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A B S T R A C T

This study characterises and compares tin-opacified underglaze-decorated tiles from Valencian and Sevillian
provenances. This technique, where the cobalt and manganese pigments are applied below an opaque white
glaze, was used in the Iberian Peninsula between the 14th and early 16th centuries. The chemical and mor-
phological characterisation of the glazes was performed by Optical Microscopy (OM), Scanning Electron
Microscopy with Energy-Dispersive X-Ray Spectroscopy (SEM-EDS), µ-Raman Spectroscopy, and µ-Particle-
Induced X-Ray Emission (µ-PIXE). Both the morphology of the glazes and their chemical composition allowed for
the distinction between the two production centres. Sevillian glazes exhibit a thicker pigment layer, as well as
higher SnO2 and lower K2O contents than the Valencian ones. Furthermore, the SEM analysis of cobalt pigment
particles identified an interior nucleus rich in Co, Fe and Ni, and an exterior layer rich in Si, Ca, Mg and Na,
suggesting that the pigment was used mixed with clay or sand.

1. Introduction

1.1. Underglaze-decorated ceramics

Underglaze implies that the painting layer of the ceramic object is
located under a glaze layer, which acts like a varnish to fixate the
pigments and to give a homogenous and brilliant finish to the surface.
This technique has been documented in Islamic ceramics as early as the
9th century, i.e., in Raqqada (Ben Amara et al., 2011) and Palermo
(Arcifa and Bagnera, 2018).

The mutual influence between Islam and China is believed to have
driven the development of stonepaste (or fritware) technology, which
provided a white background on which the pigments were directly
applied and then covered with a transparent glaze, eliminating the need
for a white slip or white-firing clays to achieve a porcelain-like ap-
pearance (Tite et al., 2011; Watson, 2004). In parallel, tin-opacified

ceramics were also developed since the 8th century in Egypt and the
Levant (Matin et al., 2018), and introduced in the Iberian Peninsula
between the last quarter of the 9th century and the first quarter of the
10th century (Salinas and Pradell, 2018).

The Islamic presence in the Iberian Peninsula between the 8th and
the 15th centuries provided a specific background for the development
of important ceramic centres. Tin-opacified glazes were among the most
significant innovations brought by the Islamic potters, along with the
cobalt blue pigment, which became inseparable from the architectural
tile until our days (Martínez Caviró, 1991). During the 14th century, a
different type of underglaze painting was developed: instead of a
transparent glaze (like the one used in stonepaste or fritware ceramics),
this type used a white tin-opacified glaze over the painted decorations.
Archaeological evidence has shown that in Valencian blue-and-white
underglaze-decorated ceramics, the cobalt pigment was applied onto
the raw ceramic object, which was then fired for the first time.
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Afterwards, a white lead–tin glaze frit was applied over the painted
object, which was then was fired a second time (Coll Conesa, 2009a).
This technology has also been documented in 14th-century Nasrid
Granada, where ceramic fragments were found decorated with cobalt
oxide prior to having been coated with a tin-glaze frit (García-Porras
2012).

The beginnings of this specific opaque underglaze technique or the
reasons for its use are not clear. Their highlight was in 15th-century
Valencia (Spain), already under Christian ruling, albeit with many
Islamic potters in the region (Coll Conesa, 2009b). Matin et al. (2018)
have shown that several early Islamic tin-opacified wares were over-
glaze-decorated, including green-and-brown and blue-and-white cera-
mics from Raqqa and Samarra, respectively. The closest Islamic parallel
to the Hispano-Moresque underglaze technology documented unequi-
vocally in the literature concerns Sicilian 9th-10th-century shards that
were decorated with copper green and manganese brown under an
opaque glaze, although this glaze is not tin-opacified. Instead, it con-
tains quartz (SiO2) crystals that render it opaque with a matt appear-
ance (Testolini 2018).

In the Iberian Peninsula, an underglaze tin-opacified cobalt blue
decoration has been documented in Granada (García-Porras 2012),
Valencia (Roldán et al., 2006), Catalonia (Pradell et al., 2010), Teruel
(Pérez-Arantegui et al., 2009b), and Seville (Pleguezuelo 2011). Con-
trary to blue-and-white ceramics, tin-opacified “green and brown” Is-
lamic and Hispano-Moresque wares exhibit overglaze decorations
throughout the Iberian Peninsula, except for one (so far) set of Cata-
lonian ceramics dated from the 14th century (Salinas et al., 2017).

