro to granite can be found [28].

The city of Mértola lies in southern Portugal. From a geological point of view, it is
included within the Southern Portuguese Zone (SPZ), the southernmost segment of the
Iberian Variscan Massif, with characteristic rocks of the Iberian Pyrite Belt (IPB). The strati-
graphic succession of the IPB is subdivided into three major Upper Palaeozoic (Givetian-
Visean) sedimentary and igneous lithostratigraphic units: the Phyllite/Slate–Quartzite
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Group (PQ Group), the volcano sedimentary complex (VS complex) and the Baixo Alentejo
Flysch (BAF). The PQ group is dominated by interlayered slates of fine-grained quartzite
and siltstones, as well as quartz-rich greywackes, rare conglomerates, and jasper lenses.
The VS complex is made up of several lenticular outcrops of clay- and quartz-rich slates,
siltstones, jaspers, cherts, mafic and felsic igneous rocks, and tuffs with nodules of man-
ganese and iron oxides. Lastly, the BAF is composed of bedded successions of pelitic and
turbidite deposits (i.e., slates and greywackes, respectively), and has scattered occurrences
of carbonate-rich nodules [29,30].
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The city of Silves is also located in southern Portugal. From a geological point of
view, it is included in the Mesozoic to Cenozoic Algarve sedimentary basin, a large E-
W trending elongated basin, comprising Triassic to Quaternary sediments, formed as
a consequence of rifting in the Upper Triassic. Three different geological zones can be
observed in Silves. The northernmost border is represented by the Brejeira Formation
from the Carboniferous included in the Southern Portuguese Zone (SPZ). It is mainly
composed of a turbiditic succession, which includes pelitic rocks (i.e., slates), quartzites,
and greywackes. Going southward, sandstones from the Upper Triassic can be found
(i.e., Silves Sandstones). In this area, small outcrops of Upper Triassic/Lower Jurassic
limestones, dolostones, dolomitic limestones, marls, and evaporites, in addition to Lower
Jurassic dolerites–basalts (i.e., volcano sedimentary complex) can be found. Finally, going
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further southward, Mesozoic to Cenozoic sedimentary deposits are widely represented, and
are mainly characterized by the presence of sandstones, conglomerates, alluvial deposits,
carbonate rocks, and sediments [31–34].

3. Materials and Methods
3.1. Materials

The collection includes 28 samples recovered in the cities of Évora (18), Mértola (5),
and Silves (5). Samples consist of 8 monochrome honey-glazed wares and 12 bichrome
honey-glazed wares with black/brown decorations. In addition, 8 unglazed coarse wares
from the city of Évora, including a tripod stand with traces of glaze on top, were selected
as reference materials to characterize the local pottery fabric (Figures 3 and 4, Table 1).

Ceramic typological analysis evidenced that based on morphological and stylistic
characteristics, specimens can be assigned to different Islamic periods [16,35,36].

Ceramics from the Caliphal period are mainly cooking pots, characterized by S-profile
remnants, triangular-shaped lips, and short bodies. Soft carination and semi-spherical
bodies are displayed in casseroles, as well as short bodies in small jugs, and the appearance
of low-annular feet in bowls is also evident [16,37,38].

Over the Taifa kingdoms period, transitional changes were evident in ceramic typology.
The carination of casseroles and bowls was stronger compared to the previous period, and
the adoption of low-annular feet and thick walls was common. Moreover, oil lamps with
small repositories and long, faceted spouts were usually produced [37,39]. Small jugs began
to be glazed with a black/brown glazed decoration [16,17].

During the Almohad period, some attributes in bowls could be similar to the previous
period (i.e., low-annular foot, strong carination, thick wall), but the adoption of diagonal
high-annular feet was widely observed in small bowls and tureens [22,37–40].

Therefore, based on these observations, the relative chronology of the analyzed ceramic
assemblage spans roughly between the late 10th and the mid-13th centuries AD.
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3.2. Methods

In all cases, ceramic pastes were analyzed by OM, XRD, and XRF. When present, the
glazed decorations were analyzed by SEM-EDS.

3.2.1. Optical Microscopy (OM)

Optical microscopy is a prime method to evaluate ceramic provenance, as it can clearly
link ceramic samples to the geological characteristics of a specific area. The petrographic
description of ceramic thin sections was performed using a Leica DM-2500P transmitted
light microscope (Leyca microsystems, Wetzlar, Germany) equipped with an acquisition
camera. Clay matrix, temper (i.e., minerals and rock fragments), and porosity were de-
scribed following the scheme proposed by [7]. Digital image analysis (DIA) was utilized to
evaluate grain size, grain size distribution temper, porosity, and clay matrix abundance.
This approach is widely used for the study of ceramics and mortars [41–44]. The software
utilized to develop DIA was ImageJ 1.54, starting from binary images collected in crossed-
polarized light (XPL) and plane-polarized light (PPL). The grain size was described taking
into account the Wentworth Scale [45]. The specifications of each sample are included in in
a specific Supplementary Materials files annexed to the manuscript.
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Table 1. List of glazed and unglazed ceramic samples included in this study with the indication of the excavation reference, the glaze type, the glaze and decoration
color, the typology, the function, the chronology, the Islamic period, the archaeological site, and the city of retrieval.

Sample Excavation
Reference Glaze Type Glaze Colour

(Inner/Outer)
Glazed Decoration

Color Typology Function Chronology Period Archaeological Site Location

EVR-1 CMCS.48/53 Unglazed Cookware Cooking pot X–XI Caliphal Colégio dos Meninos do Coro Évora

EVR-2 EVR.LOIOS.23 Bichrome Honey Black/brown Tableware Medium jug X–XI Caliphal Pousada dos Loios Évora

EVR-3 EVR.LOG.243/XII/90 Bichrome Honey Black/brown Tableware Bowl XI–XII Taifa Da Natatio das Termas Romanas Évora

EVR-4 CMCS.5/44 Unglazed Cookware Cooking pot X–XI Caliphal Colégio dos Meninos do Coro Évora

EVR-5 CMCS.25/6 Unglazed Cookware Cooking pot X–XI Caliphal Colégio dos Meninos do Coro Évora

EVR-6 CMCS.455 Unglazed Cookware Casserole X–XI Caliphal Colégio dos Meninos do Coro Évora

EVR-7 CMCS.830 Unglazed Tableware Small jug X–XI Caliphal Colégio dos Meninos do Coro Évora

EVR-8 CMCS.49 Unglazed Tableware Small jug X–XI Caliphal Colégio dos Meninos do Coro Évora

EVR-9 EVR-GOU.142 Glaze drop Green Kiln tool Tripod stand X–XI Caliphal Casa de Burgos Évora

EVR-10 EVT-92-12 Unglazed Cookware Casserole XI–XII Taifa Roman Temple Évora

EVR-11 PLG.S2.Si8 (2) 1136 Bichrome Honey Black/brown Tableware Bowl XI–XII Taifa Paço dos Lobo da Gama Évora

