Journal of Cultural Heritage 66 (2024) 593-601

Contents lists available at ScienceDirect

Journal
Itural Heritage

Journal of Cultural Heritage

journal homepage: www.elsevier.com/locate/culher

VSI: TECHNART 2023 selected papers

The colour palette of 16th-18th century azulejos: A multi-analytical N
non-invasive study

Mario Bandiera?® Umberto Veronesi?, Marta Manso®", Andreia Ruivo®<,
Marcia Vilarigues®<, Lurdes Esteves‘, Alexandre Pais¢ Susana Coentro®“*

A VICARTE, Research Unit Glass and Ceramics for the Arts, FCT-NOVA, Campus de Caparica, 2829-516 Caparica, Portugal

b LIBPhys - Laboratory for Instrumentation, Biomedical Engineering and Radiation Physics, FCT-NOVA, Campus de Caparica, 2829-516 Caparica, Portugal
¢ Departamento de Conservagdo e Restauro, FCT-NOVA, Campus de Caparica, 2829-516 Caparica, Portugal

d Museu Nacional do Azulejo, Rua da Madre de Deus, 4, 1900-312 Lishoa, Portugal

ARTICLE INFO ABSTRACT

Article history:

Received 10 November 2023
Accepted 17 January 2024
Available online 5 February 2024

This work provides an overview of the pigments used by Portuguese azulejo painters through the study
of 34 glazed tiles belonging to the National Azulejo Museum in Lisbon, Portugal. The tiles are dated from
the late 16th century to the early 19th century, with most samples attributed to the 17th and 18th cen-
turies. Building on a previous study where the chemical composition of the 17th-century colour palette
was characterised [1], we used a non-invasive methodology to further identify compositional differences
among groups of colours spanning a wider timeframe. Blue, white, yellow, orange, purple, green and
brown decorations were analysed by EDXRF to obtain qualitative and (in some samples) quantitative in-
formation on their chemical composition. p-Raman spectroscopy was used to identify the main colour-
ing agents. Finally, colorimetric measurements of the different hues of each colour were performed to
address the relation between colour and chemical composition. Our results show that greens could be
obtained through a copper-based pigment or by mixing lead-antimonate with cobalt-blue pigment. Al-
though cobalt is the colouring agent of all blue decorations, compositional differences suggest the use of
different types of raw materials or the addition of specific reagents to modify the hue. On the other hand,
yellow hues ranging from lemon yellow to orange were manufactured by adding zinc, tin, or iron oxide
to a lead antimonate base. Finally, a manganese ore was used to make the purple pigment. Overall, we
noted that while the basic pigments remained the same, the colour palette was progressively widened
during the 18th century. This was done by using more pure pigments (i.e., with less iron), by changing
the ratio in pigment mixtures (ie., blue and yellow), or by overlapping colour layers for artistic effects.
Finally, the results of the chemical and colorimetric analyses are always influenced by the concentration
of the pigment in the glaze, its thickness and the overlapping of pigments used by azulejo painters to
expand the shades available for the final artistic composition.
© 2024 The Author(s). Published by Elsevier Masson SAS on behalf of Consiglio Nazionale delle Ricerche
(CNR).
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

The azulejo (Portuguese glazed tile) heritage is one of the most
recognisable traits of Portuguese architecture and has been so for
more than five centuries since the first maiolica tile panels were
made in the country in the second half of 16th century. The
maiolica technique, which involves painting the colours over an
opaque white lead-tin glaze substrate, was perfected in Italy dur-
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ing the 15th century [1]. It then spread to Spain and the Flan-
ders, and from there, it arrived in Portugal thanks to the activity
of Flemish artists operating in the country [2]. In the 17th century,
the chromatic palette of Portuguese tile makers reached a peak:
colours comprised blue, various shades of yellow and orange, dif-
ferent types of green, purple, brown and a very dark, almost-black
colour used for contours [3,4]. The onset of the so-called “blue-
and-white period” towards the end of the century gave rise to
some of the most remarkable azulejo works, completely covering
church interiors and restricting the decoration to cobalt blue over a
white background. Then, during the 18th century, the other colours
were progressively reintroduced [5].
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Despite the enormous importance of azulejos in Portugal, the
scientific studies that investigate their colour technology are still
relatively few and mostly focused only on blue and yellow [3,4,6-
15]. Coupled with the complete lack of primary sources, this means
that our knowledge of how artists decorated the tiles in a more
practical sense, what techniques they employed, and which pig-
ment recipes they selected is still rather limited. We know that
colours were obtained through 3d transition metal oxides (copper
green, manganese purple, cobalt blue) or with previously synthe-
sised pigments (lead antimonate yellow), and we also know that
pigments could either be used singularly or mixed (e.g., lead anti-
monate + iron for oranges) [3]. In this sense, Portuguese technol-
ogy presents important similarities with other maiolica traditions
of which we know much more and that represent an invaluable
source of information about the materials and techniques used
in the 16th and 17th centuries [1,16,17]. However, the available
data seems to suggest relevant local peculiarities in Portuguese
technology, such as the mixing of lead antimonate yellow and
cobalt blue to obtain olive green decorations, practically unparal-
leled elsewhere [3]. Furthermore, previous scientific studies have
focused mainly on the 17th century [3,4,11] and, more recently, on
the 16th century [12,13,15], leaving the 18th-century palette, and
the changes it may have suffered after the blue-and-white period,
mostly unexplored.