The Valencian and Sevillian regions were among the most important
production centres of Hispano-Moresque ceramics. While in Valencia
the underglaze technique was the most used one for decorating ceramic
tiles, in Seville the cuerda seca and the arista techniques were more
popular (Martínez Caviró, 1991). Nevertheless, during a recent study
on Hispano-Moresque tiles (Coentro, 2017), an underglaze decoration
was identified in shards attributed to a Sevillian production. Opposing
to what has been written about Valencia, underglaze-decorated Se-
villian ceramics were yet to be studied.

1.2. Study objectives

The main objective of this work is to compare Valencian and
Sevillian tin-opacified underglaze-decorated architectural tiles in order
to identify and characterise different underglaze decoration techniques
from different provenances with tin-opacified glazes as a common
feature. Furthermore, Co-rich inclusions are analised in detail by SEM-
EDS, giving clues to the original raw material.

2. Materials and methods

2.1. Sample description

Fourteen tiles (Fig. 1) from three different institutions – Monastery
of Santa Clara-a-Velha, Coimbra, Portugal (SCV); Museo de Cerámica
“González Martí”, Valencia, Spain (MCV); Instituto Valencia de Don
Juan, Madrid, Spain (IVDJ-S) – were studied. Table 1 contains the list of
the tiles with information on their decoration technique, provenance
and chronology.

These samples comprise different decorative techniques: flat (the
glaze exhibits a flat surface), arista (different-coloured glazes are phy-
sically separated by ridged ceramic lines), and “low-arista” (slightly
ridged ceramic lines, yet covered with the white glaze, mark the out-
lines of the drawing). The MCV samples in this study exhibit flat sur-
faces with hand-drawn blue (and occasionally brown) decorations,
whereas the decoration contours in SCV and IVDJ-S samples have been
printed in the clay by means of ridged lines, suggesting a simplification
of the production process. A schematic representation of the decorative
techniques is presented in Fig. 2.

The sampling procedure consisted of collecting very small samples
(ca. 2 mm wide) from fractured areas where the visual impact is
practically imperceptible. Samples were then mounted as cross-sections
in epoxy resin (Araldite® 2020) and polished in Micro-Mesh® sheets up
to grit 4000.

2.2. Analytical techniques

All the analyses were performed on the same cross-section samples,
which was possible due to the non-destructive character of the chosen
techniques. The samples were first observed by optical microscopy
(OM), followed by the chemical characterisation of the glazes by µ-
PIXE. SEM-EDS was used to both chemically and morphologically
characterise the glazes, the glaze-ceramic interface and the inclusions
that were observed. Finally, µ-Raman was used for the identification of
the inclusions present in the glaze.

2.3. Equipment specifications

2.3.1. OM
Optical Microscopy was carried out using a Zeiss Axioplan 2 mi-

croscope equipped with × 5, ×20, ×50 and × 100 magnification
objectives in polarised light and dark field mode. The images were re-
corded with a Nikon digital camera DXM1200F camera coupled to the
microscope.

2.3.2. µ-Raman
The equipment used is a Labram 300 Jobin Yvon spectrometer,

equipped with a solid-state laser of 500 mW power (532 nm) and a He-
Ne laser of 17 mW power (633 nm). A 50x or a 100x Olympus objective
lens was used to focus the laser beam. The laser power was filtered to
10% incident power using a neutral density filter for all analyses. The
LabSpec software (v 5.15.25) was used to determine the exact peak
wavenumbers. Except when stated otherwise, the RRUFF database
project on minerals (RRUFF, 2018) was used for the attribution of the
Raman spectra. The analysis were performed at the Department of
Conservation and Restoration at Faculty of Sciences and Technology –
NOVA University of Lisbon, Potugal.

