
Multidisciplinary study of glazed ceramics from Chamberí Metro Station (Madrid, Spain): 1 

a knowledge base with technological and heritage value 2 

 3 
Elena Mercedes Pérez-Monserrat1, Giuseppe Cultrone2, Jesús María Rincón3, Antonio Perla4 and Rafael Fort1  4 
 5 
1 Instituto de Geociencias IGEO (CSIC,UCM). C/Severo Ochoa 7, 28040 Madrid, Spain. empmon@geo.ucm.es, 6 
rafael.fort@csic.es 7 
2 Facultad de Ciencias, Universidad de Granada. Avda. Fuente Nueva s/n, 18002 Granada, Spain. cultrone@ugr.es 8 
3 Museo Nacional de Ciencias Naturales (CSIC), Madrid. C/José Gutiérrez Abascal 2, 28006 Madrid, Spain. 9 
rinconjma@mncn.csic.es 10 
4 Facultad Geografía e Historia, Universidad Nacional a Distancia (UNED). Paseo Senda del Rey 7, 28040 Madrid, 11 
Spain. a.perla@geo.uned.es 12 
 13 
Corresponding author:  14 
Elena Mercedes Pérez-Monserrat  15 
empmon@geo.ucm.es  16 
Instituto de Geociencias IGEO (CSIC,UCM)  17 
C/Severo Ochoa 7, 28040 Madrid, Spain  18 
Tlf. 0034 - 913947886 19 
 20 
ABSTRACT 21 

Glazed ceramics -both original and replacement- from Chamberí Metro Station (built in 1919) in Madrid 22 

(Spain) were studied using a multidisciplinary approach aimed at finding out more about the materials 23 

and technologies used to make them. The original white tiles, which help illuminate these underground 24 

spaces, were manufactured in Onda, Castellón (Spain) with very calcareous clays fired at ≈950 ºC and 25 

coated with lead alkali-glazes. The original decorative pieces, with a metallic sheen, were made in Triana, 26 

Seville (Spain) with calcareous and illite clays fired at temperatures of between 850-950 ºC and treated 27 

with transparent lead glazes. The replacement pieces had the same appearance as the originals but were 28 

more resistant. The white tiles were made out of quartz-rich, illite-kaolinite and calcareous clays fired at 29 

temperatures of >950 ºC with an alkali-glaze that was very rich in zircon and aluminium. The decorative 30 

pieces were made from illite-kaolinite clays very rich in aluminium and fired at <850 ºC. These included 31 

an additive in the form of a highly refractory grog and were covered with an aluminium-rich lead-32 

potassium glaze. The manufacturing techniques used to make each type of piece varied depending on 33 

their particular function within the station.  34 

 35 

Keywords: Spanish clayey materials, advertising tiles, refractory clay bodies, copper metallic sheen, 36 

body-glaze interphase, zirconia crystals   37 



1. INTRODUCTION  38 

1.1. Glazed ceramics technology 39 

The study of glazed ceramics offers a fascinating insight into a craft that has skilfully combined art and 40 

technology for thousands of years. It can provide information about traditions, raw materials, production 41 

technologies and the particular skills applied (Marrocchino et al., 2010). The manufacturers must select 42 

the most appropriate materials and technologies to make the ceramic products according to the required 43 

specifications, while keeping production costs as low as possible (Dondi et al., 2014). Multidisciplinary 44 

studies of traditional ceramics can help build a knowledge base of great value in technological and 45 

heritage terms. This can then be applied to ensure the successful conservation and restoration of these 46 

ceramics, as well as to garner a better understanding of the cultures that produced them (Pérez-Monserrat 47 

et al., 2017a, 2017b). 48 

The most important technological characteristic of ceramic is the capacity of malleable clayey materials 49 

to harden when subjected to high temperatures (Peters and Iberg, 1978; Heimann, 1989). These materials 50 

are very versatile, a quality that can be enhanced by mixing together different clayey raw materials or by 51 

using additives which improve their properties (Kingery and Vandiever, 1986; Rice, 1987). Various 52 

mineral and textural transformations take place during firing. The crystalline structures decompose once 53 

their thermal stability limit has been reached, creating new mineral phases which can coexist alongside 54 

the original phases (Jordán et al., 1999; Maritan et al., 2006; Rathossi and Pontikes, 2010; Pardo et al., 55 

2011).   56 

Ceramic materials can be used either raw or covered with glaze. The layer of glaze is highly adherent to 57 

the clay body and acts as a binding agent, in addition to providing a protective and decorative coating 58 

(Kingery and Vandiever, 1986). Tite et al. (1998) noted that the first glazes were used in the Near East 59 

and Egypt around 1500 BC and were strongly alkaline. In the Western world, lead glazes began to be 60 

used around the first century BC. In Lower Mesopotamia glazed bricks were first used for cladding 61 

buildings around 2000 BC and became very popular in the Ancient City of Babylon at the height of its 62 

power (around the 7th century BC). Of all the opacifying oxides, tin oxide is the one that behaves best 63 



over a wide range of temperatures. However, due to its high cost and toxicity it has gradually been 64 

replaced by titanium, zirconium and zinc oxides (Tite et al., 1998; Karasu et al., 2000). One decorative 65 

feature achieved with glazed ceramics is the metallic sheen, a technique involving the saturation of 66 

copper. During firing (at around 1000 ºC), the piece is first subjected to an oxidising phase and then to a 67 

reducing phase (Matthes, 1990; Fernández-Navarro, 2003). Lead glazes typically melt at temperatures of 68 

between 700 and 1000 °C, depending on the composition of the glaze (Geller and Bunting, 1936). During 69 

