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Silves Castle is located in the Algarve, South of Portugal. Archaeological excavations provided numerous remains
of the Islamic presence in this area from the 8th to the 13th c., which could be traced back to the Ommiad, Caliph-
al, Taifa, Almoravid and Almohad periods. The spectroscopic study of the ceramics, enabled us to discuss their
provenance and production techniques.
A clear difference in the diffraction patterns of the sherds from theOmmiad period (8th to 9th c.), and the Caliph-
al period (10th–11th c.) was observed, pointing to imported ceramics in both groups, the latter most likely from
Medinat al-Zahra. The origin of the Ommiad ceramics still remains controversial. The samples from the Taifa
kingdoms (11th c. period) were characterized as Lisbon productions. The blue and white ceramics studied
here (12th–13th c.) are most probably the first samples showing the use of cobalt blue onto a white tin oxide
layer made in Portugal.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Under the Ommiad caliphs, Arabic culture and Islamic rule spread to
the Iberian Peninsula (Silverstein, 2010). Islamic arrival at the Iberian
Peninsula dates back to 711 and Lisbon's military occupation occurred
in 714. Silves town, conquered in 713, is located in the South of Portugal
(Algarve) and was an important center of development and culture in
our country, since the 8th to the 13th c., when the Portuguese Christian
king Afonso III defeated the Muslim armies in 1248. In Spain only in
1492, about two hundred years later, were the Muslims defeated by
Fernando and Isabel. The remarkable legacy from the Islamic culture
in Portugal can still be seen in many ways: the large number of words
in the spoken Portuguese, architectural influences, agriculture tech-
niques among others.

The Silves Castle archaeological excavations (Varela Gomes, 1992,
2003) provided numerous remains of its occupation from the 8th to
the 13th centuries, which could be traced back to the Ommiad (8th–
9th c.), Caliphal (10th–11th c.), Taifa (11th c.), Almoravid (12th c., 1st
half) and Almohad (2nd half of the 12th and the 13th c.) periods and
clearly show the splendor of this culture, as Figs. 1a shows.
.V. Ferreira).
Perez-Rodriguez recently pointed out that there is no known ceram-
ic production in Seville before the 11th c., and that in the following cen-
turies a great variety of ceramic types was produced in that city
(Garofano et al., 2015). The production of tin-glazed ceramics in the Ibe-
rian Peninsula started in the 10th c., with green and black decorations
on white glazes characteristic of the Caliphal period. This green and
black ceramics are also associated with the Madinat al-Zahra produc-
tions (located near Cordoba), 10th c., which from then on spread all
over the al-Andalus (Garofano et al., 2015; Molera et al., 2001;
Gonzalez Garcia et al., 1999).

Taking into account these well dated and documented production
sites in the Iberian Peninsula, and also the fact that a local production
of high quality ceramics is unlikely to have started immediately after
the arrival of Islamic people to the Algarve, one is led to conclude that
the green and black ceramics found at Silves castle, archaeologically
dated to the 8th–9th c., are most probably imported ceramics, namely
from the Middle East, Iran or Egypt (Varela Gomes, 1992, 2003;
Molera et al., 2001, 2013; Ballirano et al., 2014). A similar assumption
was made by F Gonzalez Garcia (Gonzalez Garcia et al., 1999), relative
to some of the ceramics found at Medinat al-Zahra.

The sherds from the Castle of Silves excavation site (Fig. 1b) were
studiedwith the use of non-invasive (or almost non-invasive) spectros-
copies, correlating information from different techniques, namely:
Ground State Diffuse Reflectance absorption (GSDR), micro-Raman
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Fig. 1. (a) Islamic ceramics from Silves Castle: A) 8th–9th c. Ommiad Glazed; B) 8th–9th c. Ommiad Non-glazed C) 10th c.–Caliphal; D) 11th c. Taifas; E) 12th–13th c. Almoravid, Almohad,
all belonging to theMuseumof Silves collection. (b) Studied ceramic sherds from the Castle of Silves excavation selected for thiswork. Om1 to 4 areOmmiad, glazed samples; NGOm1 and
2 are Ommiad, but non-glazed samples; Cal1 to 3 are Caliphal, glazed; Sample Tf1 is from the Taifa period; Samples A1 and 2 are Almoravid/Almohad, glazed

435L.F.V. Ferreira et al. / Journal of Archaeological Science: Reports 8 (2016) 434–443
andX-Ray Fluorescence emission (XRF). X-RayDiffraction (XRD) exper-
iments were also performed. This multidisciplinary approach to the
archaeometric study of Portuguese faiences was recently applied to
16th and 17th c. ceramics by our group (Vieira Ferreira et al., 2014,
2015a, 2015b, 2016).

Micro-Raman is probably the most powerful non-destructive meth-
od to characterize archaeological artefacts, namely glazed ceramics and
coloured glasses and has been extensively used to investigate ancient
ceramic art objects (Colomban, 2003, 2008, 2012; Colomban and
Paulsen, 2005; Colomban et al., 2006; de Waal, 2004, 2009; Kirmizi et
al., 2010). Micro-Raman can be used to obtain information regarding
the crystalline or glassy structures, which are built from covalent
bonds between the SiO4 tetrahedra in different modes. The ratio of the
stretching (i.e. ~1000 cm−1) and bending (~500 cm−1) Raman
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envelopes, measured as the band area ratio (Ip = A500/A1000), where Ip
is the polymerization index proposed by Colomban (Colomban, 2003,
2008, 2012; Colomban and Paulsen, 2005; Colomban et al., 2006) can
be correlated to the temperature of the kiln, glaze composition and dif-
ferent fluxing agents. Also the correlation of the polymerization index Ip
with the Si-O stretching maximum (νmax) may provide information re-
garding the glaze composition (Colomban, 2012; Kirmizi et al., 2010).