Research aim

Against this backdrop, the present work aims to identify pig-
ments, their variants and mixtures used to decorate Portuguese
tiles before the industrial period. An assemblage of azulejos from
the National Azulejo Museum (MNAz), in Lisbon, spanning from the
late 16th to the early 19th centuries was selected to chart chrono-
logical changes in the palette and address their relation with co-
eval European productions. The results are intended as a first step
towards better understanding the technological traits of Portuguese
azulejo manufacturers. A multi-analytical, non-invasive approach
was chosen, which establishes a procedure that future studies can
replicate with tiles and panels from other collections where sam-
pling is not an option.

Materials and methods
Samples

A group of 34 glazed tiles from the National Azulejo Museum
was studied (Fig. S1). These are dated between the late 16th and
the early 19th centuries and show decorations made with different
colours. Two Dutch tiles were included for comparison purposes
(MNAz 18D and 19D). The list of the tiles, their approximate date
and colour palette are detailed in Table 1.

Analytical techniques

A multi-analytical approach was used to chemically charac-
terise the pigments responsible for the observed colours. Analy-
ses were performed, whenever possible, avoiding the areas where
two or more colours were overlaid. The white glaze was also anal-
ysed for comparison purposes. The analytical methodology was
developed to be non-invasive (no samples were collected) and
non-destructive (the tiles were not damaged during the analysis)
[18,19]. All analyses were performed on the surface of the tiles.

p-EDXRF was used first for qualitative chemical analysis, fol-
lowed by EDXRF quantitative analyses and p-Raman on selected
tiles. Colorimetry was used to obtain the colour coordinates that
allow for comparison with future analyses and to address a possi-
ble correlation between the colour shade and the chemical compo-
sition of the pigments.
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p-Raman microscopy

Raman microscopy was carried out using a Labram 300 Jobin
Yvon spectrometer, equipped with a He-Ne laser of 177 mW power
operating at 632.8 nm. Spectra were recorded as an extended scan.
The system was calibrated using a silicon standard. The laser beam
was focused either with a 50 x or a 100 x Olympus objective lens
and discrete pigment crystals were targeted. The laser power at the
surface of the samples was controlled with neutral density filters
(optical densities 0.3 and 0.6). Raman data analysis was performed
using LabSpec 5 software. All spectra are presented as acquired
without any baseline correction or other treatment.

Micro-EDXRF (energy dispersive X-ray fluorescence)

Qualitative analysis by p-EDXRF was performed at the DCR-
FCT-NOVA using a Bruker ArtTAX 800 spectrometer (Intax GmbH)
equipped with a molybdenum (Mo) anode and a Si(Li) Xflash® de-
tector capable of detecting elements with Z > 14. The experimental
parameters used were 40 kV and 600 pA for 360 s, under a Helium
gas flux.

Energy dispersive X-ray fluorescence spectrometry

EDXRF analyses were carried out using a Bruker Tornado M4
spectrometer. The instrument is equipped with an Rh anode X-ray
tube and an SDD detector. The X-ray tube uses a polycapillary lens
accounting for a spot size down 25 pm at the sample. Consider-
ing the inhomogeneity of the samples, it was decided to proceed
with 2D area scans of 2 x 2 mm, with a step size of 20 ym and a
time per step of 20 ms. The X-ray tube operated at 50 kV and 300
pA for 180 s. Spectra acquisition was run under 20 mbar pressure.
Quantitative results were obtained through the analysis of 3 areas
per sample and the data was treated using the Bruker M-Quant
software considering the oxides present in the tiles.