2.3.3. µ-PIXE
The analyses were performed with the Oxford Microbeams OM150

type scanning nuclear microprobe installed at one of the beam lines of
the 2.5 MV Van de Graaff accelerator at the Nuclear and Technological
Campus of IST-UL. The used vacuum experimental setup comprises a
30 mm2 SDD X-ray detector and the ability of focusing the used 1 MeV
proton beam down to 3 × 4 µm2 while scanning the beam up to a
3730 × 3730 µm2 sample area. Allowing to obtain 2D elemental dis-
tribution maps these were used to identify the glaze layer and select
representative regions of interest for further quantitative analysis.
Operation and data manipulation were achieved with the OMDAQ soft-
ware code (Grime and Dawson, 1995), and quantitative data analysis
performed with the GUPIXWIN programme (Campbell et al., 2010). The
results were validated through the quantitative analysis of two glass re-
ference standards (Corning Museum of Glass B and C) (Table 2).

2.3.4. SEM-EDS
A variable pressure scanning electron microscope HITACHI S-3700N

in the backscattering mode was used for SEM imaging. The microscope
is coupled with a Brüker Xflash 5010 SDD energy dispersive X-ray
spectrometer, used for elemental point analysis and mapping with an
acceleration voltage of 20 kV. Samples were analysed in cross-sections
under an air pressure of 40 Pa. The resolution of the EDS detector is
123 eV at the Mn Kα line energy. Esprit1.9 software from Brüker
Corporation was used for EDS tasks and quantification. The SEM-EDS
study was carried out at HERCULES Laboratory, in University of Évora,
Portugal.
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Fig. 1. Studied samples from Monastery of Santa Clara-a-Velha, Coimbra, Portugal (SCV); Museo de Cerámica “González Martí”, Valencia, Spain (MCV); Instituto
Valencia de Don Juan, Madrid, Spain (IVDJ-S).

Table 1
List of samples with information on the decoration technique, provenance and chronology.

sample decoration location provenance chronology

MCV 2-1T Flat with white and blue Museo de Cerámica “González Martí”, Valencia, Spain Paterna/Manises (Valencia) 15th century
MCV 3-1R
MCV 1-1R Flat with white, blue and brown
MCV 4-1G
MCV 4-2G
MCV 8-1G
MCV 8-2G
MCV 8-3G
IVDJ-S 4134 Arista with white, blue and lustre Instituto Valencia de Don Juan, Madrid, Spain Seville early 16th century
IVDJ-S 4185
SCV 34Ei4068 “low” arista with white and blue (and lustre?) Monastery of Santa Clara-a-Velha, Coimbra, Portugal Seville (attributed) early 16th century
SCV 494i4327
SCV 49-15F4338
SCV 51-1M4467 Relief with white and blue
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3. Results

3.1. Observations by Optical Microscopy

The underglaze decoration technique is identified by OM through
the dark layer corresponding to the cobalt blue (Fig. 3a, 3c-d) or
manganese brown (Fig. 3b) pigment between the tin-opacified glaze
and the ceramic body. In some cases, a colour gradient from darker to
lighter blue is also observed from the interface to the surface of the
glaze (Fig. 3a and c). Among the studied samples, two groups were
differentiated according to the thickness of the pigment layer:

- Type 1 exhibits a thin blue pigment layer (ca. 30–50 µm) and cor-
responds to MCV samples (Fig. 3a). Brown decorations exhibit ir-
regular dark agglomerates measuring up to ca. 50 µm, also located
at the glaze-ceramic interface (Fig. 3b).

- Type 2 exhibits a thicker pigment layer (> 100 µm) and includes
IVDJ-S and SCV samples (both attributed to Seville) (Fig. 3c and 3d).

3.2. SEM-EDS analysis

The morphological observation by SEM added some distinguishing
features between the previously mentioned glaze Types 1 and 2:

- Type 1 (Fig. 4) exhibits small Co– or Mn-containing particles
(< 15 µm) scarcely distributed near the glaze-ceramic interface in
blue and brown glazes, respectively. A very homogeneous tin-opa-
cified glaze with very small and well-distributed cassiterite ag-
glomerates is observed. Bubbles and mineral inclusions (other than
the mentioned Co-rich ones) are scarce.

- Type 2 (Fig. 5) exhibits a clear morphological difference between the
two layers observed in the glaze – the lower layer is composed of
many inclusions related to the Co pigment, whereas the upper layer
is more homogeneous and similar to the MCV glazes with its well-
distributed tin oxide agglomerates. These are, however, larger in
size in SCV and IVDJ-S samples, suggesting less grinding of the glaze
frit.