X-ray diffraction analysis (XRD) is also a very important technique
that may provide complementary information to micro-Raman spec-
troscopy for the characterization of pottery (Gonzalez Garcia et al.,
1999; Ballirano et al., 2014; Porras et al., 2012), and is especially useful
for the study of the ceramic pastes' crystalline phases. In many cases
pastes from clay minerals exhibit weak or complex Raman signals, and
XRD may provide useful information concerning the detailed mineral-
ogical composition of a ceramic body, by using a diffraction pattern da-
tabase (Vieira Ferreira et al., 2015a).

X-ray fluorescence (XRF) was used here due to the availability of
portable instruments, although it only allows the determination of the
elemental compositions for elements heavier than sodium. It is also a
very important tool for determinations of chemical composition (Ricci
et al., 2016; Simsek et al., 2014).

The first goal of this study is the spectroscopic characterization of
pastes, pigments and glazes of the Islamic faiences found at Silves Castle.
XRD, XRF and micro-Raman techniques were used as main tools for
such characterization. Ground state diffuse reflectance spectra, for col-
our evaluation, were also performed, following recent studies of Portu-
guese ceramics (Vieira Ferreira et al., 2014, 2015a, 2015b, 2016). XRD
provided very important information about themineralogical composi-
tion of the pottery pastes under study, enabling us in several cases to es-
tablish its provenance by comparison with later Lisbon or Seville
ceramic productions, namely from the 15th to the 17th centuries. Also
comparisons will be made with samples originated in Syria, Egypt, Mo-
rocco and Tunisia, that could provide important information regarding
the possible origin of the imported ceramics.
2. Experimental

2.1. Spectroscopic tools under use

Micro-Raman spectroscopy, ground-state diffuse reflectance set-up,
X-ray fluorescence spectrometry and powder X-ray diffraction tech-
niques used in this work are described below.
2.1.1. Micro-Raman spectrometry set-up
Micro-Raman measurements were carried out in a back-scattering

micro-configuration, with two instruments as described in references
(Vieira Ferreira et al., 2015a, 2016). The baseline correction,when need-
ed, was done with the LabSpec software from JY.

Ceramic bodieswere analysed either from a recently cleaned surface
of the sherds or from small amounts of powder removed from those
sherds. In what regards glazes, the analyses were performed only in re-
cently cleaned surfaces of the earthenware sherd.
2.1.2. Ground state diffuse reflectance spectra (GSDR)
Ground-state absorption studies were performed using a home-

made diffuse reflectance setup, as described in references (Vieira
Ferreira and Ferreira Machado, 2007, Vieira Ferreira et al., 2014,
2015a, 2015b, 2016), with the use of two standards, barium sulphate
powder and a Spectralon disk. The reflectance, R, from each sample
was obtained in the UV–Vis-NIR spectral regions and the remission
function, F(R), was calculated using the Kubelka-Munk equation for op-
tically thick samples. The remission function is F(R) = (1− R)2/2R. De-
tails regarding the data treatment can be found in (Vieira Ferreira and
Ferreira Machado, 2007) and references quoted therein.
2.1.3. X-ray fluorescence experiments
The chemical composition of ceramic glazes and pastes was also ac-

curately determined by X-ray fluorescence as described in references
(Vieira Ferreira and Ferreira Machado, 2007, Vieira Ferreira et al.,
2014, 2015a, 2015b, 2016). All the analyses both on pastes and glazes
were performed, at least, in three spots of about 3 mm in diameter of
the sherd, but in most cases five spots for each sample. Apart from the
internal calibration, the equipment was also calibrated with standards
IRRM-BCR-126A – Lead Crystal Glass, and BAM-S005B –Multi-element
Glass for XRF Analysis. The estimated error for major elements (Si and
Al) was ≤3%, for minor elements (K, Ca and Fe) ≤ 4% and for trace ele-
ments ≤8%.

2.1.4. X-ray diffraction experiments
The identification of the crystalline phases of ceramic body powder

was carried out with the use of an X-Ray diffractometer as described
in references (Vieira Ferreira et al., 2015a, 2016).

No contaminations of the pastes with glaze was possible, because
the drilling was made exclusively in the body of the sherds.

2.2. Studied materials

Sherds were recovered from the Castle of Silves archaeological site,
located inside the castle walls, and dated on the basis of the archaeolog-
ical stratigraphy (Varela Gomes, 1992, 2003).

Fig. 1b shows the representative samples selected for this work.
Samples from the Ommiad period (green and black painted on white
glazes) are named here as Om1 to 3, and dated 8th–9th c., while sample
Om4 is dated 9th c. All these Ommiad samples are glazed. Also from the
8th–9th c. are the non-glazed samples NG Om1 and 2, more rustic and
with simple white, red or dark brown decorations applied onto the ce-
ramic paste. The green and black Caliphal pottery (10th c., glazed) are
named here as Cal1 to 3. The ceramics from the Taifa kingdoms period
are exemplified by sample Tf1 (11th c., non-glazed). The Almoravid/
Almohad periods are represented by two blue and white samples,
named A1 and A2, from the 12th–13th c. All sherds have dimensions
of about 4 to 5 cm except in case NGOm2 and Tf1with the approximate
dimensions of 10 cm × 10 cm. NG Om2 and Tf1 sherds were from jugs
(rims), and all others sherds from decorated plates.

2.3. Characterization studies

GSDR, Micro-Raman and XRF are non-invasive spectroscopies and
were applied directly onto the glaze or paste of the sherd. In the XRD
case, for the pastes study, about 10mgof the ceramic's bodywere need-
ed. Those small amounts of powder were removed from the sherds and
used for theXRDdeterminations, i.e. the pastesmineralogical character-
ization, by drilling at the edge of the sherds with a 1 mm tungsten car-
bide drill, coupled to a small electric drill.

The LabRaman equipment has accurate confocal capabilities, en-
abling in deep studies from the surface to about 200 μm, but the pene-
tration depth doesn't go over 50–70 μm in most cases, depending on
the coloured glaze under study. For XRF the estimated penetration
depth is about 60 μm for Pb glazes. For the GSDR studies all the glaze
depth was analysed due to the powerful W-Hal lamp used (250 W).