EVR-12 EVR.LOIOS.149 Bichrome Honey Black/brown Tableware Small jug XI–XII Taifa Pousada dos Loios Évora

EVR-13 PLG.S2.Si8 (2) 1119 Monochrome Honey Tableware Bowl XI–XII Taifa Paço dos Lobo da Gama Évora

EVR-14 EVR3-IV-F-1 Bichrome Honey Black/brown Tableware Bowl X–XI Caliphal Casa de Burgos Évora

EVR-15 PLG.S2.Si2 (1) 785 Monochrome Honey Lighting Oil lamp XI–XII Taifa Paço dos Lobo da Gama Évora

EVR-16 SEM.REF.PLG Monochrome Honey Lighting Oil lamp XI–XII Taifa Paço dos Lobo da Gama Évora

EVR-17 PLG.S2.Si8 (2) 1129 Bichrome Honey Black/brown Tableware Bowl XI–XII Taifa Paço dos Lobo da Gama Évora

EVR-18 PLG.S2.Si8 (2) 1118 Monochrome Honey Tableware Bowl XI–XII Taifa Paço dos Lobo da Gama Évora

MER-19 M (20.110) 24 Bichrome Honey Black/brown Tableware Bowl mid-XII/mid-XIII Almohad Encosta do Castelo Mértola

MER-21 M (20.110) 59 Monochrome Honey Tableware Bowl mid-XII/mid-XIII Almohad Encosta do Castelo Mértola

MER-22 M (20.110) 67 Monochrome Honey Tableware Bowl mid-XII/mid-XIII Almohad Encosta do Castelo Mértola

MER-23 M (20.110) 68 Monochrome Honey Tableware Small jug mid-XII/mid-XIII Almohad Encosta do Castelo Mértola

MER-24 M (20.110) 54 Monochrome Honey Lighting Oil lamp mid-XII-mid-XIII Almohad Encosta do Castelo Mértola

SIL-25 M (20.110) 43 Bichrome Honey Black/brown Tableware Tureen mid-XII/mid-XIII Almohad Arrabalde Islâmico Silves

SIL-26 BIB.03 M7 E10 1020 Bichrome Honey Black/brown Tableware Small bowl mid-XII/mid-XIII Almohad Arrabalde Islâmico Silves

SIL-27 BIB.03 K7 E6 Bichrome Honey Black/brown Tableware Small bowl mid-XII/mid-XIII Almohad Arrabalde Islâmico Silves

SIL-28 BIB.02 J2/E6 66 Bichrome Honey Black/brown Tableware Small bowl mid-XII/mid-XIII Almohad Arrabalde Islâmico Silves

SIL-29 BIB.04 J7 E2 4A 60 Bichrome Honey Black/brown Tableware Small bowl mid-XII/mid-XIII Almohad Arrabalde Islâmico Silves
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3.2.2. X-ray Diffraction (XRD)

XRD is an analytical technique employed to identify mineralogical phases. In the field
of ceramic archaeometry it is essential to establish the mineralogical composition of samples.
Analyses on powdered samples were performed using a Da Vinci design BrukerTM AXS D8
Discovery diffractometer (Bruker, Mannheim, Germany), with a Cu Kα radiation source,
operating at 40 kV and 40 mA, and coupled to a LynxEye 1-dimensional detector. The
patterns were collected from 3◦–75◦ 2θ at a step size of 0.05◦ 2θ and a 1 s/step measuring
time. The identification of minerals was set by Diffract.EVA 5.0 software with the PDF-2
mineralogical database (International Center for Diffraction Data—ICDD). The specimens’
thermal history was evaluated considering the decomposition and development (or not) of
specific mineralogical phases during firing [32,46–50].

3.2.3. X-ray Fluorescence (XRF)

The quantification of major oxides (Na2O, MgO, Al2O3, SiO2, P2O5, K2O, CaO, TiO2,
MnO, Fe2O3) by XRF spectroscopy allowed us to access the chemical composition of ceramic
pastes. Analyses were performed by operating a BrukerTM S2 Puma energy-dispersive XRF
spectrometer (Bruker, Mannheim, Germany)) equipped with a silver X-ray tube and calibrated
using 36 standard reference materials [20]. Glass beads were prepared for this purpose mixing
one part of sample with ten parts of flux (1:10 sample/flux ratio). Results included oxides
concentrations in weight percentage (wt%) and the associated instrumental statistical errors.
The full set of acquired data is included in a specific Supplementary Materials files annexed to
this manuscript. The software utilized to acquire and process data was Spectra Elements 2.0.
Loss on ignition (LOI) was evaluated by calcination using roughly 1 g of the sample [51].

3.2.4. Microanalysis by SEM-EDS

SEM-EDS has been utilized to determine the glaze technology applied (i.e., glaze
chemical composition, application technique, firing technique, and decoration characteris-
tics). The work was developed using a variable pressure SEM-Model HitachiTM S-3700N
coupled to an EDS-BrukerTM XFlash 5010 Silicon Drift EDS Detector® (Hitachi, Tokyo,
Japan) with a spectral resolution of 129 eV at FWHM/Mn Kα. Analyses were performed at
a 20 kV acceleration voltage, 120 µA, and a pressure of 40 Pa in the chamber. The chemical
data obtained were converted into oxides by stoichiometry and normalized to 100% using
3 different replicates. In the case of spot analysis, just one measurement was performed.
In this case, the associated statistical error is 1 sigma. Esprit 1.9 software by BRUKER was
utilized to acquire and interpret SEM-EDS data.

For each sample, inner/outer glazed surfaces and black/brown decorations were
analyzed, and the results are presented in a separate data file annexed to the article. In
all cases, the inner glaze was defined as the inside of the piece, whereas the outer glaze
was defined as the external part of the piece. Depending on the typology, back/brown
decorations could be observed in the inner or outer glaze when present.

Glaze technology was evaluated following the guidelines proposed by different
authors [5,8,10,52,53]. Specifically, the firing technology was examined by observing
glaze/ceramic paste interfaces [53], whereas the glaze application technique was assessed
according to the method proposed by [52].