The results of the quantitative analysis of the white glaze (Table
S1) and colours (Table S2) are available as supplementary files.

Colorimetry

Colorimetric measurements were performed with a Lovibond®
TR520 handheld spectrophotometer with an optical geometry of
8 ° viewing angle, diffused illumination, and a measurement aper-
ture of 4 mm. Colour coordinates were calculated using CIE Illu-
minant D65 and are presented under the CIE L*a*b* system. All
measurements are available in the supplementary file Table S3.

Results and discussion
White glaze

The chemical characterisation of the white glaze was performed
to address its influence on the results obtained for the colours. It
also contributes to distinguishing different productions based on
the glaze recipe. The results from the quantitative analysis ob-
tained by EDXRF are presented in Table S1.

The white glaze in Portuguese tiles shows a characteristic tin
glaze composition where SiO, (62-75 wt.%) and PbO (10-22 wt.%)
are the main components, followed by Al,03 (3.5-6.6 wt.%) and
Sn0, (2.0-7.7 wt.%).

The measured PbO/SiO, ratio falls between 0.2 and 0.4 for the
majority of the white glazes, which is in accordance with the liter-
ature on 17th and 18th Portuguese tiles [20]. Three samples (MNAz
12, 13, and 27) are exceptions, with a PbO/SiO, ratio of 0.1, al-
though no other apparent characteristics would suggest a common
production.

Two samples (MNAz 30 and 31) exhibit a very similar compo-
sition and stand out for their higher PbO (21.6 and 21.2 wt.%) and
Sn0, (7.7 and 7.5 wt.%) contents (Fig. 1). These tiles, dated around
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Table 1
List of samples with chronology and colour palette.
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SAMPLE APPROX. CHRONOLOGY

OUTLINES

COLOURS

1600
1650
1700
1750
1800
Blue

Purple /
Brown
Turquoise
green
Olive
green
Yellow

MNAz 01

MNAz 02

MNAz 03

MNAz 04

MNAz 05

MNAz 06

X | X | X | X
X | X | X | X | X

MNAz 07
MNAz 08

MNAz 09

MNAz 10

MNAZz 11

X | X | X | X
X | X | X | X

MNAz 12

X | X | X | X | X | X | X | X | X |X|X | X

X | X | X | X | X | X | X | X | X |X|X|X X

MNAz 13

MNAz 14

MNAz 15

x

MNAz 16

MNAz 17

X | X | X | X | X |[X
X | X | X | X | X |X

MNAz 18D

MNAz 19D

x
x

MNAz 20

x
x

MNAz 21

MNAz 22
MNAz 23

X X | X X

MNAz 24

MNAz 25

MNAz 26

MNAz 27

MNAz 28

X | X | X | X | X | X | X
X | X | X | X | X | X | X

X | X | X | X | X

MNAz 29

MNAz 30

X | X | X | X | X |[X

MNAz 31

MNAz 32

x

MNAz 33

X | X | X | X | X | X | X

MNAz 34

X | X | X | X | X
X | X | X | X | X
X | X | X | X | X

the turn of the 19th century, possibly belong to the same work-
shop. Sample MNAz 15 also stands out for its higher PbO content
(21.1 wt.%), although its SnO, content is the lowest one measured
(2.0 wt.%).

The results obtained for the two Dutch tiles (MNAz 18D and
19D) suggest a different tin glaze recipe with higher PbO and SnO,
contents (18-19 wt.% and 10 wt.%, respectively), and lower Al,03
(2 wt.%) and TiO; (< 0.1 wt.%) contents than the Portuguese sam-
ples. Manganese contents are also higher (0.11 and 0.12 wt.%). This
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composition is compatible with Dutch tin glaze tiles from the last
quarter of the 17th century [21].