3. Results and discussion

3.1. XRD studies

3.1.1. Pastes differentiation
Fig. 2 shows the XRD experimental patterns for pastes of the Silves

Castle samples, for the glazed Ommiad samples (Om3, curve i), non-
glazed Ommiad samples (NG Om1, curve ii), Caliphal period (Cal3,
curve iii), Taifa kingdoms period (Tf1, curve iv) and the Almoravid/
Almohad periods (A1, curve v). The diffractograms were obtained for



Fig. 2. Representative XRD patterns for pastes from the Castle of Silves: i) Om3 is Ommiad, 8th–9th c.; ii) NG Om1 is also 8th–9th c.; iii) Cal3 is Caliphal, dated 10th c.; iv) Tf1 is from the
Taifa period, 11th c.; v) Samples A1 is Almoravid/Almohad, 12th–13th c. The XRD peaks are assigned to: Quartz (Q), Gehlenite (G), Diopside (D), Andradite (A), Anorthite (An), Analcime
(Anl), Calcite (C), Illite (I) and Mic (Microcline).
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all samples shown in Fig. 1b, but since they were identical for each
groupwithin the experimental error, only one diffractogram is present-
ed in Fig. 2. The peaks were assigned to: Quartz (Q, SiO2), Gehlenite (G,
Ca2Al(AlSi)O7), Diopside (D, CaMgSi2O6), Anorthite (An, CaAl2Si2O8),
Microcline (Mic, KAlSi3O8), Analcime (Anl, NaAlSi2O6·H2O) and Illite
(I, (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]). All these assignments
were made either by the use of the High Score Plus software from
Panalytical and PDF4 database, or by the use of the RRUFF database
(RRUFF project database accessed 2015). Quartz peaks (at 2Ɵ = 21.0,
26.7) were normalized to a common value, in order to allow compari-
sons for the other minerals.

Fromamineralogical point of view themain features to point out are
the following: pastes from the sherds Om1 to 3 are quite similar and
they most likely were made with raw materials from the same clay
source. The same applies to Om4. Very similar XRD patterns were pub-
lished recently by our group for a sherd (blue on blue pattern, produced
in Lisbon (Vieira Ferreira et al., 2015a) in the end of the 16th c.), apart
from the fact that the Lisbon sherd exhibits a very small amount of
Gehlenite, which cannot be seen in the diffractogram of Om3 (curve
(i) of Fig. 2). Other studied samples of the Lisbon's blue on blue ceramics
do not present Gehlenite at all. Therefore these findings point to the as-
signment of Om3 origin, usually called “green and black” ceramics, to
the Lisbon kilns. However, a local production of such high quality ce-
ramics is unlikely to start immediately after the arrival of the Islamic
people to Portugal in the beginning of the 8th c., so these green and
black ceramics were most probably not produced in Lisbon.

It is well documented that the production of the tin-glaze ceramics
with green and black decorations only started in the Iberian Peninsula
in the 10th c. as a palatial production associated to Medinat al-Zahra
(Garofano et al., 2015). Since samples Om1 to Om3 are archaeologically
dated from the 8th–9th c., this points to imported ceramics, most prob-
ably from Egypt or Iran, where these green and black productions are
well documented (Molera et al., 2001, 2013).

Some imported ceramics from Egypt were found and identified as
such at the Medinat al-Zahra, as reference (Gonzalez Garcia et al.,
1999) indicates. Furthermore diffractograms are presented in reference
(Gonzalez Garcia et al., 1999), page 34, for imported ceramics from
Egypt, also containing Quartz, Diopside, Anorthite as the major compo-
nents, and Gehlenite, Illite, Analcime and Hematite as the minor
constituents.

An analysis of other sherds produced in Egypt provided
diffractograms that further confirm this origin for the imported 8th–
9th c. ceramics found at the castle of Silves, as shown in the supplemen-
tary data, Fig. S1, curves (i) and (ii). However some differences should
be mentioned, namely the existence of Analcime and tin oxide in the
Egyptian sample with much higher loading than the sample Om1, and
also a smaller amount of Quartz.

Analcime is a sodium-bearing zeolite that crystallizes authigenically
from amourphous alimonosilicatematerials in the presence of a Na-rich
brine (English, 2001). Therefore the amounts of Analcime detected in a
specific sherd may vary in accordance with the Na availability and the
age of the ceramics.

The diffractogram presented in Fig. 2, curve (ii) shows as a major
constituent Quartz, but Illite and Microcline could also be detected in
this sample. Illite is decomposed at 600 °C into amorphous phases
(metakaolin, etc.). Thus Illite Bragg peaks may occur either from the
soil contamination or from some Illite left untransformed after firing
the pottery in the kiln. This diffractogram is almost identical to the
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ones found in pottery and tiles from Santo António da Charneca and
Mata da Machada kilns, producers of tiles and pottery in the 15th–
16th centuries (Vieira Ferreira et al., 2014, 2015a). Most probably the
clays used in these ceramics were the Pliocene raw materials that
exist south of Tagus River and close to Lisbon city (Vieira Ferreira et
al., 2015a). Illite was identified in the Pliocene raw materials used for
the ceramics production. In the pastes of the ceramics it should not
exist, since all the ceramics were fired at temperatures above 600 °C.
Therefore later contamination seems to be the logical explanation for
this issue. The same applies to Analcime. The similarity of the results ob-
tained here for the non-glazed samples NG Om1 and 2 and the results
presented in (Vieira Ferreira et al., 2015a) for the pottery from Santo
António da Charneca and Mata da Machada kilns lead us to conclude
that the raw materials were the same. These facts and also the rustic
character of the pottery point to a production in the region of Lisbon, ei-
ther in the city itself or in the South area of this region, that used Plio-
cene raw materials, in existence only in the South shore of Tagus
River. The XRD pattern of sample NG Om2 (data not presented) is sim-
ilar to the NG Om1 one, which is presented in Fig. 2, curve (ii), apart
from the existence of some calcium carbonate in the NG Om2 case.