firing, elements of the clay are diffused from the body to the glaze, while lead from the glaze is diffused 70 

to the body. This encourages the nucleation of crystals, generally lead-rich feldspar, in the glaze/clay 71 

body contact zone -known as the interphase- (Molera et al., 2001; Casasola et al., 2012). The formation of 72 

these crystals, their amount and size provide clues about the procedures used to make the glaze (Molera et 73 

al., 2001). The thickness of the interphase may also indicate whether the pieces were made by single or 74 

double firing. Greater thickness indicates the former (Coll, 2014).   75 

1.2. The use of glazed ceramics in early 20th century architecture in Madrid: the Metro Stations 76 

Tiles have enjoyed great prestige in Spain throughout history, largely due to the cultural legacy 77 

bequeathed by the Muslims. They became popular as an impermeable material easy to clean. Over time 78 

their use has extended to other areas and with an essentially decorative function. In Madrid, the use of 79 

glazed ceramics in architecture reached its peak in the late 19th and early 20th centuries. At that time, 80 

tiles became popular in advertising, especially in the Metro stations (Perla, 2007).  81 

Previous analysis of original and replacement glazed ceramics used in Madrilenian buildings at the 82 

beginning of the 20th century (Pérez-Monserrat et al., 2013) makes clear: i) their essential role in the 83 

ideology of the projects, ii) the conscious decision to select Spanish raw materials, and iii) when making 84 

the replacement pieces, the appearance of the originals were respected, while using raw materials and 85 

technology that made them more resistant.  86 

By the beginning of the 20th century the population of Madrid had reached such a high level that in 1913 87 

the engineers Carlos Mendoza (1872-1950), Miguel Otamendi (1878-1958) and Antonio González (1864-88 

1942) presented a project for a Metro train network. The architect Antonio Palacios (1874-1945) was 89 



responsible for designing the stations, accesses and other buildings. The idea was to use traditional 90 

materials within a completely new technological environment (Olivares, 2015). The first Metro line was 91 

inaugurated by King Alfonso XIII in 1919. It had six stations, one of which was Chamberí. Glazed 92 

ceramics made with Spanish raw materials (Fig. 1a) were used to decorate the stations as a way of 93 

brightening up or illuminating these new spaces for people who were used to natural light, “for which 94 

purpose the rich variety of ceramics from the different Spanish regions were perfectly suited” (Otamendi, 95 

1919). Chamberí station was closed in 1966 and the advertising panels were covered up with cloth and 96 

paper, so protecting the tiles for several decades. In 2008, after considerable cleaning, conservation and 97 

restoration work the station was reopened to the public as the Museum of the Metro of Madrid (Figs. 1b-98 

1e).  99 

1.3. Background information about the raw materials and technologies used in the manufacture of 100 

the glazed ceramics in Chamberí Metro Station (original and replacement pieces) 101 

Originally, the walls and ceilings were covered with white tiles (Figs. 1b-1e) made in Onda (Castellón, 102 

Spain) and the advertising panels were framed by decorative pieces (relief-tiles and ropework pieces) 103 

made in Triana (Seville, Spain) (Perla, 2001).  104 

In the second half of the 19th century, most of the new tile factories in Spain were set up in the province 105 

of Castellón. The tertiary clays from the Miocene quarried in the nearby claypit at Sitjar (Onda) have a 106 

yellowish tone and a very high carbonate content. In order to ensure the required compactness of the 107 

ceramic pieces, these clays were mixed above all with the permo-triassic clays from Saint Joan de Moró, 108 

also in Castellón (Sanfeliu et al., 1989, 1991; Jordán et al., 2009). These clays, generically referred to as 109 

Moro clay, are rich in quartz -due to their proximity to the paleozoic metamorphic basement- and have a 110 

low carbonate content (Alonso-Azcárate et al., 1997; Jordán et al., 1999, 2009). The clays traditionally 111 

used in the ceramics industry in Seville, in which Triana was the main production centre, were Tertiary 112 

illitic calcareous clays from the banks of the River Guadalquivir, with sandy materials from the 113 

quaternary alluvium (González-García et al., 1966, 1988, 1990; Flores et al., 1999; Leguey et al., 2001; 114 

Rincón et al. 2009). There is documentary evidence of single firing of lead glazes in later stages of Al-115 



Andalus, while double firing was predominant in the Caliphate and Taifa periods (Coll, 2014). Single 116 

firing was incorporated systematically into industrial tile-making production processes from the 1960s 117 

and 70s onwards (Escardino, 1992).   118 

In the restoration work carried out in the Chamberí station in 2007-2008, all the pieces were cleaned and 119 

some were repaired. Due to leaks in some areas of the vaulted ceilings, several old pieces had to be 120 

replaced by new ones with a similar appearance to the original. The replacement pieces were made by 121 

Óscar Arribas (Decoraciones Cerámicas Madrileñas S.L.) and the industrial ceramic pastes by Cerámicas 122 

Collet S.A. (Esparreguera, Barcelona, Spain). Most of the raw materials were Spanish (Fig. 1a), in 123 

particular two of the products sold under the SIO-2® brand: the terracotta paste (PT) for the white tiles 124 

and the “lila” refractory paste (PRL) for the ropework pieces. PT is made with a mixture of illitic-125 

calcareous clays from El Papiol (Barcelona) and Castellón, while PRL is made out of a mixture of iron-126 

rich clays from Alcañiz (Teruel) with the important addition of an aluminium-rich grog calcined at about 127 