Blue

The blue colour comes from cobalt in all samples. Cobalt was
identified by p-EDXRF along with iron (Fe), nickel (Ni), and ar-
senic (As), as expected for the chronological timeframe of the tiles
[3,6,22,23]. These elements, however, show different peak intensi-
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White glaze — EDXRF

25

23 4
MNAZ 15
L]

@ MNAZ 30 and 31

Dutch samples
(MNAz 18D and 19D)

21 4

PbO (Wt.%)

0 2 4 6 8 10

SN0, (Wt.%)

12 55

70 75

SIO, (Wt.%)

60 65 80

Fig. 1. Plot of SnO, vs. PbO and SiO, vs. PbO, in wt.%, obtained by EDXRF.

ties in the p-EDXRF spectra, and can be divided into three groups
of tiles:

- a group with Co as the most intense peak, suggesting the use
of a purer pigment (MNAz 02, 03, 05, 08, 21, 29, and 32);

- a group with Fe stronger than Co (MNAz 04, 06, 09, 10, 11, 18D,
28, 31, and 34), which includes a sub-group exhibiting strong
peaks of Zn (MNAz 04, 06, 09, 10, and 11);

- and a third composition, richer in Ni, identified in samples
MNAz 15, 23, 30, and 32.

Iron is always identified in the white glaze and, therefore, its
quantification on blue decorations usually reflects both its content
in the cobalt blue pigment and the white glaze beneath it. In the
tiles with the Zn-containing blue, the white glaze also exhibits el-
evated peaks of the same element. Therefore, the only composi-
tional difference that can be securely separated is the Ni-rich one
of samples MNAz 15, 23, 30, and 32.

EDXRF quantitative analyses (Table S2) showed a concentration
of cobalt oxide (CoO) varying from 0.16 wt% to 2.20 wt.% in most
samples, except in two where it was considerably higher (4.34 wt.%
in MNAz 01 and 6.56 wt% in MNAz 03). The concentration of Co
reflects the amount of pigment used in a specific-coloured area.

Beyond the previously mentioned Fe-Co-Ni-As association iden-
tified by p-EDXRF, also bismuth (Bi) was detected by EDXRF in
most blue glazes. The presence of a Co-Fe-Ni-As(-Bi) association
suggests the use of a cobalt-based pigment from the Erzgebirge re-
gion in Germany [22,24]. Here, since (at least) the beginning of the
15th century, silver, copper, and lead were extracted, and an unre-
fined cobalt-bearing slag was obtained and exported to the rest of
Europe. Usually, chloanthite ((Ni,Co)As3) and safflorite ((Co,Fe)As;)
are mentioned as the main ores used to make this blue pigment,
also known as zaffre [25]. There is documented evidence of Por-
tuguese trade of zaffre from Germany, dating from the beginning of
the 16th century [6]. Other possible sources of the pigment could
be considered, such as a well-documented site of cobalt produc-
tion in Teruel, Spain, although there is no known evidence of the
use of Spanish cobalt in Portuguese tiles in the 17th and 18th cen-
turies [26].

The blue pigment of the Dutch sample (MNAz 18 D) does not
stand out from the Portuguese ones, which is consistent with both
regions using the same cobalt source. Furthermore, the purchase
and commercialisation of different qualities of German zaffre by
the Dutch potters is well documented [27].

Differences in the chemical composition of the cobalt source
would have influenced the final shade observed in the tiles, as
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previously argued for Ni-rich cobalt blue decorations, which ex-
hibit a greyer shade [3,6]. However, as Fig. 2 illustrates, the results
obtained with colorimetric analysis do not show a correlation be-
tween the chemical composition and the colour coordinates mea-
sured on our samples. Instead, differences in the blue shade seem
more dependent on the pigment concentration, with a less concen-
trated pigment meaning higher transparency and the subsequent
higher influence of the white glaze underneath.

Because the cobalt pigment is generally dissolved in the glaze
matrix, its identification with p-Raman spectroscopy is problem-
atic. However, spectra from two tiles (MNAz 08 and MNAz 21)
show bands consistent with spinel (AB,04) and olivine (M,SiOg4)
structures simultaneously (Fig. 3). According to the literature, the
bands at 478-480 cm~! and 698-700 cm~! may be assigned either
to a cobalt ferrite (CoFe,04) or a nickel ferrite (NiFe,O4), whereas
the doublet at 817-819 cm~! and 842-846 cm™! is characteris-
tic of Co-Ni-olivines [28-30]. Both structures have been previously
identified by p-Raman in cobalt pigment particles in glazed tiles
[3,31] and they suggest an incomplete transformation of the pig-
ment during the firing of the glaze.