SEM-EDS allowed the analysis of the cobalt pigment both in Type 1
and Type 2 glazes. The smaller dimensions of the Co-inclusions in MCV
glazes (< 15 µm) required higher magnifications than those necessary
to identify them in SCV and IVDJ-S glazes where, not only the pigment
layer is thicker, but cobalt inclusions are larger (up to 40 µm). However,
EDS analysis revealed similar results for all samples, with a pre-
dominance of Co, Fe and Ni in these inclusions. The EDS map in Fig. 5d
illustrates how these elements occasionally distributed within different
Co-particles, something that has been reported in the literature for
other cobalt blue glazes (Coentro et al., 2018; Guilherme et al., 2014;
Zucchiatti et al., 2006). The fact that the SEM-EDS equipment irradiates
an area of approximately 4 µm2 makes it difficult to perform a detailed
analysis within each inclusion, although in an MCV particle it was
possible to distinguish a Ni-rich nucleus and Co homogenously spread
(Fig. 4c). Also, Fe is heterogeneously spread within this particle, and an
outside layer was clearly observed richer in Ca, Mg, Si and Na.

Fig. 5b displays the EDS spectra of two areas in the different glaze
layers in sample SCV 49-15F4338. The upper layer (corresponding to
the tin-opacified glaze) shows higher Si and Pb peaks. Tin is only de-
tected in this layer. On the other hand, the lower layer shows, as ex-
pected, higher intensity peaks related to the cobalt pigment – Fe, Co, Ni
– and higher Al.

3.3. μ-Raman analysis

The µ-Raman analysis of the pigment particles in blue glazes iden-
tified two different spectra consistent with ferrite spinels (Fig. 6). One
spectrum exhibits two strong bands at ca. 487 cm−1 and ca. 704 cm−1

(Fig. 6a), and the other exhibits these bands with slightly different
values: ca. 472 cm−1 and ca. 698 cm−1 (Fig. 6b). The first values are
reported in the literature for both nickel ferrites (NiFe2O4) (Kamble
et al., 2015) and cobalt ferrites (CoFe2O4) (Chandramohan et al., 2011;
Majumdar, 2012), whereas the latter are reported for nickel ferrites
(Kim et al., 2014). The band at ca. 668 cm−1 is consistent with mag-
netite (RRUFF, 2018). No association was evident between the identi-
fied spectra and a specific set of samples.

The dark inclusions observed in brown-coloured glazes were iden-
tified by µ-Raman as braunite (Mn2+Mn3+6 SiO12) (Fig. 6).

The analysis by µ-Raman also identified K-feldspars (KAlSi3O8) in
the glaze-ceramic interface, which correspond to the acicular crystals
observed in Fig. 4b. The strong band at 511 cm−1 and the weak band at
282 cm−1 characterise the spectrum of the K-feldspar (Fig. 6d), and the
broad and weaker bands at 455 cm−1 and 472 cm−1 suggest the pre-
sence of either orthoclase or sanidine, or even an intermediate phase

Fig. 2. Schematic representation of the different types of underglaze decoration observed, according to the decoration technique: (a) flat (MCV); (b) “low-arista”
(SCV) – small ridge marking the outlines; (c) arista (IVDJ-S) – pronounced ridges separate the different-coloured glazes.

Table 2
Chemical composition of glass standards Corning Museum of Glass (CMoG) B
and C: certified (Brill, 1999) and average (n = 9) measured by µ-PIXE.

Na2O MgO Al2O3 SiO2 K2O CaO TiO2

CMoG B
Certified (wt.%) 17.0 1.03 4.36 62.3 1.00 8.56 0.089
Measured by µ-PIXE (wt.%) 17.1 0.96 4.29 64.8 0.96 7.53 0.12
RSD (%) 7.3 5.7 6.9 1.6 5.4 4.9 17.9
CMoG C
Certified (wt.%) 1.07 2.76 0.87 34.3 2.84 5.07 0.79
Measured by µ-PIXE (wt.%) 1.14 2.36 0.89 35.8 2.60 4.42 0.55
RSD (%) 7.7 5.2 4.9 3.7 2.2 1.7 19.4