1400 ºC. Both ceramic pastes were pressed before the application of the glazes. An industrial tiling 128 

method was used for the glaze on the white tiles, which was mechanically sprinkled (from nozzles) onto 129 

the base. A bright industrial fluxing agent was then applied on top of the glaze. In the ropework pieces, 130 

both the braided shape (achieved using plaster moulds) and the copper sheen technique (using a quartz-131 

rich copper glaze) were reproduced. The pieces were single-fired at temperatures of 980-1000 ºC, the 132 

white tiles in an electric kiln and the braided rope pieces in a gas-fire kiln. 133 

In this research a comparative study of the glazed ceramic pieces -original and replacement- from the 134 

Madrilenian Chamberí Metro Station was carried out using a multidisciplinary approach. The aim was to 135 

find out more about the materials and technologies used to make these pieces, a very characteristic 136 

decorative feature of the architecture of Madrid at a very specific time in history, the early 20th century. 137 

With this in mind, documentary sources and professional ceramic makers were consulted. The Chamberí 138 

Metro station, which in 2019 celebrates its first centenary, is unique in that it is the only station in Madrid 139 

that has been conserved almost intact in its original state.  140 

 141 



2. MATERIALS AND ANALYTICAL TECHNIQUES 142 

2.1. Samples studied 143 

The tiles that covered the original walls and ceilings were mainly white bevelled rectangular tiles made in 144 

Onda (Figs. 1b-1e). These tiles were not studied as no samples were provided. Curved white tiles (also 145 

made in Onda) were used in some of the joints between the different planes (CTO tiles) (Fig. 1b). As well 146 

as making the station brighter and easier to clean, the fact that such a large number of white tiles had to be 147 

produced led the manufacturers to economize as far as possible in the production process. The passenger 148 

information panels were framed in green quarter-round moulding (QRO pieces) (Fig. 1c), which may also 149 

have been made in Onda. On the platform, the advertising panels and some of the joints between different 150 

planes were decorated by a frame formed by (Fig. 1d and 1e): i) blue relief-tiles with decorative motifs in 151 

copper sheen (FRO tiles), by the Seville ceramic makers Mensaque Rodríguez, ii) green, rectangular 152 

listello tiles (FLO tiles) -possibly made in Onda- bordering the relief-tile, and iii) long narrow tiles with a 153 

braided rope pattern and a copper sheen (FBO pieces), made at the Seville ceramic factory of Manuel 154 

Ramos Rejano (Perla, 2001). The glazed ceramics used at the station can be divided into two groups on 155 

the basis of their specific function: i) pieces of an essentially practical or functional nature, with no 156 

surface decoration (CTO, QRO, FLO and CTR) and ii) pieces of a clearly decorative nature with a metallic 157 

sheen and decorated surfaces (FRO, FBO and FBR).  158 

To the naked eye, the glazes used on the original CTO tiles have a white hue (Fig. 1f), and those on QRO 159 

and FLO are green (Figs. 1g and 1h). The surfaces of the QRO pieces have an intense, uniform brightness. 160 

The compositional motifs in the FRO tiles have a metallic sheen while the rest of the piece is dark blue 161 

(Fig. 1i). FBO pieces have a partially worn, copper sheen and the overly smooth surface of the braided 162 

motif suggests that worn-out moulds were used (Fig. 1j). The very bright white tone of the glaze on HCR 163 

(Fig. 1k) is due to the industrial fluxing agent applied on the surface. The FBR pieces have a very bright, 164 

copper sheen (Fig. 1l).  165 

 166 
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Figure 1. Glazed ceramics from the Chamberí Metro Station in Madrid, Spain.  182 
a. Spanish provinces that sourced the raw materials used to make the ceramic bodies.  183 
b-e. View of the station in 2008, after the cleaning, conservation and restoration works.  184 
f-l. Samples of the glazed ceramics studied. 185 
 186 

2.2. Analytical techniques 187 

The ceramic bases and the glazes on both the original (CTO, QRO, FRO, FLO and FBO) and the 188 

replacement (CTR and FBR) pieces were analysed in a combined multi-analytical study using: i) X-Ray 189 

Fluorescence (XRF), ii) X-Ray Diffraction (XRD), iii) Polarizing Optical Microscopy (POM) and iv) 190 

Scanning Electron Microscopy with Microanalysis of Energy Dispersive X-Ray Spectroscopy (SEM-191 

EDS) (table 1).  192 

 XRF XRD POM SEM-EDS 
Bases  Bases Bases  

& glazes 
Bases  

& glazes 
Curved tiles (white)  Original (CTO) X X X X 

Replacement (CTR) X X X X 
Quarter-rounded moulding (green)  Original (QRO) X X X X 
Framing:       
- Relief-tiles with metallic sheen Original (FRO) X X X X 
- Listello tiles (green) Original (FLO) - X X X 
- Braided rope with metallic sheen Original (FBO) X X X X 

Replacement (FBR) X X X X 
Table 1. Typologies of the glazed ceramics and the analytical techniques.   193 



X-Ray Fluorescence (XRF) was used to perform chemical analyses on the bases. A Philips Magix Pro 194 

PW-2440 wavelength dispersive sequential spectrometer with a 4 kV X-ray generator was used to analyse 195 

the major elements. The accuracy of the analytical results was evaluated by comparing them with 196 

certified values for reference materials analysed in previous research (Govindaraju, 1994). Typical 197 

accuracy is higher than 1.5% relative to a concentration of 10%. Loss on ignition was determined 198 

gravimetrically as the weight loss was recorded between 110 ºC and 1000 ºC. The De Jongh model (1973) 199 

was followed to convert the intensities into concentrations using Alpha-coefficients. The bases of the FLO 200 

tiles were not analysed using this technique because an insufficient amount of sample was provided.  201 