Purple / brown

EDXRF data shows that manganese is responsible for the pur-
ple decorations and the dark brown outlines of the tiles anal-
ysed, with concentrations varying between 1.4 wt% and 14.5 wt%
MnO in the first and 7-44 wt.% MnO in the latter (Table S2). Ei-
ther a manganese ore or manganese-rich compound was therefore
employed as a pigment. Manganese ores are commonly found in
Portugal and it is likely that local sources were used to obtain
this pigment [32]. In a glassy matrix such as that of glass and
glazes, manganese may occur as Mn3+, producing a purple colour
[33]. Relatively high iron and barium peaks were also detected
in most of the samples, particularly when manganese is higher,
suggesting that these three elements are associated with the
raw material used to obtain the pigment. This is consistent with
previous studies characterising manganese pigment in azulejos
[3,11,13,34,35].

Considering the quantification analysis, a small group of sam-
ples stand out for their higher MnO/Fe,03 ratio, suggesting the
use of a purer pigment with less iron in its composition. These are
a 16th-century sample (MNAz 01), three late 18th to early 19th-
century samples (MNAz 26, 30, and 31), and a Dutch tile (MNAz
19D). Colorimetric measurements have higher a* values, although
no obvious distinction is visible (Fig. 4).
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Colorimetry - Blue

MNAz 02

Fig. 2. Plot of a* vs. b* coordinates obtained for blue decorations (CIE L*a*b*). Blue: MNAz 01-03, 05, 07, 08, 12, 13, 16, 20-22, 29, 30, 33. Ni blue: MNAz 15, 23, 32. Fe blue:
MNAz 18D, 28, 31, 34. Fe-Zn blue: MNAz 04, 06, 09-11.

@
(a) b (b) 819
846
S & MNAZ 17 3
8 =t Hausmannite s
= i Mn®*Mn*,0, =
17 7]
bt (=4
g :
c -
= ‘Lg - <
& N 2 <
© © £
£ | 5]
e |3 e
MNAZ 17
Braunite
2t e
MN*Mn® SiO,,

r r ; : : r r : ; : ; T :

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 100 200 300 400 500 600 700 800 900 1000 1100
-1

wavenumber (cm™) wavenumber (cm™)

Fig. 3. p-Raman spectra of: (a) hausmannite and braunite in the purple decoration of MNAz 17; (b) Ni-Co olivine (doublet at 817-819 cm~! and 842-846 cm~') and Co-Ni
ferrite (bands at 478-480 cm~! and 698-700 cm~') in blue decorations of MNAz 08 and MNAz 21.

Raman data (Fig. 3) allowed the identification of braunite

Colorimetry - Purple / brown ((Mn%+,Mn3+)g04Si04) and hausmannite (Mn?+*Mn3+,0,4), both
S T S N — : manganese compounds that can result from firing pyrolusite
o Manganese purple (MnO,), a common manganese ore [31,36].

@ Manganese purple with higher Mn/Fe ratio |

Yellow

The presence of Sb in every XRF analysis (Table S2) and the
characteristic pyrochlore (Pb,Sb,0,) spectrum identified by p-
Raman (Fig. 5) indicate that yellow colours are obtained with the
lead antimonate pigment Naples yellow.

Most yellows analysed (samples MNAz 04-06, and 14) appear
to be a modified version of the pigment characterised by the ad-
dition of zinc, as shown by a strong Zn peak in p-EDXRF spectra,
which is absent in the corresponding white glaze (Fig. 6). The tiles
MNAz 09, 10 and 11, however, also exhibit an intense Zn peak in
the white glaze, as well as in the blue and green decorations.

When looking at the quantification results in Table S2, a group
Fig. 4. Plot of a* vs. b* coordinates obtained for purple/brown decorations (CIE of tiles shows a ZnO content between ?'2 ‘.and 4.7 wt% (samples
L*a*b*). Manganese purple: MNAz 19, 26, 30, 31. Manganese purple with higher MNAz 01, 03, 08, and 12)' In the others zinc is below 0.15 wt.% and,
Mn/Fe ratio: MNAz 01-03, 12-15, 17, 20, 22- 25, 27, 28, 33, 34. therefore, it is likely not something intentionally added. All sam-
ples where Zn is clearly added to the pigment recipe are restricted
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Fig. 5. p-Raman spectra of the Naples Yellow pigment in tiles MNAz 02 (yellow), MNAz 05 (orange) MNAz 06 (yellow), and MNAz 34 (yellow and green), and p-Raman

spectrum of hematite in MNAz 05 (orange).