MnO Fe2O3 CoO NiO CuO BaO PbO

CMoG B
Certified (wt.%) 0.25 0.34 0.046 0.099 2.66 0.12 0.61
Measured by µ-PIXE (wt.%) 0.22 0.30 0.08 0.10 2.30 0.10 0.43
RSD (%) 18.3 10.9 36.7 21.2 7.7 40.2 29.8
CMoG C
Certified (wt.%) – 0.34 0.18 – 1.13 11.4 36.7
Measured by µ-PIXE (wt.%) – 0.30 0.16 – 1.09 11.5 38.8
RSD (%) – 6.4 18.5 – 5.8 1.6 4.6

RSD – relative standard deviation.
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between these structural types of potassium feldspars (Freeman et al.,
2008). K-feldspars (mostly sanidine) crystals have been previously
identified in Islamic and Hispano-Moresque lead-glazed ceramics as the
result of the reaction between lead-rich glazes and potassium-rich
ceramic bodies at high temperatures (800–1000 °C) (Coentro et al.,
2018; Molera et al., 1993; Pradell et al., 2010). The euhedral mor-
phology indicates that these crystals are formed during the melting of
the glaze. Their growth is also promoted by a slow cooling process
(Molera et al., 1993).

The tin-rich inclusions observed by SEM in the glaze were confirmed
to be cassiterite (SnO2) by their strong Raman band at 633 cm−1

(Fig. 6e).

3.4. μ-PIXE analysis

The chemical composition of the glazes obtained by µ-PIXE is pre-
sented in Table 3. Silica (SiO2) and lead oxide (PbO) are the major
components of the white glaze, with contents of 36–46 wt% for SiO2

and of 35–46 wt% for PbO. Sample MCV 3-1R is an exception with
54 wt% SiO2 and 27 wt% PbO.

The third major component is tin oxide (SnO2). The SnO2 content of
the white glaze is a distinctive factor among the three groups of sam-
ples, where the lowest values were identified for MCV tiles (3.7–4.5 wt
% SnO2), followed by SCV (6.4–7.8 wt% SnO2) and IVDJ-S (7.8 – 8.6 wt
% SnO2).

Fig. 7 illustrates the positive correlation observed between SnO2 and
Na2O for SCV and IVDJ-S groups, as well as a negative correlation
between SnO2 and PbO. MCV group, however, exhibits a small positive
correlation between SnO2 and K2O. Furthermore, and apart from the
MCV lower SnO2 contents, K2O is also a distinguishing factor between
the IVDJ-S + SCV and MCV groups, with higher contents for the latter.
This is observed both in white and in blue-coloured glazes.

The analysis of blue-decorated glazes by µ-PIXE identified cobalt in
every sample (Table 3). A positive correlation is visible between Fe and
Co, as well as between Ni and Co in most samples (Fig. 8). IVDJ-S
samples contain higher Ni contents than the others. Copper was also

identified in approximately half of the analysed glazes, without a spe-
cific connection to any of the studied groups.

Manganese was identified in samples MCV 1-1R and MCV 8-1G as
responsible for the brown colour.

4. Discussion

4.1. Glaze composition

The analysis of the glaze compositions by µ-PIXE identified SnO2

contents within expected values for Hispano-Moresque tin-glazed
ceramics (Coentro et al., 2014, 2017; Molera et al, 1997, Molera et al.,
2001; Pérez-Arantegui et al., 2005, 2009a; Polvorinos del Rio and
Castaing, 2010). The white glaze in these underglaze-decorated tiles
shows a similar composition to the one used for the other typologies in
the same collections (Coentro et al., 2014, 2017). Also in accordance
with these results, the homogeneity of the tin glazes follows the Islamic
and Hispano-Moresque technology in what concerns the use of frits
(Allan, 1973; Molera et al., 2009), although the larger size of cassiterite
crystals observed in IVDJ-S and SCV groups suggest a lower degree of
grinding than the one observed for MCV glazes.

The positive correlation between sodium and tin oxides, as well as a
negative correlation between lead and tin oxides visible in Fig. 7 for
SCV and IVDJ-S samples, suggest that – in these two sets – tin was
added to the glaze recipe together with a sodium-rich flux, but not with
lead, contrarily to what is mentioned in the Persian treatise from 1301
by Abu l’Qasim (Allan, 1973) or in the Italian treatise on majolica by
Cipriano Piccolpasso (ca. 1557) (Piccolpasso, 1980). They are, how-
ever, in accordance with the results obtained by Molera et al. (2009)
from the analysis of frits found in archaeological context in a medieval
kiln in Paterna.