Samples NGOm1 and 2 could also be imported from theNorth of Af-
rica and this possibility was also explored, by comparing the
diffractogram presented in Fig. 2 (ii) with recently published data
from Morocco reported in (Barrios Neira et al., 2012). In spite of the
use of similar rawmaterialswith high contents of Quartz, Illite, Kaolinite
andMicrocline, the diffractograms from the pastes seem to be quite dif-
ferent. Also sherds from Tunisia (19th c. produced at the workshops of
Qallaline, Tunis (Louhochi, 2010) were studied, but again quite a differ-
ent mineralogical composition was obtained, consistent with the previ-
ous hypothesis for a Lisbon production.

A study of local raw materials from Loulé (at Algarve, distant from
Silves about 40 Km), was also undertaken. Diffractograms from pow-
dered clay was recorded after drying and also after firing at 850° and
1000 °C in our laboratory (see Supplementary data of Fig. S2), also
point to a local production in the Algarve region. However, because cal-
cium carbonate existed in reasonable amounts in the raw material
(curve (i) of Fig. S2) a significant amount of Anorthite was formed
after firing (curve (ii) of Fig. S2). An Anorthite formation was not ob-
served in samples NG Om1 and 2, therefore excluding it from this
local production.

Curve (iii) of Fig. 2 shows the diffractogram from the green andblack
decorated ceramics from the Caliphal period, 10th c. These samples con-
tain Quartz, Calcite, Diopside, Anorthite and Gehlenite as the major
components, and Illite as a minor constituent. This diffractogram is
quite similar to the ones presented by Seville pottery or tiles (Triana)
as we observed in a recent publication (Vieira Ferreira et al., 2016), or
as reported by others (Perez-Rodriguez et al., 1994; Inanez et al.,
2007). However, the ceramics production in Seville started only in the
11th c. (Garofano et al., 2015), thereby excluding this hypothesis to ex-
plain the origin of this pottery. Some of the diffractograms presented in
reference (Gonzalez Garcia et al., 1999) in page 34point to aMedinat al-
Zahra ceramics production for these green and lack ceramics, character-
istic of this period for this Andalusian Islamic production center.

The simultaneous presence of Illite, Calcite, Gehlenite, Anorthite and
Diopside in sample Cal3 may seem strange, since they represent a low,
intermediate and high firing temperature. However one should pay at-
tention to the fact that although Illite decomposes at 600 °C into amor-
phous phases, it may reenter the sherd due to soil contamination.
Gehlenite and Anorthite are formed at intermediate temperatures due
to the reaction of calcite with silica and alumina (with different stoichi-
ometry) andwith carbon dioxide release into the atmosphere. Diopside
is a commonmineral in severalmarls and clays, being already present in
the raw material before firing in the kilns (Vieira Ferreira et al., 2015a;
Ballirano et al., 2014).

Curve (iv) of Fig. 2 shows the sherd from the black decorated ce-
ramics from the period of the Taifa kingdoms, 11th c. This sample
containsQuartz, Diopside, Anorthite andGehlenite as themajor compo-
nents, and Analcime as the minor constituent. This diffractogram is al-
most identical to the ones presented by us (Vieira Ferreira et al.,
2015a, 2015b, 2016) for pottery produced in the region of Lisbon. As
one can see, the XRD patterns for 11th c. sherd (iv), and in accordance
to our previous studies references (Vieira Ferreira et al., 2015a, 2015b,
2016), this sherd's paste can be classified as having originated in Lisbon
clay source 2, and exhibit Quartz, Diopside (or Augite, which XRD peaks
are almost identical to Diopside ones) and Anorthite as themainminer-
al constituents, but someGehlenite is also present. Analcime andAndra-
dite are minor constituents. Therefore the Taifa sherd was most
probably produced in Lisbon workshops, using the local Miocene clay
sources. Lisbon clay source 1 exhibits only Gehlenite and no Diopside,
as described in (Vieira Ferreira et al., 2015a, 2015b). This being the
case, the raw materials used to produce the paste of curve (iv) of Fig.
2 are most probably a mixture of clays from sources 1 and 2, as also de-
tected in (Vieira Ferreira et al., 2015a, 2015b).

TheMiocene rawmaterials that exist in the region of Lisbon used for
pottery production usually exhibit small amounts of Andradite or no
Andradite at all (Vieira Ferreira et al., 2015a). However, this mineral
may also be formed in the kiln, by reaction of calcite with hematite
and silica, with carbon dioxide liberation to atmosphere
(3CaCO3 + Fe2O3 + 3SiO2 → Ca3Fe2(SiO4)3 + 3CO2).

In the ceramics obtained from the raw material of clay source 2 in
Lisbon (please see reference (Vieira Ferreira et al., 2015a)), only Diop-
side and Calcite were detected. No Gehlenite existed in the untreated
clay. After firing Anorthitewas formed.Whenever amixture of rawma-
terials of clay sources 1 and 2 in Lisbon was used, Gehlenite, Diopside
and Anorthite were formed (Vieira Ferreira et al., 2015a).

Clearly, the sherd from the Almoravid/Almohad periods (12th–13th
c.) is a pure clay source type 2 from Lisbon, since no Gehlenite was de-
tected here, as the curve (v) shows.We conclude again that this pottery
(the cobalt blue sherd, as we will see later) was produced in the Lisbon
workshops. No calcite was detected here, as is the case for most pottery
produced in Lisbon kilns.

3.2. XRF studies

XRF is a sensitive, non-destructive elemental analysis technique on a
submillimetre ormillimetre scale, allowing a quantification of elements
between magnesium and uranium which may exist in the samples
under study from major to trace levels (Vieira Ferreira et al., 2014,
2015a, 2015b, 2016; Ricci et al., 2016; Simsek et al., 2014).

3.2.1. Pastes
Table 1 presents the chemical composition of the ceramic pastes for

the samples under study, obtained by XRF analysis, expressed as weight
% of indicated oxides (or recalculated to 100wt% as sum of the different
oxides).

Typically almost all of the analysed samples consist of clay bodies
with high SiO2 content in the range 43–58 wt% and alumina content
in an 11–16 wt% range. The samples revealed relatively high lime con-
tents (about 13 to 31 wt%).