4. Results and Discussion
4.1. Optical Microscopy (OM)

Samples were divided into six pottery fabrics (PFs). The compatibility with the
geological settings of each area was also assessed. The petrographic characteristics of
ceramic samples are resumed in a specific Supplementary Materials, and Figures 5 and 6.
Follow the description of each PF.
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Figure 5. Representative microphotographs of each pottery fabric collected in cross polarized light
(XPL) (scale 750 µm): PF1 with an amphibole in the centre of the picture (EVR 1 sample), PF2 with
angular to sub-rounded crystals of quartz and feldspars (EVR 15 sample), PF3 with and unmixed
clay nodule (SIL 26 sample), PF4 with a buffy coloured ceramic paste and a small fragment of schist
(EVR 12 sample), PF5 with thermally altered limestone fragments (EVR 16 sample) and PF6 very
small crystals of muscovite mixed in the ceramic paste and a fragment of chert in the centre of the
picture (EVR 2 sample).
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4.1.1. PF 1

It includes cookware (EVR 1, 4, 5, 6 and 10), tableware (EVR 7 and 8) and a kiln
tool (EVR 9) (Figure 5). In all cases, the ceramic paste is highly homogeneous and brown
coloured. The only exception is sample EVR 9, which shows a moderately heterogeneous
red/buffy ceramic paste. Porosity (4 to 11%) is mainly composed of meso-vughs and
meso-elongated voids. Temper (11 to 17%) is very poorly sorted in all cases, with a high
amount of equant crystals if compared to elongated ones. Roundness varies from very
angular to sub-angular. Grain size distribution is mostly unimodal, except for EVR 1 and 9.

Mineralogically, it was characterised by non-plastic inclusions of green/brown amphi-
bole (probably hornblende and/or cummingtonite), plagioclase feldspar, biotite, quartz,
opaque mineral, potassium-rich feldspars (rare), and muscovite (rare). Pyroxenes (rare)
were also observed in some cases. Acid and mafic plutonic rock fragments (i.e., probably
granite and tonalite) were usually identified.

4.1.2. PF 2

PF 2 includes lots of tableware (EVR 3, 14, 18, MER 21, 22, 23, and SIL 27) and an
oil lamp (EVR 15) (Figure 5). In all cases, the ceramic paste is slightly heterogeneous and
brown-red in color. Lime nodules were very common and clay pellets could also be rarely
observed. Porosity (1 to 4%) is mainly composed of micro/macro-sized vughs, vesicles,
and elongated voids. Temper (5 to 14%) is moderately sorted in most cases, except for SIL
27 (very poorly sorted), with a high amount of equant crystals compared to elongated ones.
Roundness varies from very angular to sub-rounded. Grain size distribution is unimodal.

Mineralogically, it was characterized by the recurrent presence of quartz, potassium-
rich feldspar, muscovite (rare), and plagioclase. Amphiboles were rarely observed in some
samples (EVR 3, MER 21, and 23). Quartzite and sandstone rock fragments could be
indistinctly identified in each sample.

4.1.3. PF 3

PF 3 includes lots of tableware (EVR 11, 13, 17, SIL 25, and 26) In all cases, the ceramic
paste is moderately homogeneous and red-buffy in color (Figure 5). Additionally, unmixed
clay pellets are very common and lime nodules could also be rarely observed (EVR 13 and
SIL 26). Porosity (1 to 2%) is mainly composed of meso/macro-sized vughs, vesicles, and
elongated voids. Temper (5 to 10%) is moderately sorted, with a high amount of equant
crystals compared to elongated ones. Roundness varies from sub-angular to sub-rounded.
Grain size distribution could be unimodal (EVR 11 and 13) or bimodal (EVR 17, SIL 25
and 26).

Mineralogically, it was characterized by the recurrent presence of quartz, potassium-
rich feldspar, muscovite (rare), and plagioclase feldspars (rare). Amphiboles and secondary
calcite (recrystallized after firing) were rarely identified in a few samples. Quartzite and
sandstone were common rock fragments in addition to thermally altered limestone frag-
ments (rare) and bioclasts (rare).

4.1.4. PF 4

PF 4 includes only one piece of tableware (EVR 12) (Figure 5). The ceramic paste
is highly homogeneous and buffy-colored. Porosity (1%) is mainly composed of meso-
vughs and meso-elongated voids. Temper (4%) is moderately sorted, with a high amount of
equant crystals compared to elongated ones. Roundness varies from angular to sub-angular.
Grain size distribution is unimodal.

Mineralogically, it was characterized by the presence of quartz, potassium-rich feldspar,
muscovite (rare), plagioclase feldspars (rare), and biotite. Thermally altered limestone,
bioclasts, and schist rock fragments could be also identified.
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4.1.5. PF 5

PF 5 includes two oil lamps (EVR16 and MER 24) (Figure 5). In both cases, the ceramic
paste is moderately homogeneous and buffy in color. Porosity (2%) is mainly composed of
meso/macro-sized vughs and elongated voids. Temper (2 to 10%) is moderately sorted,
with a high amount of equant crystals compared to elongated ones. Roundness varies from
angular to sub-angular. Grain size distribution is unimodal.

Mineralogically, it was characterized by the presence of quartz, potassium-rich feldspar,
muscovite, calcite, secondary calcite inside pores (recrystallized after firing), and biotite
(rare). Thermally altered limestone fragments were common. Gneiss, schist, and quartzite
rock fragments could be also identified.

4.1.6. PF 6

PF 6 includes lots of tableware (EVR 2, MER 19, SIL 28, and 29). In all cases, the ceramic
paste is moderately homogeneous (Figure 5) and red-buffy in color. Porosity (2 to 4%) is
mainly composed of meso/macro-sized vughs, vesicles, and elongated voids. Temper (4 to
7%) is moderately sorted, with a high amount of equant crystals compared to elongated
ones. Roundness varies from very angular to sub-angular. Grain size distribution could be
unimodal (EVR 2) or bimodal (MER 19, SIL 28 and 29).

Mineralogically, it was characterized by the presence of muscovite (very abundant
in the ceramic matrix), quartz, potassium-rich feldspar, and plagioclase feldspar (rare).
Brown amphibole could also be observed in some samples (EVR 2 and MER 19). Quartzite,
greywacke, and chert rock fragments could be also indistinctly recognized in each sample.

Regarding the applied ceramic technology, DIA results evidenced a clear difference
between unglazed and glazed ceramic samples. Additionally, specimens could be divided
based on temper, porosity, and paste abundance (Figure 6).

Unglazed PF1 samples (i.e., cookware, tableware) were abundant in temper (i.e., max.
17%), porosity was generally high (up to 11%), and the ceramic paste represented approx-
imately 82% at maximum. The applied technology evidenced the production of coarse-
manufactured ceramic vessels, enriched in temper to improve the piece’s thermal shock
resistance and heating effectiveness when they were subjected to high temperatures [6,7].
Similar considerations can be performed for the EVR 9 sample, but the original function
was different (i.e., tripod—kiln tool). On the contrary, a different technological choice was
applied in most glazed tableware and lighting objects (PF2 to 6). Samples are less porous
and have less temper, and the ceramic paste is more abundant in all cases compared to
PF1 specimens. So, the raw material was probably treated (i.e., decanted) to remove bigger
grains. The second addition of temper depended on the characteristics of the employed
clay raw material and object typology.