The difference in potassium contents has been previously identified
in a study comparing Sevillian and Valencian lustre-decorated ceramics
(Polvorinos del Rio and Castaing, 2010). The higher potassium content
in MCV glazes is likely a consequence of several factors, such as its
higher content in the sand used as a silica source for the glaze and the

Fig. 3. Cross-section images obtained by OM, showing the coloured glaze and the glaze-ceramic body interface from samples: (a) MCV 2–1 T (blue); (b) MCV 1-1R
(brown); (c) SCV 34Ei4068 (blue); (d) IVDJ-S 4134 (blue).

S. Coentro, et al. Journal of Archaeological Science: Reports 30 (2020) 102254

5



reaction with the also K-rich clay in the ceramic body, since the latter
also presents higher potassium values in its composition (Coentro,
2017). On the other hand, potassium could be added as a flux obtained
from ashes of forest plants or wine lees (Piccolpasso, 1980; Tite et al.,
2006), but the source is difficult to determine in a glaze due to the
influence of the ceramic body in its final composition.

4.2. Cobalt blue pigment

The Fe-Co-Ni-Cu association identified in approximately half of the
blue samples fits within the expected chemical composition in Hispano-
Moresque ceramics dated until the beginning of the 16th century.
Adding to Hispano-Moresque cuerda-seca and arista blue glazes
(Coentro et al., 2014, 2017; Fares et al., 2012), the association between
copper and cobalt has been identified in coeval blue-decorated ceramics
from Teruel and Manises-Paterna (Pérez-Arantegui et al., 2009b;
Resano et al., 2005; Roldán et al, 2006), in Renaissance Della Robbia
glazes dated prior to ca. 1520 (Zucchiatti et al., 2006) and in an Islamic
17th century tile panel in Northern India (Gill and Rehren, 2011).

This period is also associated with the “absence” of arsenic in the
pigment composition, or, in other words, with arsenic contents in trace
amounts, only detected by highly sensitive analytical techniques. This
explains why “needle-like” As-rich structures mentioned in the litera-
ture for other Co-blue glazes (Guilherme et al., 2014; Zucchiatti et al.,

2006) were not observed in these tiles, nor was As detected by µ-PIXE
analysis.

The morphology of the pigment particles, with their Fe-Co-Ni-rich
nuclei, is similar to other previously identified in a coeval arista tile
(Coentro et al., 2018), as is the outer layer rich in Si, Ca, Mg and Na
illustrated in Fig. 3c. Another parallel morphology was found in Chinese
ceramics (Jiang et al., 2018), where the cobalt pigment was identified
“encapsulated” within anorthite clusters. Several hypotheses may explain
the presence of Si, Ca, Mg and Na surrounding the blue pigment particles:
it could be a result from the reaction between the pigment and the
ceramic body of the tiles; or the cobalt pigment already had these ele-
ments in its composition if it was prepared and exported as zaffre, which
was obtained by roasting the cobalt ore with sand (Mimoso, 2015); or,
finally, it could result from an intentional mixture of the pigment with
clay, which has been reported for Chinese ceramics as a technique for
preventing the blue colour from spreading (Jiang et al., 2018). On the
other hand, the previously mentioned arista tile does not have under-
glaze decoration and its blue glaze is homogeneously coloured with a
cerulean blue shade. Considering the similarity between its pigment
particles and the ones observed in this study, it seems more likely that the
cobalt pigment was already mixed with sand or clay prior to its use on
the tile (either to paint directly on it or to mix with a glaze frit).

The two types of glazes identified in this study suggest two different
ways of applying the cobalt pigment under tin-opacified glazes. While

Fig. 4. (a) SEM-BSE cross-section image illustrating Type 1 glaze morphology (MCV 4-2G), exhibiting a homogeneous glaze with few inclusions; (b) detail of the
glaze-ceramic interface where Co-rich particles are observed above it; (c) detail of a cobalt pigment particle where different areas are observed, and its EDS elemental
maps for Na, Mg, Si, Ca, Fe, Co, Ni, and Pb.
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there is archaeological evidence of the application of the cobalt blue
pigment on raw ceramic bodies in Valencia, the decoration process of
Sevillian underglaze-decorated ceramics is still unknown. From the
results obtained in this study, it is not clear if the Sevillian-attributed
samples were decorated prior to biscuit-firing. Also, further experi-
ments (namely reproductions and their respective analysis) will be
necessary to understand why such a thick pigment layer was used in
these tiles, especially considering the high cost of cobalt at the time.