The magnesium oxide content is in the ranges 2 to 5 wt% approxi-
mately, consistent with the existence of Diopside, while the iron oxide
content stays in the range 8 to ~12 wt%. The sherds that present the
higher iron content are those from the Taifa and Almoravid/Almohad
periods, also consistent with the presence of the mineral Andradite de-
tected in the XRD diffractograms.

The elemental composition of non-glazed Ommiad sample NG Om1
is remarkably different, which is in fact consistent with the different
XRD pattern presented in the previous section. The ceramic body ex-
hibits a very high SiO2 content i.e. about 63 wt% (amount of
SiO2 + Al2O3 ~ 90 wt%) and a very low lime content (b1.5 wt%). The
paste also presents the lower iron oxide content of all studied samples.
Very similar ceramic bodies' composition patterns were already



Table 1
Chemical composition of the pastes obtained by XRF, wt%.

Samples MgO Al2O3 SiO2 K2O CaO TiO2 Cr2O3 MnO Fe2O3 CoO NiO CuO ZnO As2O3 SnO2 PbO

Ommiad Om1 2.15 13.16 52.43 3.33 16.77 1.02 0.03 0.08 8.75 nd/nq 0.08 0.01 0.02 0.06 0.03 2.08
Om2 1.67 13.69 53.80 3.47 16.51 1.05 0.03 0.07 8.66 nd/nq 0.03 nd/nq 0.02 0.03 0.01 0.95
Om3 2.48 12.86 46.15 1.64 23.82 0.92 0.03 0.13 8.88 nd/nq nd/nq 0.01 0.01 0.00 0.11 2.95
Om4 1.87 12.17 58.16 3.49 13.70 1.01 0.02 0.10 7.74 nd/nq 0.04 0.01 0.01 0.08 0.07 1.53
NG Om1 1.19 23.83 62.86 5.71 1.25 1.57 0.03 nd/nq 3.48 nd/nq 0.02 0.02 0.01 0.01 0.00 0.03
NG Om2 2.15 12.80 48.06 4.43 23.28 0.89 0.03 0.07 8.20 nd/nq 0.05 0.01 0.02 0.00 0.00 0.02

Caliphal Cal1 2.73 11.59 41.36 3.25 31.09 0.90 0.03 0.29 8.06 nd/nq 0.42 0.01 0.02 0.00 0.01 0.25
Cal2 2.14 12.78 45.84 3.48 24.13 0.92 0.03 0.16 8.75 nd/nq nd/nq 0.05 0.04 0.06 0.04 1.59
Cal3 nd/nq 12.66 46.66 3.57 26.54 1.00 0.03 0.12 8.78 nd/nq nd/nq 0.01 0.02 0.03 0.01 0.57

Taifa Tf1 2.55 13.62 49.40 1.95 20.19 1.01 0.03 0.14 9.23 nd/nq 0.02 0.04 0.01 0.13 0.01 1.66
Almoravid/Almohad A1 3.57 15.09 44.45 3.51 19.06 1.27 0.04 0.05 10.92 nd/nq 0.13 0.02 0.01 0.22 0.01 1.65

A2 4.12 15.43 43.16 2.93 19.05 1.29 0.04 0.05 11.59 nd/nq 0.25 0.02 0.01 0.22 0.07 1.77
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observed by us in previous studies (Vieira Ferreira et al., 2015a, 2015b,
2016).
3.2.2. Glazes
Inwhat regards the coloured glaze phases, the chemical composition

is presented in Table 2 for the samples under study.
Upon analyzing the obtained results, we observed that the major

components of the glazes in the glazed samples are SiO2 and PbO
resulting in ca 60–75% of the overall glaze's composition, although
with quite different silica contents. In one of the Caliphal and Taifa sam-
ples the silica content is below 20 wt% and the PbO/SiO2 ratio is quite
high. The large amount of the fluxing agent suggests the use of lower
kiln temperatures. In all the other glazed samples the SiO2 content
lays in the range 30–45 wt% and a lower PbO/SiO2 ratio of ~0.8–1.2
was achieved.

Commonly observed for these glazed samples is the presence of
SnO2, although with different contents, which acts as an opacifying
agent.

The green colour was obtained by the use of copper (the amount of
CuO is ~1.8 or 2.7 wt%, in the sherds that have this colour), while the
blue colouring, present in the Almoravid/Almohad sample is due to co-
balt (~0.4 wt%). This result constitutes quite an interesting observation
of the use of cobalt blue onto a white glaze opacified with tin oxide, in a
12th–13th c. ceramic. Zn, As and Ni are commonly associated with co-
balt ores (Gratuze et al., 1996) and they were detected here in the
blue glaze sherds from the Almoravid/Almohad period.

The samples possessing black glaze show a combination of manga-
nese and iron, with higher MnO content (5.5–7.7 wt%). The use of man-
ganese to produce black colour is referred in the literature (Molera et al.,
2013; Pérez-Arantegui et al., 1999) and is consistent with Raman spec-
tra of these samples, presented in the following section.

Taking into account the As2O3 and PbO contents, from Table 2 and
also from previously published data for glazes (Vieira Ferreira et al.,
2015a, 2016), it was possible to establish a strong positive correlation
between those two oxides.
Table 2
Chemical composition of the glazes and pigments obtained by XRF, wt%.

Samples MgO Al2O3 SiO2 K2O CaO TiO2

Ommiad Om3 Black nd/nq 6.18 27.08 0.98 1.44 0.05
Green nd/nq 6.19 39.35 1.26 2.40 0.08

Om4 White nd/nq 5.43 34.94 0.32 1.17 nd/n
NG Om2 Red 2.22 10.91 51.25 4.96 21.56 1.01

Dark brown nd/nq 10.30 51.22 7.62 17.76 1.33
NG Om1 White 1.23 20.34 67.93 5.18 1.48 1.37

Caliphal Black nd/nq 4.18 9.03 0.58 3.02 nd/n
Cal3 White 1.69 7.85 42.41 0.81 7.42 0.18

Green nd/nq 4.07 23.71 0.30 7.25 nd/n
Taifa Tf1 Black nd/nq 5.94 18.66 0.32 20.51 0.08
Almoravid/Almohad A1 Blue nd/nq 6.17 36.34 1.35 3.22 0.12

White nd/nq 8.83 45.22 1.10 4.51 0.20
Themajor features of the non-glazed Ommiad sherds are, as expect-
ed, the absence of PbO aswell as of the opacifying agent SnO2. Thewhite
decoration of the sherd NG Om1 revealed a relatively high content of
TiO2 (1.37wt%)which certainly acts as a whitening agent (Raman stud-
ies presented later in Fig. 4.1 curve (vi) will confirm this assumption).
These non-glazed samples also present a high iron content which is re-
sponsible for the red and dark brown colours.