Sample provenance is also diversified. The local geology in each place (Évora, Silves,
Mértola) is widely known, and the identification of specific mineralogy/rock fragments
inside samples of ceramic pastes is indicative of a specific provenance. PF1 was assigned to
the city of Évora, and PF2 and 3 were attributed to the city of Silves. PF6 was allocated to
the city of Mértola. In contrast, PF4 and 5 were not compatible with the local geology of the
cities of Évora, Mértola, and Silves and depicted imported artifacts in the Gharb al-Andalus.

The main mineralogy (plagioclase feldspars, amphiboles, opaque minerals, quartz,
biotite, potassium-rich feldspars) and rock fragments (i.e., plutonic acid/felsic rock frag-
ments) reported in PF1 are compatible with the regional geology documented in the city of
Évora [28]. Furthermore, the local coarse ware production of PF1 was corroborated by the
tripod stand (EVR 9) included in this group.

The mineralogy (quartz, plagioclase feldspar, potassium-rich feldspar, muscovite) and
rock fragments (quartzite, sandstone) identified in PF2 and PF3 samples point out the
affinity to the geological setting of the Silves area. The alteration products of the Silves
Sandstone were probably employed for ceramic production. Similar results were obtained
in a previous study [25]. Although similar minerals and rock fragments were identified
in PF2 and PF3 samples, the identification of lime nodules and clay pellets suggests that



Ceramics 2023, 6 2224

the raw material exploited was probably heterogeneous, or different raw materials were
mixed. A difference in the color of the ceramic paste of samples has also been observed.
So, raw material heterogeneity or different raw material mixing probably influenced the
samples’ paste carbonate component abundance. Additionally, the ceramic paste of PF3
samples is generally lighter in color, suggesting that the carbonate component is slightly
higher than PF2.

The compatibility between the regional geology of Mértola and PF6 is attested by
the identification of quartzite, greywacke, and chert rock fragments. The exploitation
of the alteration products from the Baixo Alentejo Flysch unit is suggested for ceramic
production [30].

PF4 and PF5 samples are not compatible with the local geology of Évora, Mértola, and
Silves, indicating that ceramics were likely manufactured over an unspecified area across
the southern al-Andalus (southern Iberia). It is noteworthy that the majority of the main
pottery workshops were located on the southern coast of the Iberian Peninsula during the
Islamic period [24].

4.2. X-ray Diffraction (XRD)

XRD was employed to evaluate samples’ thermal history and understand the firing
technology applied. Results are presented in Table 2 and, based on sample characteristics,
specimens were included in different XRD groups.

In group 1 (G1), coarse wares from PF1 were included. Quartz, feldspars (i.e., plagio-
clase and potassium-rich), and amphibole mineralogical phases were the most significant on
XRD patterns. Secondary mineralogical phases included pyroxene, biotite, illite/muscovite,
calcite, hematite, and smectite. Illite/muscovite was identified in all cases, indicating
that the maximum firing temperature was below 950 ◦C [46–49,54]. The only exceptions
were samples EVR 8 and 9. In the first case, the presence of smectite clay minerals was
determined, pointing out that the maximum firing temperature was below 600 ◦C [55]. In
the second case (i.e., tripod, EVR 9), illite/muscovite was not detected. Considering the
object function (i.e., kiln tool—tripod), it was probably subjected to multiple firing cycles.
So, for the G1 sample, the firing temperature range can be established between 500 and
950 ◦C.

In group 2 (G2) PF2, 3, 4, 5, and 6 glazed samples were included. Based on the
identification of newly developed high-temperature mineralogical phases, G2 was divided
into two different subgroups, G2A and G2B. PF2 samples could be included in the G2A or
G2B subgroup, suggesting that the exploited raw material was probably heterogeneous.
Similar observations were carried out in the OM section.

In G2A samples, major mineralogical phases are quartz, plagioclase feldspars,
potassium-rich feldspar, illite/muscovite, and hematite. Illite/muscovite (i.e., dehydroxyla-
tion that normally occurs above 950 ◦C), was not identified in all samples. So, considering
the identification of hematite (i.e., normal nucleate from 750 ◦C onward), the firing temper-
ature range for G2A samples can be established between 750 ◦C and 1000 ◦C [47,49].

In the case of G2B samples, high-temperature calcium-rich mineralogical phases nucle-
ated because of carbonate and clay mineral decomposition and recombination [32,46–50].
Among them, pyroxenes (i.e., probably diopside) and melilites (i.e., probably akermanite)
were identified. In addition, calcium-rich plagioclase (i.e., anorthite) were also nucleated.
Additionally, the low amount of temper observed in most samples (i.e., during OM analysis)
does not justify calcium-rich plagioclase abundance on XRD patterns. Quartz was always
detected as a major component in addition to calcite, hematite, and analcime.

Considering the identification of illite/muscovite in some samples (i.e., dehydroxy-
lation normally occurs above 950 ◦C) and the development of calcium-rich mineralogical
phases during firing [32,46–50,54,56], the firing temperature range of the G2B subgroup
can be settled between 950 and 1100 ◦C.
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Table 2. Table of XRD results. xxxx = abundant, xxx = frequent, xx = moderate, x = low, tr = traces.

Sample
Ref. PF XRD-

Group Quartz Plagioclase
Feldspar

K-Rich
Feldspar Pyroxene Biotite Illite/Muscovite Amphibole Calcite Hematite Analcime Akermanite Smectite

EVR-1 PF1 G1 xxx xxxx xx x x xx

EVR-2 PF6 G2B xxxx xx xx xx x x x x

EVR-3 PF2 G2A xxxx xx xx x

EVR-4 PF1 G1 xxx xx xx xx xxx xx x

EVR-5 PF1 G1 xxx xxx xx tr x xx xx tr x

EVR-6 PF1 G1 xxxx xx xx x x xx tr x

EVR-7 PF1 G1 xxxx xxx xxx tr x xx xx x

EVR-8 PF1 G1 xxxx xxx xx tr xx xx xxx x x

EVR-9 PF1 G1 xxxx xx xx x x x

EVR-10 PF1 G1 xxx xxx xxx x xx x

EVR-11 PF3 G2B xxxx xx xx xxx tr xx

EVR-12 PF4 G2B xxxx xx x xxxx xxx xx xxx

EVR-13 PF3 G2B xxxx xxx xx xxx tr x

EVR-14 PF2 G2A xxxx x x x tr x

EVR-15 PF2 G2A xxxx x x x

EVR-16 PF5 G2B xxxx x x xx xx xx

EVR-17 PF3 G2B xxxx xxx xx xxx x xx

EVR-18 PF2 G2B xxxx xxx xx xx x tr

MER-19 PF6 G2B xxxx x xx xx x x xx

MER-21 PF2 G2B xxxx xx x x x x x

MER-22 PF2 G2B xxxx xxx xx x tr x tr

MER-23 PF2 G2A xxxx xxx x x

MER-24 PF5 G2B xxxx x xx xxx x x xx xxx

SIL-25 PF3 G2B xxxx xx x x x x x

SIL-26 PF3 G2B xxxx xx xx xxx xx x xx

SIL-27 PF2 G2B xxxx xxx xx xx x x

SIL-28 PF6 G2B xxxx x x x x x x

SIL-29 PF6 G2B xxxx xx xx x x x x x
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4.3. X-ray Fluorescence (XRF)

The complete XRF dataset can be found in a separate data file attached to this article.
On the ternary plot presented in Figures 7 and 8 [50], specimens are distributed as a

function of (CaO+MgO)-Al2O3-SiO2 abundance, and the mineralogical phases that should
crystalize in the ceramic paste, when the piece is fired at a maximum of 1100 ◦C under
oxidizing conditions, are highlighted.
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Figure 8. Samples ternary plots. Unglazed and glazed ceramic samples from Silves are plotted inside
the (CaO+MgO)-Al2O3-SiO2 ternary system.