4.3. Manganese brown

Manganese was identified in the form of braunite in samples MCV 1-
1R and MCV 8-1G in association with the brown colour. This result is

consistent with other tin-opacified manganese brown-decorated cera-
mics from the Iberian Peninsula from the 11th century onwards
(Coentro et al., 2012, 2018; Coutinho et al., 2016; Molera et al., 2013;
Pradell et al., 2010).

Braunite may result from the reaction between a manganese oxide
used as a pigment – such as pyrolusite (MnO2) or hausmannite
(Mn2+Mn3+2 O4) – and the glaze matrix above 1000 °C (Molera et al,
2013). The manganese ore could also have been calcined with clay or
sand prior to its application on the tile, in which case braunite was
already formed before the final firing and should not be used as a
temperature marker. However, the SEM images obtained in this study
reveal homogeneous pigment particles without any visible layers such
as the ones present in the cobalt blue pigment.

5. Conclusion

In this study, two types of tin-opacified underglaze decoration were
identified, allowing the distinction between Valencian and Sevillian
tiles: Type 1 is observed for flat Valencian tiles and characterised by
small Co– or Mn-rich particles (< 15 µm) scarcely distributed near the
glaze-ceramic interface; Type 2 was identified in arista and “low-arista”
Sevillian (or Sevillian-attributed) tiles and is characterised by two dis-
tinct layers, where the lower one is composed of many inclusions re-
lated to the Co pigment, and the upper layer is more homogeneous and
similar to the MCV glazes with its well-distributed tin oxide agglom-
erates.

Further differences were identified in the chemical composition of
the tin-glaze: Type 1 glazes exhibit lower SnO2 and higher K2O contents
than Type 2 glazes, suggesting that different glaze recipes were used in
the two production centres.

The chemical composition of the cobalt blue pigment fits within the
expected Fe-Co-Ni-Cu association, without As, identified in Hispano-
Moresque ceramics until the beginning of the 16th century. The mor-
phology of the pigment particles exhibits a Fe-Co-Ni-rich nucleus with
an outer layer rich in Si, Ca, Mg and Na, which may result from a prior
mixture of the blue pigment with sand (as zaffre) or with clay.

According to the cited literature, blue-and-white underglaze-

Fig. 5. (a) SEM-BSE cross-section image il-
lustrating Type 2 glaze morphology (SCV 49-
15F4338), where an intermediate layer
corresponding to the Co-blue pigment
stands out between the ceramic body and
the upper tin-opacified glaze; (b) EDS ana-
lysis of the two different layers observed in
(a); (c) detail of cobalt pigment particles
from the lower layer in (a); (d) EDS map of
the particles observed in (c).

Fig. 6. µ-Raman spectra of the compounds identified in the glazes: (a) Ni-Co
ferrite (487 and 704 cm−1) and magnetite (668 cm−1) (MCV 2-1T); (b) Ni
ferrite (NiFe2O4) (SCV 34Ei4068); (c) braunite and hausmannite, the latter
represented by the band at 659 cm−1 (MCV 1-1R); (d) potassium feldspar
(KAlSi3O8) (MCV 2-1T); (e) cassiterite (SnO2) (SCV 34Ei4068).
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Table 3
Chemical composition of the glazes obtained by µ-PIXE.