3.3. Micro-Raman spectroscopic studies

3.3.1. Pastes
Micro-Raman spectroscopy allows the identification of pigments by

analysis of glazes at the sherds' surface but also enables the analysis of
pastes. This information is of particular importance when conjugated
with that one provided by XRD diffractograms. The micro-Raman spec-
tra were obtained for all of the different sherds from the Castle of Silves
ceramics under study and are shown in Fig. 3 (i) to (v) for pastes and
Figs. 4.1 and 4.2 for pigments and glazes.

Raman spectrum for the paste of the Ommiad sherd Om3 is present-
ed in Fig. 3 (i). This sherd reveals the same crystalline materials, Quartz
(Q, peaking at 463 cm−1) and Anatase (A, peaking at 145 cm−1), and
also Diopside (D, peaking at 318, 390 and 664 cm−1). Anorthite (An,
peaking at 508 cm−1) and Hematite (H, peaking at 228, 291, 615 and
1320 cm−1) could also be clearly detected. However the stretching
band and the bending bands of silica usually detected in glazes are ab-
sent, as expected in a paste. Hematite (Fe2O3) is certainly related to
the reddish colour of this paste. Also clear signatures of Carbon Black
(CB, ~1325 and ~1580 cm−1) and Calcite (C, CaCO3, peaking at
1086 cm−1) could also be detected. All these Raman assignments are
in good agreement with the XRD information regarding the mineralog-
ical composition of the ceramics' bodies.

The paste of the sample NGOm1 Fig. 3 (ii) shows the presence of An-
atase (145 cm−1), Quartz (463 cm−1), Rutile (R, TiO2, peaking at 250,
444 and 609 cm−1) and a clear signature of Carbon Black (CB, ~1325
and ~1580 cm−1). The simultaneous presence of Anatase and Rutile in
the Pliocene pastes fromMata daMachada kilnwas previously reported
Cr2O3 MnO Fe2O3 CoO NiO CuO ZnO As2O3 SnO2 PbO

nd/nq 7.47 1.29 nd/nq 0.05 0.20 0.06 4.38 3.27 47.57
nd/nq 0.54 2.02 nd/nq 0.06 2.64 0.02 4.55 2.48 38.41

q nd/nq 0.24 0.80 nd/nq 0.07 1.12 nd/nq 4.05 9.36 42.50
0.03 0.07 7.96 nd/nq nd/nq nd/nq 0.01 nd/nq nd/nq 0.01
0.04 nd/nq 11.67 nd/nq nd/nq 0.01 0.02 0.01 nd/nq 0.02
0.03 nd/nq 2.43 nd/nq nd/nq 0.01 0.01 nd/nq nd/nq nd/nq

q nd/nq 5.76 1.38 nd/nq nd/nq 0.88 nd/nq 7.10 2.84 65.22
nd/nq 0.14 2.54 nd/nq 0.03 0.03 nd/nq 3.04 0.56 14.99

q nd/nq 0.24 0.85 nd/nq 0.06 1.84 nd/nq 3.38 1.69 34.23
nd/nq 0.22 1.39 nd/nq nd/nq 0.24 0.04 6.46 4.09 42.05
nd/nq 0.19 2.30 0.38 0.05 0.18 0.88 3.35 9.93 35.55
nd/nq 0.13 2.16 0.05 0.03 0.02 0.03 2.68 8.59 26.45



Fig. 3. Representative Raman spectra of the Castle of Silves sherds, for pastes: i) Om3 is Ommiad; ii) NG Om1 also from the Ommiad period; iii) Cal3 is Caliphal; iv) Tf1, Taifa period; v)
SamplesA1, Almoravid/Almohad; The Raman signals are assigned to:Anatase (A), Quartz (Q), Calcite (C), Diopside (D), Anorthite (An), (H)Hematite, Gehlenite (G) andCarbon Black (CB).
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by us previously (Vieira Ferreira et al., 2015a), and in this case a strong
Raman signature of Carbon Black was also detected. Sample NG Om2
(data not presented) also exhibits Anatase and Carbon Black as the
main Raman peaks, although some Calcite could also be detected.

The Raman spectra of samples Cal1, Cal2 and Cal3 are the samewith-
in experimental error and only the third spectrum is presented here.
Sample Cal3, a paste, (Fig. 3 (iii)) presents a Raman spectrum similar
to the Om3 paste (Fig. 3 (i)), however the amount of Calcite detected
is much higher. Gehlenite could be detected, and Hematite is also pres-
ent here, consistent with the brownish appearance of this paste.

Fig. 3 (iv) shows the Raman spectrum of the paste of Taifa sample
Tf1, and one can note the presence of Anatase (145 cm−1), Quartz
(463 cm−1), Diopside (318, 390 and 664 cm-1), Gehlenite (662 and
955 cm-1), Anorthite and a clear signature of Carbon Black (CB, ~1325
and ~1580 cm−1). No Calcite signature was detected. This Raman spec-
trum is compatible with others previously published by us (Vieira
Ferreira et al., 2015a, 2015b), for Miocene pastes in Lisbon, apart from
the hematite appearance which exists only in very small amounts in
the more whitish or yellowish pastes.

Diffractograms revealed Andradite formation in curves (iv) and (v),
the Lisbon samples producedwithMiocene clays. In spite of the difficul-
ty of assigning XRD peaks of Hematite in the pastes, the Raman studies
of the pastes presented in Fig. 3 gave good evidence to the presence of
Hematite in all cases except for the Pliocene pastes (curve (ii)).