Therefore, samples with high alumina (Al2O3) and silica (SiO2) content should be
plotted inside the quartz–anorthite–mullite area. On the other hand, when the carbonate
component is high (CaO+MgO), samples should be plotted inside the quartz–anorthite–
wollastonite/diopside space or in the anorthite/wollastonite/diopside–gehlenite/aker-
manite space. In our case, the ternary plots presented in Figures 7 and 8 confirmed XRD
observations, sample characteristics, and sample thermal history. Samples included G1 and
G2A subgroup plots in the carbonate-poor area. Conversely, G2B subgroup plots in the
carbonate-rich area and calcium/magnesium-rich high-temperature mineralogical phases
crystallized, as evidenced by the combination of OM and XRD results.

Regarding PF chemical composition, the binary plots presented in Figures 9 and 10
support optical microscopy observations. The Na2O/CaO vs. CaO binary plot (Figure 9,
top) highlights a specific characteristic of PF1 samples. After OM observation, plagioclase
feldspars were clearly identified as clast or associated with mafic/felsic plutonic rock frag-
ments. The ratio evidenced on the “y” axis is a representation of the CaO abundance inside
plagioclase feldspars and indicates a clear difference from the other samples. Additionally,
the anorthite component inside PF1 plagioclase feldspar is higher compared to PF2 to PF6
samples and indicates a difference in the raw material exploited for ceramic production.
The SiO2 vs. CaO binary plot (Figure 9, bottom) shows that samples’ silica and carbonate
components are also important variables. CaO concentration constantly increases from
PF2 to PF5, while SiO2 concentration decreases accordingly. PF2 and PF3 can be clearly
distinguished based on CaO content, confirming OM and XRD observations. PF4 and PF5
have a concentration of CaO higher than 15 wt%, and calcite, secondary calcite (recrystal-
lized after firing), limestone fragments, and bioclasts were usually identified during OM
observation, indicating the exploitation of carbonate-rich raw materials. The same plot
also partly distinguishes PF6. But what really characterizes PF6 samples is the Al2O3/K2O
ratio (Figure 10). Additionally, the ratio is low. So, PF6 samples are particularly enriched
in K2O-bearing mineralogical phases, such as muscovite and potassium-rich feldspars, as
evidenced during OM analyses.
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4.4. Micro-Structural and Chemical Analysis of Glazed Decorations by SEM-EDS

SEM-EDS was utilized to characterize glazed decoration from a microstructural
and chemical point of view. Specifically, the glaze chemical composition, the firing
technology applied (i.e., single vs. double firing technique), the glaze application tech-
nique (i.e., raw lead–silica mixture and/or frit), and black/brown decorations were evalu-
ated [1,5,8,10,12,52,53,57–59]. The full table with the glaze chemical composition of each
sample is included in a separate data file annexed to the manuscript.
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4.4.1. Micro-Structural and Chemical Characteristics of the Inner and Outer Glazes

In each sample, the glaze appeared honey in color, even, and homogeneous on both
sides (i.e., inner and outer), with a very limited/absent alteration of the surface. As a result,
the glaze’s chemical composition could be evaluated accurately. Air bubbles were rarely
observed. This indicates that the glaze’s viscosity was sufficiently low to allow gas bubbles,
formed in the glaze due to the decomposition of constituents, to be released without leaving
depressions or pinholes on the surface. Also, vertical fissures were rarely observed.

SEM-EDS evidenced the production of high lead–silica glazes, but alkali (Na2O+K2O)
concentration could vary (Figure 11, Table 3). PbO was the main fluxing agent in all
cases, as evidenced by the low SiO2/PbO ratio, and alkali content was also generally low
(Na2O+K2O~3%) in most samples. However, three samples (EVR 12, 17, and MER 24)
are more enriched in alkalis (Na2O+K2O > 3%) than the rest of the samples. This could
happen in any of the pottery fabrics identified, suggesting that different solutions could be
employed in the same place. So, in these cases, an additional fluxing agent was probably
added to the glaze mixture (i.e., suggesting the application of a different technology) or,
alternatively, sand impurities played an important role in the final concentration of alkalis
in these samples [13].

SEM-EDS also evidenced another technological difference between the inner and outer
glazes. The SiO2/PbO ratio is always higher on the inner surface of the analyzed samples
compared to the outer sides (Table 3). Moreover, as evidenced in Figure 12, the outer
and inner glazed surfaces of the samples always show a different FeO, Al2O3, and SiO2
concentration which, in turn, affected the final glaze’s color and viscosity (explained below).
This behavior is rather uniform regardless of sample typology, pottery fabrics, glaze types
(i.e., monochrome—bichrome), and chronology. In particular, the inner glazed surfaces
always show higher Al2O3 and SiO2 concentration. On the contrary, in the outer glazed
surfaces, the concentration of FeO is higher.

Normally, during firing and glaze adhesion, chemicals from the ceramic paste migrate
to the glaze and vice versa [53], and if the ceramic piece is uniform (uniformly made
using the same raw material), a similar pattern should be found on both sides. Moreover,
considering the concentration of FeO and Al2O3 in the analyzed glazes (Figure 12, top) a
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simple interaction between the glaze and the ceramic paste during firing does not justify
their abundance in the glaze. So, it highlights a specific technological choice of Islamic
ceramists, with the addition of two different components to the glaze mixture. The first one
is more enriched in FeO, and the second one is more enriched in Al2O3 and SiO2. In both
cases, these components were probably two different types of clay.
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(wt%) of the inner and outer glaze. The table also includes the PF, the glaze type, and the chronology.

Sample Ref. PF Glaze Type Chronology
Inner Outer Inner Outer Inner Outer Inner Outer

PbO SiO2 SiO2/PbO Na2O+K2O

EVR-2 6 Bichrome X–XI 48.36 54.40 36.07 30.77 0.75 0.57 2.24 2.30

EVR-3 2 Bichrome XI–XII 36.49 44.05 42.68 36.59 1.17 0.83 2.27 2.50
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Table 3. Cont.