Mineralogical analysis of the ceramic bases was performed using (XRD). The measurements were taken 202 

between 2 and 68 º2θ, with an interval of 2º/min in continuous mode, on the total sample. A PHILIPS 203 

ANALYTICAL PW 1752 diffractometer operating at 40 kV and 30 mA, with a copper anode tube and a 204 

graphite monochromator, was used. The mineral phases were identified using the PC-ADP 205 

DIFFRACTION software.  206 

The ceramic bases were described in a handheld sample and in thin sections that were partially stained 207 

with alizarin red (Friedman, 1959). Both the bases and the glazes were observed by Polarizing Optical 208 

Microscopy (POM), using the OLYMPUS BX51 microscope with an OLYMPUS DP12 Digital camera 209 

coupled.  210 

The microstructure and the chemical element composition of the bases and the glazes were studied by 211 

Scanning Electron Microscopy and Microanalysis of Energy Dispersive X-Ray Spectroscopy (SEM-212 

EDS). The JEOL JSM 6400 scanning electron microscope, with an acceleration voltage of 0.2 to 40 kV, a 213 

current of 6x10-10 A, vacuum conditions of 10-5 Torr, a resolution of 35 Å and a working distance of 8 214 

mm and 35 kV, was used. The samples were observed in polished thin sections and coated with graphite 215 

in the QUORUM Q150TE carbon coater to make them conducting. The images were acquired in 216 

secondary electron modes at an acceleration voltage of 20 kV. Semiquantitative chemical analyses were 217 

performed to calculate the percentage in weight of the chemical elements that make up the main 218 

components of the bases and glazes. Three zone analyses were carried out per sample in areas of glaze 219 



that were free of particles and/or crystals and the percentages in weight of the corresponding oxides were 220 

considered. An Oxford Inca Energy Dispersive X-Ray microanalysis system, with a nominal resolution of 221 

133 eV at 5.39 kV was used. 222 

3. RESULTS AND DISCUSSION  223 

3.1. Ceramic bodies: original and replacement pieces 224 

3.1.1. Chemical composition (XRF) 225 

There were significant similarities in the content of the main oxides in the original pieces, CTO and QRO 226 

on the one hand and FRO-FBO in the other (Table 2). These pieces had a very high calcium oxide content 227 

(>16%), extremely high in CTO and QRO (22-23%), which explains the significant loss due to calcination 228 

(>6%). The replacement pieces had a significant different composition when compared both with each 229 

other and with the originals. CTR and FBR have a silica content of over 55%. The highest iron oxide 230 

(≈6%) and titanium oxide (1.2%) levels were found in FBR, which also had a very high aluminium oxide 231 

content (≈25%).  232 

 SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 LOI 
CTO 42.8 15.1 5.2 0.05 2.0 23.0 1.1 2.3 0.5 0.13 7.3 
QRo 42.7 15.4 5.2 0.05 2.4 22.0 1.6 3.5 0.5 0.14 6.4 
FRO 47.9 12.0 4.9 0.09 2.9 17.5 1.6 3.3 0.6 0.16 8.3 
FBO 49.3 10.5 4.3 0.08 2.7 16.7 1.7 2.9 0.6 0.15 11.0 
CTR 61.7 14.8 5.1 0.07 2.2 8.3 1.0 3.6 0.7 0.15 1.7 
FBR 56.6 25.1 6.1 0.10 2.4 3.9 0.3 3.4 1.2 0.15 0.5 

Table 2. Chemical compositions of ceramic bases (in wt%). 233 

The results obtained for the original pieces and the 234 

data provided by bibliography are displayed in the 235 

SiO2-Al2O3-CaO ternary plot (Fig. 2). The 236 

compositions of clayey materials and fired 237 

products from different outcrops in the province of 238 

Castellón are plotted in black: 1) Miocene clays 239 

from Sitjar (Sanfeliu et al., 1989), 2) Fired 240 

products from cretaceous clays (Jordán et al., 241 

1999), 3) Permo-Triassic Moro clays - lower (a), 242 

Figure 2. SiO2-Al2O3-CaO ternary diagram. 
The chemical composition of the ceramic bodies of the 
original pieces and of clayey materials/fired products 
are represented. From Castellón (in black), from Seville 
(in red).  
 



middle (b) and upper (c) Units (Jordán et al., 2009), and from the province of Seville in red: 1) Illitic-243 

calcareous clays (González-García et al., 1988), 2) Mixtures of calcareous and non-calcareous clays 244 

(Gónzalez-García et al., 1990), 3) Industrial bricks -red (a) and yellow (b)- (Flores et al., 1999), 4) Bricks 245 

from the Torre del Oro in Seville (Leguey et al., 2001) and 5) Brick from the Reales Alcázares, in Seville 246 

(Rincón et al., 2009). If the CTO and QRO pieces were made with clays from different outcrops in the 247 

province of Castellón (in black), they must also have been mixed with clayey materials that were 248 

especially calcareous and poor in silica. The composition data for FRO and FBO coincide with the data for 249 

clayey materials from the fertile plain alongside the River Guadalquivir near the city of Seville (in red).  250 

3.1.2. Mineralogical composition (XRD) 251 

In CTO, QRO, FRO and FBO the mineral paragenesis of the ceramic bodies was made up -in order of 252 

abundance- of quartz, calcite, gehlenite, diopside, feldspars s.l. and hematites, while the paragenesis of 253 

the FLO tiles was quartz, calcite and feldspars s.l. As for the replacement pieces, the main mineral phases 254 

in CTR were quartz and anorthite, with gehlenite, diopside and hematites also being identified. In FBR the 255 

paragenesis was quartz, tridimite, mullite, hematites, feldespars s.l. and illite (Fig. 3).  256 