Pb La

——  White
Yellow
Orange

Energy (keV)

N\ MNAz31
T T T

2 13 14 15 16 17 MNAZ 31

Fig. 6. p-EDXRF spectra of yellow and orange decorations.

to the 16th and 17th centuries, suggesting that its use might have
been abandoned in the 18th century.

Since the identification in 1998 of a Pb-Sb-Sn Naples Yellow
variant by Roy and Berrie, the use of this modified version of lead
antimonate yellow has been confirmed by several studies in dif-
ferent types of artworks [37-40]. On the other hand, the iden-
tification of the Pb-Sb-Zn variant is not nearly as common, with
most cases coming from Spanish and Portuguese tiles of the 16th
and 17th centuries [3,34,41], as well as in a few Italian maiolica
pieces [38,40,42]. More recently, a number of experimental repli-
cations carried out by Veronesi et al. (2023) [43] have shown that
the identification of the Pb-Sb-Sn ternary pigment variant in lead-
tin glazes is extremely problematic, due to the high level of glaze-
pigment interaction. Thus, the presence of tin in all yellows anal-
ysed here does not necessarily imply that the painter used a Sn-
modified Naples yellow pigment. Furthermore, tin was quantified
between 2.2 wt.% and 8.6 wt.% (see Table S2), but it appears to be
higher in samples where the white glaze too shows higher values.
The thickness of the pigment layer, its composition, and its reac-
tion with the underlying lead-tin glaze, are all factors affecting the
final quantification results of surface analysis.

Lead antimonate was identified by p-Raman through the char-
acteristics bands of its pyrochlore structure (Pb,Sb,07). These are
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the bands between 120 and 140 cm~! assigned to the Pb-O
stretching mode; the bands in the 200-400 cm~! range associ-
ated both to Pb-O and Sb-O modes; and the strong band at 506-
516cm~!, corresponding to the Sb-O stretching mode of the SbOg
octahedra (Fig. 5). The spectra of dark to orange yellows are char-
acterised by signs of a modified pyrochlore structure. These orig-
inates a shift of the band at 124-126 cm~! towards values above
130 cm~!, the collapse of the band at around 510 cm~!, and the
appearance of a shoulder at around 450 cm~! [38,39].

The plot in Fig. 7 shows the colour coordinates measured in the
yellows and oranges. The yellows with Zn are sensibly darker, ex-
hibiting mostly higher a* and b* values. Orange stands out for even
higher a* values, closer to red. Zinc seems to influence the yel-
low colour towards an orange shade, as has been demonstrated by
Veronesi et al. [43].

Orange

1-EDXRF results of the orange decorations show that the spec-
tra are very similar to those of the yellows discussed above, con-
firming that this colour orange was also achieved by using Naples
yellow as a base (Fig. 6). But unlike yellows, oranges show a
very intense iron peak, a clear indication that the pigment is in-
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Colorimetry - Yellow and Orange

b*
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Fig. 7. Plot of a* vs. b* coordinates obtained for yellow and orange decorations (CIE L*a*b*). Yellow with Zn: MNAz 01, 03-07, 09-12, 14. Yellow: MNAz 02, 16, 17, 22, 24, 27,

28, 30-34. Orange: MNAz 05, 06, 09, 11.
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Fig. 8. p-EDXRF spectra of green decorations.

deed a mixture of lead antimonate yellow and iron oxide. This
result is confirmed by the identification of both Naples yellow
and hematite by p-Raman in the orange areas (Fig. 5) and agrees
with the previously published literature on Portuguese azulejos
[3,4,13,34,35,44].

When it was possible to analyse both orange and yellow from
the same tile (MNAz 06, MNAz 10, and MNAz 11), it was noted
that the former has a very weak Zn peak, contrasting with the
high Zn present in the latter (Fig. 6). This suggests that, while
both colours are made from a lead antimonate base, different
recipes are used, the most relevant difference being the absence
of zinc in orange pigments indicating the use of a simple Naples
yellow.
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Green

The green colour displays visibly distinct shades among the
tiles: turquoise green (MNAz 02, 14, 16, and 17) and olive green
(MNAz 04, 08-10, 20, 22, 25-30, and 32-34). The latter was iden-
tified as a mixture of yellow and blue pigments, whereas the first
was obtained with copper oxide dissolved in the glaze.