Sample Ref. PF Glaze Type Chronology
Inner Outer Inner Outer Inner Outer Inner Outer

PbO SiO2 SiO2/PbO Na2O+K2O

EVR-9 1 Glaze drops X–XI 42.66 36.46 0.85 2.79

EVR-11 3 Bichrome XI–XII 37.90 40.88 38.88 34.77 1.03 0.85 3.12 3.47

EVR-12 4 Bichrome XI–XII 37.64 49.67 39.92 31.40 1.06 0.63 5.63 5.00

EVR-13 3 Monochrome XI–XII 41.03 43.20 38.49 34.44 0.94 0.8 2.93 3.53

EVR-14 2 Bichrome X–XI 46.03 48.22 37.25 32.42 0.81 0.67 2.75 3.17

EVR-15 2 Monochrome XI–XII 47.64 44.34 35.95 36.25 0.75 0.82 1.80 2.75

EVR-16 5 Monochrome XI–XII 45.60 50.55 36.05 30.78 0.79 0.61 2.46 2.89

EVR-17 3 Bichrome XI–XII 40.78 43.56 37.52 34.35 0.92 0.79 3.97 5.19

EVR-18 2 Monochrome XI–XII 38.17 41.22 39.77 36.43 1.04 0.88 2.94 3.28

MER-19 6 Bichrome mid-XII/mid-XIII 53.88 28.97 0.54 2.47

MER-21 2 Monochrome mid-XII/mid-XIII 47.30 52.77 37.59 33.27 0.79 0.63 1.35 1.69

MER-22 2 Monochrome mid-XII/mid-XIII 33.79 35.70 44.36 38.79 1.31 1.09 2.49 3.16

MER-23 2 Monochrome mid-XII/mid-XIII 45.21 35.61 0.79 2.17

MER-24 5 Monochrome mid-XII-mid-XIII 39.97 49.02 36.55 30.79 0.91 0.63 3.63 4.81

SIL-25 3 Bichrome mid-XII/mid-XIII 40.86 40.79 38.65 35.85 0.95 0.88 2.67 3.20

SIL-26 3 Bichrome mid-XII/mid-XIII 35.13 41.52 39.94 34.07 1.14 0.82 3.19 3.41

SIL-27 2 Bichrome mid-XII/mid-XIII 38.93 52.64 40.25 30.26 1.03 0.57 2.97 2.65

SIL-28 6 Bichrome mid-XII/mid-XIII 42.05 45.10 40.03 35.79 0.95 0.79 2.08 2.15

SIL-29 6 Bichrome mid-XII/mid-XIII 41.49 43.55 40.24 35.65 0.97 0.82 2.29 2.40

In the first case, the preferential addition of FeO influenced the glaze color [11], which
normally becomes yellow/honey under oxidizing conditions. In the second case, the preferential
addition of Al2O3 and SiO2 has significant consequences on the glaze viscosity [5]. Thus, indirectly,
the modification of the glaze viscosity by the ceramist was conscious. In the case of inner glazes,
the viscosity was higher probably to avoid the accumulation of the glaze in concave sections of
the piece. On the contrary, on the outer side, it was lower, to favor a uniform dispersion of the
glaze over the piece (Figure 12, bottom). Nevertheless, considering the glaze appearance in all
cases, the viscosity was sufficiently high to prevent the glaze from running off the body.
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4.4.2. Firing Technology (Single vs. Double Firing)

Glaze softening and adhesion to the ceramic body determine the formation of a
ceramic body–glaze interface. Thus, during firing at the interface, new crystallites may
nucleate as a result of a diffusion of chemical elements from the ceramic body to the
glaze (i.e., and from the glaze to the ceramic body) and recombination [53]. Moreover,
interface thickness changes as a function of the firing technology applied. When the glaze
is applied over an unfired ceramic body (i.e., single firing), the interaction (i.e., chemical
elements diffusion) is stronger, many crystallites nucleate, the interface is thick, and many
newly formed crystals can be present throughout the glaze thickness. Otherwise, when
the glaze is applied over a biscuit-fired ceramic body (i.e., double firing), the interface
is thinner, and few crystallites nucleate at the interface. So, the interface is normally
much thinner.

On the analyzed samples, glazes appeared homogeneous in all cases, and few crys-
tallites were observed inside (i.e., floating) the glaze. Most of them are concentrated in
a limited ceramic body–glaze interface (i.e., roughly 30 µm maximum). They generally
appear as acicular crystals, which directly develop at the interface, and they subsequently
start to fluctuate inside the glaze. Based on the analysis of elemental mapping distribution,
they can be classified as lead-rich feldspars and pyroxenes that are usually enriched in
potassium and calcium, respectively (Figure 13).

4.4.3. Glaze Application Technique

The glaze application technique was determined following the scheme proposed
by [52]. It consists of the analysis of several areas of the ceramic paste and the glaze by
SEM-EDS. After that, PbO content from the chemical composition of both paste and glaze
is removed. Afterward, the resulting new values are recast to 100%. With the application
of this method, the ceramic paste and glaze chemical compositions should match if the
lead ore was applied by itself on the surface of the ceramic body. Otherwise, a lead–silica
mixture, either in a raw state or frits, was applied to the ceramic body.

Recalculated values from ceramic pastes and glazes (i.e., inner/outer) indicate
that in the entire sample collection, the glaze was applied using frits. This statement
was positively tested by the comparison of Al2O3 and SiO2 from the ceramic pastes
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and glazes (Figures 14 and 15). This is coherent with the absence of not melted quartz
grains inside the glaze (i.e., excluding newly formed crystallites). The existing ar-
chaeological and archaeometric data support this interpretation. Additionally, this
technological option was widely adopted since the beginning of glazed ceramic produc-
tion throughout the Iberian Peninsula (i.e., Pechina and San Nicolás) during the Islamic
period [1,3,10,13,57].
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Figure 13. BSE and SE images and elemental mapping distribution of the SIL 29 sample (inner side)
displaying a limited ceramic body–glaze interface made up of acicular and euhedral crystals (A),
which, correspondingly, are composed of lead–potassium feldspar and calcium-rich pyroxene (B,C).

Moreover, this approach also supports the observations developed in Section 4.4.1,
indicating that Al2O3 and SiO2 concentration inside glazes is not the result of diffusion
from the ceramic paste but a separate addition to the glaze mixture.

4.4.4. Micro-Structural and Chemical Characteristics of Black/Brown Glazed Decorations

Black/brown decorations were analyzed on twelve samples in total (Table 1). The
chemical composition of glazes is reported in a separate data file annexed to the manuscript.
In black/brown glazes, the main coloring agents were FeO and/or MnO. Glazes could
appear homogenous (eight out of twelve samples), and the pigment was completely dis-
solved into the glaze or heterogeneous (samples EVR 2, EVR 11, SIL 25, SIL 26), and many
crystallites could be identified in the glaze (Figure 16A,B). The production of homoge-
neous or heterogenous black/brown glazes can be influenced by different factors, such
as the temperature reached inside the kiln during firing and the amount of the added
pigment. Generally, the more pigment that is added, the more precipitation of crystallites is
favored [8,12,58,59].
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Figure 14. Binary plot of Al2O3 (ceramic paste vs. glaze) of the inner (top) and outer (bottom) glaze
surfaces, evidencing that there was no diffusion of Al2O3 from the ceramic body toward the glaze.