It should be taken into account that the clayey minerals decompose at around 500 ºC except for illite, 257 

which undergoes dehydroxylation until it disappears at temperatures of over 950 ºC (Cultrone et al., 258 

2001). Gehlenite begins to form above 800 ºC and its concentration later falls at temperatures of over 259 

1000 ºC (Peters and Iberg, 1978). There may be signs of diopside from 800° C upwards, although its 260 

identification using XRD suggests higher firing temperatures of at least 950-1000 ºC (Cultrone at al., 261 

2001). The coexistence of gehlenite and diopside indicates firing temperatures of around 950 ºC (Lopez-262 

Arce and Garcia-Guinea, 2005).  Gehlenite is an intermediate compound which becomes unstable in the 263 

presence of silica and with an increase in temperature, reacting to generate newly-formed, more siliceous 264 

phases such as anorthite (Peters and Iberg, 1978; Traoré et al., 2000; Cultrone et al., 2001; Trindade et al., 265 

2009). Anorthite begins to form above 900° C. This temperature is higher in ceramic bodies made with 266 

calcareous clays (Peters and Iberg, 1978; Cultrone et al., 2001, 2004). The presence of high-temperature 267 

mineral phases such as wollastonite, gehlenite, diopside and anorthite (≈800-1000 ºC) indicates the use of 268 



clays that are rich in calcium and/or magnesium carbonate (Peters and Iberg, 1978; Cultrone et al., 2004; 269 

Trindade et al., 2009). From 700 °C upwards in oxidising conditions, small iron oxide particles develop, 270 

above all hematites (Maniatis et al., 1981), which have a significant presence as a well-crystallised 271 

mineral phase from 900 ºC (Trindade et al., 2009). 272 

These analyses of the mineral paragenesis 273 

determined: the coexistence of diopside and 274 

gehlenite in the CTO and QRO as well as the 275 

presence of anorthite suggested that these pieces 276 

were fired at temperatures of around 950 ºC. 277 

Both the presence of calcite and illite and the 278 

absence of gehlenite in the FLO tiles suggested 279 

that a maximum temperature of 750-800 ºC was 280 

reached. The presence of vaterite may be related 281 

with microbial activity as it can also be of 282 

organic origin (Rodríguez-Navarro et al., 2007). 283 

Gypsum was also identified. Its presence may be 284 

due to the sulphatation processes that affect the 285 

pieces in situ. In FRO, the intensity of the 286 

reflections characteristic of the anorthite, 287 

diopside and gehlenite phases suggested that the 288 

tiles were fired at temperatures of between 900 289 

and 950 ºC. The FBO pieces appeared to have a 290 

firing temperature of around 850-900 ºC, as 291 

dehydroxylated illite was found together with 292 

gehlenite and diopside. Calcite was identified in 293 

most of the original pieces, together with the 294 

Figure 3. Mineral paragenesis identified by XRD in the 
ceramic bodies studied. 
Albite (Ab), anorthite (An), calcite (Cal), diopside (Di), 
gehlenite (Gh), hematite (Hem), illite (I), microcline (Mc), 
mullite (Mul), orthoclase (Or), quartz (Q), sanidine (Sa), 
tridymite (Trd), vaterite (Vat).  
 



newly-formed calcium silicates (gehlenite, diopside and anorthite). Given that carbonates and high-295 

temperature silicates cannot appear together (Fabbri et al., 2014), it seems likely that calcite comes from 296 

the mortars used in the tiling of the walls and it has precipitated as a secondary calcite (Lopez-Arce and 297 

Garcia-Guinea, 2005). As regards the replacement pieces, the significant presence of anorthite in CTR, 298 

together with the joint presence of diopside and gehlenite, indicated on the one hand that a temperature of 299 

over 950 ºC must have been reached during firing, and also that a clayey mix made up of illite-kaolinite 300 

clays and calcite must have been used. It also pointed out that the recrystallisation reaction according to 301 

the metakaolinite-gehlenite-anorthite sequence must have taken place during the firing process, enhanced 302 

to a large extent by the structural similarity between the three mineral phases (Traoré et al., 2003). 303 

Kaolinite decomposes to amorphous metakaolinite at 500 °C due to the removal of the hydroxyl groups 304 

from the silicate lattice (Chen et al., 2000; Toledo et al., 2004). Gehlenite is generated by the reaction 305 

between the metakaolinite and the calcium (Traoré et al., 2000) and when the gehlenite reacts with the 306 

alumina and the silica from the metakaolinite, anorthite is formed. 307 

 308 

 309 

 310 

 311 

The presence of mullite in the FBR pieces pointed to the use of illite-kaolinite clays (Aras 2004; 312 

Wattanasiriwech et al., 2009). The dehydroxylation of muscovite at about 900 ºC favours the nucleation 313 

and growth of mullite (Rodríguez-Navarro et al., 2003), whose formation is due mainly to high 314 

aluminium content (Khalfaoui and Hajjaji, 2009). Kaolinite is transformed into mullite and cristobalite 315 

through various reactions that result in metakaolinite, a spinel-type microcrystalline phase (or gamma 316 

alumina with silicon) and amorphous silica (Sonuparlack et al., 1987; Lee et al., 1999; Chen et al., 2000). 317 