The Raman spectrum for the A1 paste (Fig. 3 (v)) is quite similar to
that of the Taifa sample, except for the absence of Gehlenite. Again, it
was most probably produced in the Lisbon workshops.
3.3.2. Glazes and pigments
Curve (i) of Fig. 4.1 shows the Raman spectrum for the black glaze

for the Ommiad samples, in this case the curve is for the Om3 sample.
Apart from the characteristic peaks of Anatase (145 cm−1) and lead sul-
phate at 980 cm−1 (the two other peaks from lead sulphate (440 and
607 cm−1, (RRUFF project database accessed 2015) are small and so
they are masked by the huge Kentrolite peaks, the black colour is due
to the high content of manganese, in this case to the mineral Kentrolite
(K, PbMn3+O2(Si2O4), peaking at 305, 342, 542 and 591 cm−1) (RRUFF
project database accessed 2015).

Raman spectrum of the white glaze of a Ommiad sample (Om4) is
shown in Fig. 4.1 (ii) and exhibits clear signatures of tin oxide (T,
SnO2, peaking at 475, 633 and 775 cm−1) (RRUFF project database
accessed 2015) used as the main whitening agent. These bands are
superimposed in the bending band of the silica glaze, and the stretching
band is much larger, peaking at 959 cm-1, a common value for lead
based glazes (Colomban, 2003, 2008, 2012; Colomban and Paulsen,
2005; Colomban et al., 2006). The ratio of the SiO2 stretching (i.e.
~1000 cm−1) and bending (~500 cm−1) Raman envelopes, gave a
value for the polymerization index of about 0.3, and from this value
we can estimate the kiln's temperature to be ~750 °C, as proposed by
Colomban (Colomban, 2003, 2008, 2012; Colomban and Paulsen,
2005; Colomban et al., 2006).

In what regards the green glaze (curve (iii) of Fig. 4.1), we could not
observe its signature in all the Ommiad samples under study here. XRF
indicates the presence of a copper mineral as being responsible for the
green colour, probably basic copper carbonate (Taylor and Doody,



Fig. 4.1. Representative Raman spectra for the Castle of Silves sherds' glazes. i) Om3, black
glaze; ii) Om3, white glaze; iii) Om3, green glaze; iv) NG Om1, non-glazed dark brown
decoration; v) NG Om1, non-glazed red decoration; vi) NG Om1, non-glazed white
decoration; The Raman signals are assigned to: Anatase (A), Rutile (A), Quartz (Q), Tin
Oxide (T), (H) Hematite, Kentrolite (K), Calcite (Ca) and Carbon Black (CB).
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2014). Cu2+ ions are dissolved in the glaze matrix, producing the green
colour of the glaze, in spite of not having been detected by micro-
Raman. The use of micro FT-IR spectroscopy also failed in the tentative
identification of the initial used copper pigment. However this
Fig. 4.2. Representative Raman spectra for the Castle of Silves sherds' glazes. i) Cal3, black
glaze; ii) Cal3, white glaze; iii) Cal3, green glaze; iv) Tf1, non-glazed black decoration; v)
A1, blue glaze; vi) A1, white glaze; The Raman signals are assigned to: Tin Oxide (T),
Jacobsite (J), and Carbon Black (CB).
assignment could be made with the use of the ground state absorption
spectra presented later in Fig. 5. Tin Oxide, Anatase in a small amount,
lead carbonate (PbCO3, peaking at 1052 cm−1), and residues of Carbon
Black could also be seen.

Curves (iv), (v) and (vi) of Fig. 4.1 are for the non-glazed Ommiad
samples, and for the dark brown (NG Om2), red (NG Om2), and white
(NG Om1) decorations, respectively. The dark brown decoration ex-
hibits a high amount of Hematite, while in the red decoration less He-
matite, but more Anatase was observed. In the white sample both
Anatase and Rutile were used as whitening agents. All these three
Raman spectra exhibit Carbon black, a darkening agent.

In all curves of this figure (except curve (ii)) Anatase was detected.
Carbon Black was identified in curves (iii) to (vi). Curve (i) evidences
Kentrolite in sample Om3, and curve (iii) shows the lead carbonate
peak. As copper is dispersed in green lead glazes in ionic form, curve
(iii) for the green glaze does not show a specific signature for copper
and only the ground state diffuse reflectance spectrum of this sample
allowed us to tentatively identify the pigment in use here. Neither cu-
prite Raman signature nor plasmon absorption spectrum of nanoparti-
cles of metallic copper were detected.

For the black glaze of the Caliphal period, curve (i) of Fig. 4.2, a very
clear Raman signature of Jacobside (J, MnFe2O4, peaking at about
625 cm−1) for Cal3 was obtained. Again, a manganese ionic compound
is responsible for the black colour.

Raman spectra of the white glaze of the Caliphal sherd (Cal3) is
shown in Fig. 4.2 curve (ii) and exhibits a very clear signature of Cassit-
erite, tin oxide (T, SnO2, peaking at 475, 633 and 775 cm−1). The whit-
ening agent used in the ceramics of the Ommiad and Caliphal periods
was the same, as we could observe here.

For the green glaze of Caliphal period (Cal3), shown in Fig. 4.2 curve
(iii), again no Raman spectral signature was found, most likely for the
same motives presented for the green glaze of the Ommiad samples.
This glaze allowed us to calculate the Ip for the Caliphal samples: the po-
lymerization index is very small in this case for Cal3, Ip = 0.18, pointing
to the lowest temperature of the kiln in all samples under study in this
work (T ≤ 700 °C).

In the Taifa period, the black decoration simply gave evidence of the
use of Carbon Black pigment (curve (iv)).

For the Almoravid/Almohad samples, two Raman spectra are pre-
sented, curve (v) of Fig. 4.2 for the blue glaze and curve (vi) of the
same figure for the white glaze. Clearly, both spectra are very similar,
due to the presence of the tin oxide Raman peaks, and the similar ratios
of the bending and stretching Raman bands of silica, and in this case Ip is
about 0.3, indicating a temperature of about 750 °C used in the Lisbon
Islamic kilns. It is interesting to note that the Ommiad samples provided
the same Ip value.