NaO MgO Al2O3 SiO2 Cl K2O CaO TiO2 MnO Fe2O3 CoO NiO CuO SnO2 PbO

White
MCV 2-1T 1.17 0.35 1.39 42.1 0.82 4.54 1.67 0.26 4.50 43.2
MCV 3-1R 1.58 0.66 2.32 54.2 0.33 6.37 2.83 0.08 0.52 4.10 27.0
MCV 4-1G 1.83 0.36 2.07 46.4 0.52 3.42 2.15 0.06 0.35 3.97 38.9
MCV 4-2G 1.87 0.28 2.25 43.5 0.98 3.69 1.85 0.46 3.71 41.4
MCV 8-1G 2.34 0.42 1.51 45.0 0.87 4.60 1.76 0.17 4.07 39.2
SCV 51-1M4467 2.38 0.58 2.21 42.3 0.34 2.64 2.62 0.14 0.73 7.67 38.4
SCV 34Ei4068 1.85 0.35 1.57 41.0 0.66 3.15 2.13 0.13 0.95 0.12 6.65 41.4
SCV 494i4327 2.25 0.53 1.69 43.9 0.51 3.11 2.72 0.13 0.51 7.75 36.9
SCV 49-15F4338 1.66 0.35 1.68 35.9 0.42 2.82 2.98 0.18 2.12 6.35 45.5
IVDJ-S 4134 2.43 0.51 2.51 42.7 0.30 3.53 2.65 0.14 0.02 0.53 0.04 7.84 36.8
IVDJ-S 4185 2.82 0.88 2.46 43.0 0.45 2.71 3.43 0.14 0.71 0.06 8.58 34.7
Blue
MCV 2-1T 1.41 0.33 1.52 42.6 1.14 4.58 1.46 0.46 0.16 4.10 42.2
MCV 3-1R 1.72 1.05 2.10 50.4 0.30 6.27 3.02 0.08 0.34 0.88 0.39 0.18 4.71 28.6
MCV 8-1G 3.45 0.39 1.62 45.6 1.00 4.40 1.85 0.06 0.63 0.16 0.12 4.16 36.6
MCV 8-2C 1.63 0.68 2.73 52.5 0.17 5.64 3.75 0.39 0.18 3.52 1.20 0.32 0.08 4.38 22.9
MCV 8-3G 1.22 0.37 2.03 45.7 0.47 5.76 2.21 0.09 3.68 1.00 0.31 0.28 4.66 32.2
SCV 51-1M4467 2.33 0.49 1.84 40.7 0.78 2.07 2.81 0.17 1.64 0.34 6.95 39.9
SCV 34Ei4068 2.27 0.39 1.67 41.9 0.58 3.19 2.04 0.16 2.57 0.98 0.22 0.32 7.55 36.2
SCV 494i4327 1.73 0.47 1.78 40.1 0.50 3.35 2.45 0.11 0.04 4.51 1.47 0.36 0.13 8.31 34.7
SCV 49-15F4338 1.97 0.37 2.01 39.3 0.42 3.55 2.90 0.14 3.02 1.05 6.93 38.3
IVDJ-S 4134 2.24 0.51 3.14 40.6 0.19 3.59 2.68 0.16 0.06 3.58 1.22 0.48 0.94 9.69 31.0
IVDJ-S 4185 3.60 1.52 4.72 45.9 0.10 2.81 6.52 0.22 0.05 4.06 1.27 0.58 5.48 23.2
Brown
MCV 1-1R 1.47 0.36 2.37 40.5 0.75 4.39 2.05 0.13 3.74 0.68 4.73 38.8
MCV 8-1G 2.42 0.43 1.57 42.1 0.88 4.43 1.99 0.06 2.73 0.51 4.58 38.3

Fig. 7. Scatter plots of SnO2 vs. Na2O, K2O and PbO, obtained by µ-PIXE.

Fig. 8. Scatter plots of CoO vs. Fe2O3 and NiO, obtained by µ-PIXE.
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decorated tin-opacified ceramics have been identified in Hispano-
Moresque production centres in the Valencian region, in Seville, and in
an Islamic production from Granada. Although it is likely that this
technology has an Islamic origin, it has not been – at the time of this
publication – documented outside the Iberian Peninsula. The closest
technological parallels would be the Islamic 9th-10th-century under-
glaze-decorated wares from Sicily (Testolini 2018), although these were
not tin-opacified, or Iznik ceramics, where a lead-alkali glaze with a
considerable amount of tin oxide (ca. 3–8.5 wt%) was used over the
coloured decorations. However, most of the tin oxide in Iznik ware is in
solution in the glaze, making it basically transparent (Paynter et al.,
2004). Although this transparency was important to reveal the under-
glaze decoration in Iznik ceramics, the same does not apply when only
cobalt and manganese pigments are used, as the Valencian and Sevillian
underglaze-decorated tin-opacified ceramics attest.
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