El Ouahabi et al. (2015) highlighted that tridymite may be produced as an intermediate phase prior to the 318 

formation of the cristobalite:  319 



Although mullite appears at around 1100 ºC, during the firing of clays with a highly varied composition it 320 

can be formed at about 900 ºC. This is due to the epitaxial growth of mullite after the dehydroxylation of 321 

the muscovite, which minimizes the energy necessary for its nucleation, and the liberation of water after 322 

the decomposition of the muscovite (Rodríguez-Navarro et al., 2003). The mineral paragenesis identified 323 

in the FBR pieces -quartz, tridymite, mullite, haematites and illite- therefore suggested a firing 324 

temperature of between 900-950 ºC.  325 

 326 

 327 

 328 

 329 

 330 

 331 

3.1.3. Macroscopic and petrographic description (POM) 332 

To the naked eye, large numbers of dark-coloured lumps were visible on the CTO and QRO pieces (Figs. 333 

4a and 4c) and FLO shows a degree of cracking (Fig. 4e). FBO has a groove on the bottom (Fig. 4i) left by 334 

the convex mould on which the pieces were placed inside the kiln to ensure that their shape remained 335 

unaltered during firing. When these long, narrow pieces were fixed to the wall, this groove fitted into a 336 

tongue jutting out of the wall (tongue and groove). In the FBR pieces the amount of inclusions is 337 

especially significant, some of which have a glassy appearance and a milky tone (Fig. 4m).  338 

Under POM, the CTO-QRO-FLO pieces had an irregular texture -with numerous areas rich in iron oxides 339 

and/or hydroxides- and the precipitation of secondary calcite partially filling the pores (Figs. 4b, 4d and 340 

4f). This was most significant in FLO as the ceramic body proved more porous. There was significant 341 

presence of quartz-rich inclusions, whose angular morphology, mosaic texture and undulose extinction 342 

suggested that they were of metamorphic origin.  343 

 344 

 345 



Grains of quartz were observed in the FRO-FBO 346 

pieces and areas with large amounts of iron 347 

oxides/hydroxides were more frequent than in the 348 

CTO-QRO-FLO. On occasions they had a more 349 

crystalline appearance, possibly due to hematites 350 

crystallization (Fig. 4h). They show primary 351 

carbonates, which in FBO have been altered at the 352 

edges (Fig. 4j). In FBO, phyllosilicates are also 353 

observed. 354 

As regards the replacement pieces, the CTR tiles had 355 

very abundant inclusions of quartz and the matrix had 356 

a very homogeneous dark brown colour (Fig. 4l). In 357 

FBR the matrix had a reddish tone and a significant 358 

presence of inclusions (Fig. 4n) in the form of 359 

monocrystalline quartz, and other larger inclusions of 360 

two main types. Firstly, rounded inclusions with a 361 

greyish hue, partially amorphous texture and a grain 362 

size of over 300 µm, and secondly, prism-shaped 363 

and/or subrounded inclusions with grain sizes of up to 364 

800 µm and a high degree of alteration. The 365 

distinctive texture of the first type and the intense 366 

alteration observed in the second suggest that these 367 

inclusions were affected to a greater or lesser degree 368 

during firing.  369 

 370 

 371 

Figure 4. Ceramic bodies: as seen by the naked eye, thin 
sections and POM images. PL: plane light (f, h, j, l, n), 
CL: cross light (b, d). Iron oxides-oxyhydroxides (1), 
secondary calcite (2), primary carbonates (3), highly altered 
inclusions (4), inclusions with amorphous texture (5) and 
hematite (Hem). 
 



3.1.4. Microstructure and chemical composition (SEM-EDS)  372 

The high calcium content detected (≈24%) in the CTO tiles is largely due to the presence of gehlenite, 373 

anorthite, diopside . The reaction interphase around the quartz inclusions (Fig. 5a) is the result of the 374 

formation of these phases during firing. The microstructure of QRO, FRO and FBO -vitrification with the 375 

formation of fine pores, deformed phyllosilicates, partially grouped together and joined by sintering 376 

bridges (Figs. 5b, 5d and 5e)- suggests firing temperatures of 850-950 ºC (Cultrone et al. 2004). In FLO 377 

(Fig. 5c) there are no signs that temperatures of over 800 ºC were reached during firing and a very high 378 

calcium content (≈40%) was observed. This was due above all to the abundant precipitation of secondary 379 

calcite (Fig. 4f), although the presence of primary calcite is not discarded. 380 

The CTR tiles have the characteristic microstructure of a ceramic material with a high degree of sintering 381 

(Fig. 5f), which suggests firing temperatures of between 950 and 1000 ºC. The microstructure of FBR -382 

isolated inclusions and laminar structure of the phyllosilicates (Fig. 5g)- is characteristic of ceramic 383 

materials fired at temperatures of up to 850 ºC. This observation does not coincide with the data provided 384 

by XRD (900-950 ºC). The FBR pieces show abundant inclusions of quartz, iron-rich phyllosilicates (up 385 

to 33% iron) and aluminium (≈11%), as well as particles rich in iron (21%) and titanium (20%). 386 