3.4. Ground state diffuse reflectance spectroscopy studies

From the reflectance curves, and by the use of the Kubelka Munk
function, the ground state diffuse reflectance absorption spectra could
be obtained, for pastes and coloured glazes of the 8th c. to 13th c. ce-
ramics from the Castle of Silves excavation. Those results are presented
in Fig. 5.

The ground state diffuse reflectance absorption spectra for the ce-
ramics' pastes, for the paste and white glaze of the Ommiad sherd (i),
Om3, exhibits a maxima in the UV range peaking at about 320 nm
with tails in the visible region of the absorption spectra, as Fig. 5
shows. White glazes exhibit maxima in accordance with the SnO2 ab-
sorption spectra with a maximum in the UV range. Similar curves
were obtained for all sherds containing tin oxide.

The green glaze curve exhibits two maxima, one in the UV region
and the second one in the visible region of the absorption spectrum, at
about 750 nm. This finding immediately excludes the use of chromium
oxide pigments which exhibit absorption peaks at 455 nm and 636 nm,
characteristic of Cr3+ ions (Thongkanluang et al., 2011; Padeletti et al.,
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2004). This result is in agreement with the XRF data presented in Table
2, where the amount of chromium oxide detected is negligible. For all
green glazes the amount of copper oxide revealed by XRF is significant,
pointing to the presence Cu2+ ions as the origin of the green colour. The
source of this green pigment is, most probably, basic copper carbonate
(Taylor and Doody, 2014), and the absorption spectra presented for
the dark green glazes are compatible with this assignment (Vieira
Ferreira et al., 2015a; Padeletti et al., 2004).

Blue glaze has absorption bands at about 544, 596 and 650 nm, (part
(v) of Fig. 5), which are characteristic of Co2+ in a tetrahedral environ-
ment, enabling an immediate identification of cobalt as the origin of the
blue pigment in the A1 and A2 sherds (Gratuze et al., 1996; Visinescu et
al., 2010). These absorption bands derive from allowed electronic tran-
sitions of Co2+ cations (from the 4A2(F) ground state to the 4T1(P) and
2T(G) excited states), characteristic of cobalt on tetrahedral sites
(Visinescu et al., 2010). This is also in agreement with the XRF data pre-
sented in Table 2, where the amount of cobalt oxide detected for all blue
glazes is significant.

Dark brown and black glazes exhibit absorption curves spreading
from the UV to the visible region of the absorption spectra, usually in
the form of long tails. No clear identification of the pigments arises
from the absorption spectra of the black and dark brown, in contrast
with the blue and green glaze absorption spectra, although they are
consistent with similar spectra reported for the brown decoration pres-
ent in majolica ceramics for glazes containing Fe2O3, i.e. iron oxide
(Legodi and de Waal, 2003). In the black glazes and in the dark brown
glazes, most likely themain pigments present contain Fe andMn, as re-
vealed by the XRF studies.

In summary, the ground state diffuse reflectance spectra presented
in this section allowed us the identification of basic copper carbonate
as the pigment used to obtain the green colour (please see the green
curves in (i) and (iii)). Also the use of cobalt to produce the blue glaze
is shown in curve (v). Red, dark brown and black absorption spectra
are also in accordance with literature data.

4. Conclusions

Archaeological excavations in the Islamic Castle of Silves in the Al-
garve, South of Portugal, provided numerous remains of the Islamic oc-
cupation dated from the 8th to the 13th centuries.

There is a clear difference in the diffractograms of the sherds from
the 8th and 9th c., when compared with those of the Caliphal period
(10th c.). Spectroscopic analysis of both pottery groups point to
imported ceramics, the latter from Medinat al-Zahra while the former
is most probably from Egypt. However the more recent productions,
namely from the Taifa period, already seem to be Portuguese, most
probably from Lisbon kilns. The blue and white ceramics studied here
(12th–13th c.) are probably the first samples in Portugal showing the
use of cobalt blue onto a white tin oxide layer in Portugal.

By combining the use of the mineralogical composition for the
pastes obtained with the use of XRD diffractograms – and also of the
spectroscopic characterization (XRF, Raman and GSDR spectroscopies)
presented here for pastes and glazes – we conclude that the pottery
found at the Castle of Silves dated from the 11th, 12th and 13th c. was
produced in Lisbon using Miocene raw material (Vieira Ferreira et al.,
2015a), collected locally. However, the Lisbon workshops are also
good candidates for the production of the non-glazed samples dated
from the 8th–9th c., since they were produced with Pliocene kaolinites'
sands, common in the South shore of the Tagus River andwere also used
in the Lisbon workshops. All sherds are lead glazes and tin oxide was
used in their fabrication, except the non-glazed sherds of pottery from
the 8th–9th c.
Fig. 5. Representative ground state diffuse reflectance spectra of the Santa Maria do
Castelo sherds, both for pastes and glazes. i) Ommiad, Om3; ii) Non-glazed Ommiad, NG
Om1; iii) Caliphal, Cal3; iv) Taifa period Tf1; v) Almoravid/Almohad, A1.
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Taking into account the polymerization index (Ip), we determined
Ip = 0.3 for the Ommiad sherds from the 8th–9th c., slightly larger
than the Ip's for the other lead glazes of the Caliphal period (10th c.)
where Ip = 0.18. In the former case we estimate a 750 °C kiln tempera-
ture and for the latter lead glazes below 700 °C. In the case of the
Lisbon productions Ip = 0.5 to 0.3, pointing to kiln temperatures of
about 800 °C.

Themineralogical composition and also the spectroscopic character-
ization presented here for glazes and pastes of the sherds found at the
Castle of Silves, as well as the comparison with Lisbon, Santo António
da Charneca and Mata da Machada productions, will hopefully allow
us to improve our knowledge of Islamic ceramics imported or produced
in Portugal in the period spanning the 8th to the13th centuries.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jasrep.2016.06.051.
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