The characteristic elements of yellow (Sb and sometimes Zn)
and blue (Co) pigments were identified with p-EDXRF in all olive
greens (Fig. 8). p-Raman spectra too are consistent with a lead an-
timonate pigment (Fig. 5). Both qualitative and quantitative EDXRF
analyses also showed that, when zinc is present in higher amounts,
the same is true for the yellow decoration of the same tiles. There-
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Colorimetry - Green

‘ @ Olive green @ Turquoise green

Fig. 9. Plot of a* vs. b* coordinates obtained for green decorations (CIE L*a*b*).
Olive green: MNAz 04, 08-10, 20, 22, 25-30, 32-24. Turquoise green: MNAz 02, 14,
16, 17.

fore, contrary to what seems to happen in oranges where Zn was
not part of the recipe, olive green decorations are obtained by mix-
ing cobalt blue with the very same pigment used for the yellow.

Mixing yellow with cobalt blue rather than copper green seems
to have been the most common choice among Portuguese tile
painters to obtain olive green. Perhaps this is because copper
tends to spread more in the glaze and the final result is there-
fore more difficult to control. However, copper is by far the most
commonly used green pigment in contemporary maiolica/faience
productions, either alone [41,45,46] or mixed with Naples yellow
[46]. Both solutions are described in Cipriano Piccolpasso’s 16th-
century treatise on maiolica, where the mixture of cobalt blue and
yellow identified here is not mentioned [16]. Equally, the latter is
practically non-existent in contemporary European productions, al-
though it has been identified in an 18th-century Italian maiolica
plate [45] and on early 19th-century French faience [47].

Colorimetric results in Fig. 9 reveal two groups mostly consis-
tent with the two chemical compositions: turquoise green with
lower a* and b* values than olive green. Samples MNAz 28 and 32
are exceptions because, despite being a mixture of yellow and blue
pigments, show measurements with lower b* coordinates than the
other olive greens. Both samples are dated from the 18th-19th cen-
turies and reveal that a wider palette of green hues was used at
this time than in the 17th century.

Conclusions

During the two-and-a-half centuries of azulejo production stud-
ied in this work, tile painters appear to have used the same
base pigments, namely cobalt blue, copper green, manganese pur-
ple/brown, and Naples yellow. These were mixed among them-
selves or with other compounds such as zinc or iron oxides to ex-
tend the colour palette. Adding to this, painters also took artistic
liberties in overlapping colour layers, using very diluted pigments
as background for decorations or very concentrated ones for shad-
ows and outlines. Therefore, the results of the chemical and col-
orimetric analyses are always influenced by the concentration of
the pigment in the glaze, its layer thickness and the overlapping of
colours.

Cobalt blue exhibits a Fe-Co-Ni-As chemical association
throughout the timeframe of this study, consistent with the liter-
ature mentioning the cobalt mines in Saxony as the likely source
of this pigment. While different shades of cobalt blue are visible,
a deeper study is necessary to address a correlation between the
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measured colour coordinates and the chemical composition. Man-
ganese purple also displays a consistent chemical composition in
most tiles, except in those where a purer pigment with less iron
was used, suggesting a change in the late 18th century, when other
manganese compounds became available to azulejo painters. Cop-
per green, although one of the most important colourants in ce-
ramics, seems to have been less used in Portugal and mainly re-
stricted to turquoise decorations, while olive greens were obtained
by adding cobalt blue to a lead antimonate yellow base (Naples
yellow). Lead antimonate was also the base pigment for yellow and
orange decorations. Our study reveals a predominance of a zinc-
modified Naples yellow in the 17th century, which was replaced by
its unmodified, binary Pb-Sb form in the 18th century. Both were
mixed with cobalt blue to obtain an olive green colour, although
the latter exhibited a higher variety of shades in the 18th and early
19th centuries than in the 17th century. Finally, orange seems to
have been obtained by adding iron oxide (identified as hematite) to
an unmodified Naples yellow base. Using a non-invasive methodol-
ogy, the authors were able to increase the knowledge on the colour
palette of azulejos up to the early 19th century. These results will
serve as an important basis for comparison with future and ongo-
ing studies on other azulejo collections.
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