Inclusions with either prism-shaped or irregular morphologies were observed, which corresponded to 387 

plagioclase with severely altered (due to sericitization) calcium-rich nuclei that had reacted with the silica 388 

to form gehlenite on the edges (Fig. 5h). As almost nothing is left in the nuclei and only the edges are 389 

preserved, all that remains is the fingerprint of these inclusions.  390 

 391 

 392 

 393 

 394 

 395 

 396 

 397 



Figure 5. Characterization using SEM-EDS of the ceramic bases studied. 398 
The microstructure suggests firing temperatures of 850-950 ºC (QRO, FRO and FBO), <800 ºC (FLO), 950-1000 ºC 399 
(CTR) and <850 ºC (FBR). Some of the main elements detected by EDS and the percentage in weight of those 400 
identified in FBR pieces are shown. 401 
 402 
In this case, mullite and tridymite phases identified using XRD do not correspond with the mineral phases 403 

generated as a result of firing. This process makes POM identification of the intense sericitization of the 404 

plagioclases difficult. The sericitization of the plagioclase favoured the formation of gehlenite during 405 

firing, when they reacted with the aluminium-rich clay matrix. This newly-formed phase was limited to 406 

the edges of the inclusions, due above all to the minimal calcium oxide content in the clays used to make 407 

the FBR pieces (<4%) and the low firing temperatures reached (<850 ºC).  408 

The main textural and compositional data for the ceramic bases are set out in Table 3.  409 

 
XRF (%wt, Table 2) XRD (Fig. 3)  
SiO2 

Al2O
3 

Fe2O
3 

CaO Q Cal Gh Di Fk Ab An Hem I Trd Mul T (ºC) 

ORIGINAL PIECES  

Castellón 

CTO 42.8 15.1 5.2 23.0 >++ +++ +++ +++ - - +++ + - - - ≈950 
QRO 42.7 15.4 5.2 22.0 >++ +++ +++ ++ + - ++ + - - - ≈950 
FLO - - - - >++ ++ - - ++ ++ - - + - - 750-800 
CTO-QRO-FLO: mixture of clays -especially calcareous- with varying carbonate content and quartz 

Seville 
FRO 47.9 12.0 4.9 17.5 >++ ++ ++ ++ + - ++ + - - - 900-950 
FBO 49.3 10.5 4.3 16.7 >++ ++ + + + - - + ++ - - 850-900 
FRO-FBO: calcareous illite clays 

REPLACEMENT PIECES  
Barcelona 
& Castellón 

CTR 61.7 14.8 5.1 8.3 >++ - + + - - +++ + - - - >950 
Illite-kaolinite and calcareous clays 

Teruel 
FBR 56.6 25.1 6.1 3.9 >++ - - - + + - + ++ ++ ++ 900-950 
Illite-kaolinite clays very rich in Al and Fe with a significant addition of grog composed of Mul, Trd and An 

 Naked eye  POM (Fig. 4) SEM-EDS (Fig. 5)  
Color Stain Main petrological features Main textural and compositional features 

ORIGINAL PIECES  

Castellón 
CTO Yellow Yes Irregular texture  

Iron oxides/hydroxides 
Secondary calcite, quartz-rich inclusions  

Newly-formed phases Ca-rich (≈24%)  
QRO Orange Yes Fired between 850-950 ºC  
FLO Orange Yes No > 800 ºC, Ca (≈40%)  

Seville FRO Orange Yes Irregular texture, primary carbonates 
Iron oxides/hydroxides, phyllosilicates 

Firing temperatures 850-950 ºC  
FBO Orange Yes Firing temperatures 850-950 ºC  

REPLACEMENT PIECES  
Barcelona 
& Castellón CTR Dark 

brown No Homogeneous texture  
Abundant inclusions 

High degree of sintering (950-1000 ºC)  

Teruel FBR Very dark 
brown No Abundant inclusions 

(high degree of alteration and amorphous texture) 
Tª <850 ºC; Fe (33%), Al (11%) 
Si-rich inclusions, intense seritization plagioclase 

Table 3. Main textural and compositional data for the ceramic bases. 410 

The CTO and QRO were made using a mixture of clays with varying carbonate content and quartz of 411 

metamorphic origin, raw materials typically used by the ceramics industry in Castellón (Sanfeliu et al., 412 

1989, 1991; Jordán et al., 1999, 2009). The newly-formed mineral phases identified, their abundance and 413 

the extraordinarily high percentage of calcium oxide all suggest that especially calcareous clays were 414 

used or even that the manufacturers were deliberately trying to ensure the addition of carbonates. Given 415 

that the purpose of the CTO tiles was to make the spaces used by Metro passengers brighter, it was logical 416 



to select clayey materials that were very rich in carbonates, as the calcite phases generated during firing 417 

trap the iron -the main cause of the darkening of ceramic bodies- within their structure (Maniatis et al., 418 

1981), so preventing it from spreading throughout the body. In addition, the use of light-coloured ceramic 419 

bodies would ensure optimum use of the white hue provided by the opaque glaze. Besides, calcareous 420 

clays begin to melt at lower temperatures (around 800 °C) than clays that are poor in carbonates (Tite and 421 

Maniatis, 1975), due to the presence of calcium and magnesium fluxes (Segnit and Anderson, 1972). 422 

Given the huge number of CTO tiles to be produced, the selection of calcareous clays would seem to have 423 

been a deliberate decision as a means of reducing production costs as far as possible. The petrographic 424 

characters observed in the FLO tiles suggest that they may also have been made in Onda with a very 425 

similar clayey raw material to that used to make the CTO and QRO pieces. However, their mineralogical 426 

composition points to low firing temperatures that did not allow the formation of high-temperature 427 

phases. The result was more porous bases.  428 

With regard to the ceramic bodies of the pieces made in Seville (type FRO and FBO), their similar 429 

chemical, mineralogical and textural composition suggests that they were made out of clayey materials 430 

(specifically, calcareous illite clays) from the same source. Possibly, the calcium carbonate-rich clayey 431 

earths found on the plain bordering the River Guadalquivir. The fact that different firing temperatures 432 

were reached is probably because they were manufactured in different factories. The FRO tiles were 433 

produced by Mensaque Rodríguez (900-950 ºC) and the FBO pieces by Manuel Ramos (850-900 ºC). 434 