In all cases, the pigment was applied to overglaze (i.e., on top of the raw glaze) mixing
coloring agents with some frit prior to the second firing [8]. This is particularly evident
in black/brown decorated samples enriched in newly formed crystallites (Figure 16B).
Additionally, the development of new crystalline phases is observed in the upper glaze
surface to the interface proximity. On homogeneous glazes, the pigment is completely
dissolved, but a small gradient in the coloring agent concentration (i.e., from the top to the
bottom) was detected, indicating the same application method.

The chemical composition of clean (i.e., without any crystallite when present) black/
brown decorated areas on homogeneous and heterogeneous glazes determined the variable
contribution of FeO (1–10%) and MnO (1–3%), indicating that different pigments could
be mixed together and applied. Nevertheless, on homogeneous glazes, considering that
the decoration was applied over a honey-colored glaze and the addition of a different
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component to the glaze mixture has been assessed (see Sections 4.4.1 and 4.4.3), it is not
possible to determine to what extent FeO-rich raw material was utilized as a pigment. In
any case, it is possible to affirm that a MnO-rich raw material was surely added to the
decoration, as it was never detected on the honey glaze (see Section 4.4.1).

On the contrary, on heterogeneous glazes, it was possible to indicate what kind of
pigment was employed in black decorations. In specimen EVR 2, spot analyses (Table 4)
and elemental mapping distribution (Figure 17A,C) evidenced that inclusions are MnO-rich.
Considering the low particle contrast on the BSE image and the elevated concentration of
MnO compared to PbO and SiO2 in the microanalysis results, crystallites can be classified as
braunite (Mn2+Mn3+

6SiO12) [12,58,59]. Thus, pyrolusite (MnO2) was probably the original
pigment employed.

Ceramics 2023, 6, FOR PEER REVIEW  24 
 

 

 

 
Figure 15. Binary plot of SiO2 (ceramic paste vs. glaze) of the inner (top) and outer (bottom) glazes, 
evidencing that there were no diffusions from the ceramic body toward the glaze. 

4.4.4. Micro-Structural and Chemical Characteristics of Black/Brown Glazed Decorations 
Black/brown decorations were analyzed on twelve samples in total (Table 1). The 

chemical composition of glazes is reported in a separate data file annexed to the manu-
script. In black/brown glazes, the main coloring agents were FeO and/or MnO. Glazes 
could appear homogenous (eight out of twelve samples), and the pigment was completely 
dissolved into the glaze or heterogeneous (samples EVR 2, EVR 11, SIL 25, SIL 26), and 
many crystallites could be identified in the glaze (Figure 16A,B). The production of homo-
geneous or heterogenous black/brown glazes can be influenced by different factors, such 
as the temperature reached inside the kiln during firing and the amount of the added 
pigment. Generally, the more pigment that is added, the more precipitation of crystallites 
is favored [8,12,58,59]. 

Figure 15. Binary plot of SiO2 (ceramic paste vs. glaze) of the inner (top) and outer (bottom) glaze
surfaces, evidencing that there was no diffusion of SiO2 from the ceramic body to the glaze.



Ceramics 2023, 6 2236

Ceramics 2023, 6, FOR PEER REVIEW  25 
 

 

 
Figure 16. (A) BSE picture of black/brown decoration of sample MER 19 showing a rather homoge-
neous glaze. (B) BSE picture of black/brown decoration of sample EVR 11 showing different crys-
tallites on the top surface of the glaze. 

In all cases, the pigment was applied to overglaze (i.e., on top of the raw glaze) mix-
ing coloring agents with some frit prior to the second firing [8]. This is particularly evident 
in black/brown decorated samples enriched in newly formed crystallites (Figure 16B). Ad-
ditionally, the development of new crystalline phases is observed in the upper glaze sur-
face to the interface proximity. On homogeneous glazes, the pigment is completely dis-
solved, but a small gradient in the coloring agent concentration (i.e., from the top to the 
bottom) was detected, indicating the same application method. 

The chemical composition of clean (i.e., without any crystallite when present) 
black/brown decorated areas on homogeneous and heterogeneous glazes determined the 
variable contribution of FeO (1–10%) and MnO (1–3%), indicating that different pigments 
could be mixed together and applied. Nevertheless, on homogeneous glazes, considering 
that the decoration was applied over a honey-colored glaze and the addition of a different 
component to the glaze mixture has been assessed (see Sections 4.4.1 and 4.4.3), it is not 
possible to determine to what extent FeO-rich raw material was utilized as a pigment. In 
any case, it is possible to affirm that a MnO-rich raw material was surely added to the 
decoration, as it was never detected on the honey glaze (see Section 4.4.1). 

On the contrary, on heterogeneous glazes, it was possible to indicate what kind of 
pigment was employed in black decorations. In specimen EVR 2, spot analyses (Table 4) 
and elemental mapping distribution (Figure 17A,C) evidenced that inclusions are MnO-
rich. Considering the low particle contrast on the BSE image and the elevated concentra-
tion of MnO compared to PbO and SiO2 in the microanalysis results, crystallites can be 
classified as braunite (Mn2+Mn3+6SiO12) [12,58,59]. Thus, pyrolusite (MnO2) was probably 
the original pigment employed. 
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EVR-11 1 0.53 0.55 2.90 11.86  0.43 1.73 1.61  68.87  11.52 
SIL-25 1 0.71 4.90 5.64 42.47 0.33 1.57 19.86  1.71 11.88 1.27 9.66 
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Figure 16. (A) BSE picture of black/brown decoration of sample MER 19 showing a rather homo-
geneous glaze. (B) BSE picture of black/brown decoration of sample EVR 11 showing different
crystallites on the top surface of the glaze.

Table 4. Spot analysis developed in crystallites identified inside the black/brown decoration of
samples EVR 2, EVR 11, SIL 25, and SIL 26. The statistical error is 1 sigma.

Oxides Wt%—Black/Brown Decoration—Spot Analyses

Samples Spot Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO BaO PbO

EVR-2 1 0.52 0.71 4.75 20.63 1.01 3.22 0.82 56.21 0.44 11.69

2 0.41 0.36 2.55 16.04 0.23 1.17 1.04 68.31 1.43 8.45

3 0.20 0.34 2.72 14.40 0.41 2.03 1.27 67.96 1.20 9.46

EVR-11 1 0.53 0.55 2.90 11.86 0.43 1.73 1.61 68.87 11.52

SIL-25 1 0.71 4.90 5.64 42.47 0.33 1.57 19.86 1.71 11.88 1.27 9.66

2 0.43 0.12 2.76 6.76 0.14 0.33 0.91 0.02 1.98 80.02 1.59 4.93

SIL-26 1 0.70 3.70 3.08 12.77 0.82 2.53 1.04 15.63 44.68 15.06

2 0.00 0.43 2.08 6.62 0.31 1.28 0.81 3.54 80.04 4.88

3 0.73 0.55 3.58 13.00 0.53 2.53 1.60 5.01 47.80 24.67

In specimen EVR 11, MnO was not detected during area analyses, spot analyses
(Table 4), or elemental mapping distribution (Figure 17B,D). Considering the low contrast
of particles on the BSE image and the chemical composition obtained by spot analyses
(i.e., the inclusion is extremely rich in FeO and poor in PbO), they cannot be classified as
melanotekite (Pb2Fe2Si2O9) and they are most probably hematite (Fe2O3) crystals [58].

Conversely, regarding the previous samples, the black/brown decorations of samples
SIL 25 and SIL 26 showed different characteristics. In both cases, MnO and FeO were
always detected by elemental mapping distribution, area, and spot analyses (Figure 18).
Nevertheless, FeO is usually more represented, suggesting that the pigment was mainly
enriched in this oxide.

On specimen SIL 25, MnO and FeO are mostly dissolved in the glaze, but two different
kinds of crystallites have been analyzed by SEM-EDS. The first one (Figure 18A, spot
2) probably represents the raw material employed in the decoration, and it was applied
on the glaze surface. The high concentration of SiO2 and other oxides suggests it was
a non-digested inclusion of clayey raw materials enriched in MnO (1.71 wt%) and FeO
(11.88 wt%). The second one, considering the high concentration of FeO (80 wt%), is most
probably a hematite crystal (Fe2O3) (Figure 18A, spot 1).

In specimen SIL 26, a large amount of pigment was applied on the glaze surface, and
different crystallites precipitated in the glaze (Figure 18B,D). Some of them (Figure 18B,
spot 2) are FeO-rich (80 wt%) and can be classified as hematite crystals (Fe2O3).
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In addition to hematite crystals, SEM-EDS also identified two more different crystal-
lites, which generally show different contrasts in BSE pictures. In the first one (Figure 18B,
spot 1), FeO (44.68 wt%) is more represented than MnO (15.63 wt%). So, based on chemical
contrast (i.e., low) and composition, these inclusions are probably iron and manganese
oxides, and they can possibly be classified as jacobsite (MnFe2O4). This inclusion type is
generally crystallized during firing by the combination of manganese- and iron-rich raw
materials [12].

The second inclusion identified in the decoration (Figure 18B, spot 3) shows high con-
trast on the BSE picture. Thus, PbO was surely included in the internal crystallite structure.
Considering the crystallite chemical composition (Table 4), this mineral can probably be
included in the solid solution, which normally includes melanotekite (Pb2Fe2Si2O9) and
kentrolite (Pb2Mn2Si2O9) [12,15].

5. Conclusions

This study analyzed 28 ceramic samples in total (unglazed and glazed) with a chronol-
ogy ranging between the 10th and the mid-13th centuries AD. Over this time, glazed
ceramic production was increasingly widespread across the Gharb, and many cities were
producers and receptors of goods across the al-Andalus [23].

Historical sources highlight the strategic position of different cities in the Islamic world.
In the Alentejo region, Évora was an important by-land trading crossroad to demanding
market hubs such as Lisbon and Alcácer do Sal [60]. Similarly, Mértola and Silves in the
Algarve region depicted crucial riverine and sea staging points for overland and overseas
trading, respectively [22,40]. In light of this historical background, the present study
attempts to give more insight into the dynamic trading network within the Gharb through
the production and distribution of glazed ceramics.

The results of the archaeometric study determined the local supply of coarse wares
from the city of Évora. In addition, the same city acted as an internal marketplace for
imported regional production of glazed wares from Mértola and Silves, as well as extra-
regional products from out of the borders of the Gharb al-Andalus.

The glazed ceramic collection includes two of the most popular glazed ceramic styles
(monochrome and bichrome) throughout the al-Andalus. The production and diffusion
of these glazed wares constantly increased from the 10th century AD onwards across the
Gharb, highlighting the short-distance trade contacts already documented on different
historical sources and archaeological evidence [15–19,23,24].

The identification of exogenous objects figured out in the present study also sheds
light on the long-distance trade network between the Islamic heartland in the al-Andalus
and the Gharb [17,23]. On the other hand, the number of coarse-manufactured kitchen and
tablewares examined draws attention to an internal market in the city of Évora supplied by
local workshops that despite the negative evidence, might have produced its own glazed
ceramics, as evidenced by the recovery of a tripod stand with glaze traces on top [61].

The glazing technology was also assessed, and it testified the technological level of
Islamic ceramists during the given period in the Gharb. Results evidenced the application
of the same technology in all cases. Only a few exceptions were registered, indicating
that different technological solutions could be employed independently from sample
provenance. Moreover, the addition of different components to the original glaze mixture
was established to modify glaze viscosity and color. This behavior was rather uniform
across time and space. This shows the high level of expertise of Islamic ceramists in the
al-Andalus and the uniformity of the glaze technology applied in different places.

FeO- and/or MnO-rich pigments were employed to obtain black/brown decoration.
These elements usually dissolved during the firing process but, when added in great
quantities to render black/brown colors many crystallites can precipitate in the glaze.
Only in two cases, FeO and MnO rich pigments were added simultaneously. In any case,
black-brown decoration analysis also points to the application of homogeneous technology
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in pigment application independent of ceramic provenance. When a different solution was
employed, it was probably a deliberate choice of the ceramist.

To conclude, this study evidenced how the high-lead glazed ceramic production
was uniform throughout the al-Andalus, and small variabilities in the ceramic and glaze
technology can be interpreted as the great expertise of Islamic potters to manage a wide
array of raw materials. This was the case of honey and black-decorated honey glazes, two of
the most diffused and consumed glazed wares during the 10th and the mid-13th centuries
AD in the Iberian Peninsula. Arguably, the demanding market encouraged workshops to
look for faster and more reliable methods and raw materials to produce glazed ceramics
in the desirable and required color appearance. Therefore, the Islamic glazing tradition
would change into a more industrialized and simplified production by the end of the 13th
onwards in what was renowned as the Hispano–Moresque or Mudejar tradition [10].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ceramics6040135/s1. Table S1: Temper characteristics of each ceramic
sample; Table S2: Petrographyc description of samples ceramic paste, temper, and porosity; Table S3:
Chemical composition of samples ceramic pastes; Table S4: Chemical composition of the outer glazed
surfaces; Table S5: Chemical composition of the inner glazed surfaces; Table S6: Chemical composition
of samples black/brown glazes; Table S7: Chemical composition of samples ceramic paste obtained
by SEM-EDS.
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