As regards the replacement pieces, the data obtained from the analyses coincide with the information 435 

provided by the manufacturer about the raw materials used to make the SIO-2® brand products. A 436 

mixture of illite-kaolinite and calcareous clays was used in the production of CTR tiles and the 437 

homogeneity of the ceramic bodies suggests a high degree of mechanization in their manufacturing 438 

process. Although these tiles must also provide brightness, the data show that neither particularly light nor 439 

carbonate-rich clays were selected. The ceramic bodies for the FBR pieces were made with illite-kaolinite 440 

clays that were very rich in aluminium and iron with a significant addition of grog composed of mullite, 441 

tridymite and essentially calcic plagioclases.  442 



One of the main objectives in the manufacture of the replacement pieces was to make the ceramic bodies 443 

more resistant. In the CTR tiles, this was done using anorthitic ceramic bodies that were rich in quartz and 444 

had firing temperatures of over 950 ºC, and in FBR, using aluminium-rich refractory bodies with added 445 

grog. These refractory bodies minimize the appearance of cracks and avoid deformation, an important 446 

aspect to consider in this case of long, narrow pieces which unlike the corresponding originals had no 447 

grooves and were not fixed in place using any kind of supporting tongue. The results suggest that these 448 

refractory pastes could be made into resistant pieces without having to apply especially high firing 449 

temperatures, given that the mineral paragenesis identified using XRD reveals firing temperatures (900-450 

950ºC) that do not coincide with the microstructure observed using SEM (>850 ºC). More research is 451 

therefore required into this kind of pieces.  452 

3.2. Glazes: original and replacement pieces  453 

3.2.1. Petrographic description (POM)  454 

When studied under POM, the opaqueness and flowing texture of the glaze on CTO and FLO (Figs. 6a 455 

and 6c) suggests that they were applied with a paintbrush. The glaze in QRO appears to have been applied 456 

in two layers (Fig. 6b). Fragments of glass (Quinn 2007) and numerous particles (either dark or with an 457 

ochre hue) were identified. The uniformity of the colour and the intense brightness of the glaze in these 458 

QRO pieces (Fig. 1g) may be related to the high concentration of particles in its upper layer.  459 

The relief of glaze on FRO can be observed (Fig. 6h, also at Fig. 4g). The area with sheen has a strip in 460 

which opaque particles accumulate, possibly due to their decantation inside the glaze (Fig. 6e). Grains of 461 

quartz were particularly abundant in the areas with sheen, where they were concentrated near the surface 462 

of the glaze and reached sizes of up to 200 µm (Figs. 6e and 6f). At higher zoom, the greenish tone of the 463 

glaze in the areas with sheen can be observed (Fig. 6f). This tone is due mainly to the presence of copper. 464 

The glaze on FBO is opaque and has a flowing texture (Figs. 6g and 6h) which suggests that it was 465 

applied with a paintbrush. A green layer was observed in the contact area with the ceramic base (1 in 466 

Figs. 6g and 6h).  467 



The homogenous, compact appearance of the glaze on the CTR tiles (Figs. 6i and 6j) is due above all to 468 

the fact that it was applied mechanically. The FBR pieces have numerous fragments of glass (Fig. 6r) with 469 

rounded edges, which are components of the copper glaze. There is a very significant presence of small 470 

crystals in the interphase (Fig. 6l).  471 

 472 
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 483 

 484 

Figure 6. Polarized Optical Microscopy images (bases and glazes). 485 
The glazes applied to the ceramic bases can be observed. All the images were taken with plane light except Fig. 6i, 486 
with cross light. 487 
 488 
3.2.2. Microstructure and chemical composition (SEM-EDS) 489 

The CTO-QRO-FLO pieces contain bright arsenic-rich (12-19%), calcium (4-7%) and chlorine (2-3%) 490 

particles (Figs. 7b, 7c and 7e), which are particularly abundant in CTO (Fig. 7b). Arsenic is used as a 491 

fining agent in glazes so as to minimize the appearance of bubbles (Vielhaber, 1954), normally in 492 

proportions of less than 1%. Its high concentration in these glazes suggest that these are lead-rich arsenate 493 

particles, which make the glaze more opaque (Fernández-Navarro, 2003), in the absence of tin oxide. In 494 

fact, tin was not detected in any of the analyses carried out on these three kinds of pieces. In QRO and 495 

FLO, particles with varying proportions of chrome (16% and 40%) and cobalt (2% and 25%) were 496 



identified. In QRO these particles also had a significant zinc content (6%). There are green colourants 497 

based on a combination of chrome oxide and cobalt oxide, to which zinc oxide may be added as an 498 

intensifier of the colour (Lowery and Scabbiolo, 1978). These particles may therefore be responsible for 499 

the green colour of the glaze on the QRO and FLO pieces. The glaze on the QRO pieces has grooves in 500 

which high aluminium contents (24% and 35%) were detected (Fig 7c). These may be the result of the 501 

porosity produced when the glaze crystallizes. In CTO and QRO the contact is continuous and straight, 502 

and is particularly straight in QRO (Fig. 7c). There is almost no interphase, with very few small crystals 503 

being identified (1 in Figs. 7a and 7c). In FLO there is a high degree of interpenetration between the glaze 504 

and the body (Fig. 7d).  505 

The interphase of the FRO tiles shows the formation of abundant, small, needle-shaped crystals (Figs. 7e 506 

and 7f) made up above all of silicon (24%), lead (8%), calcium (8%), aluminium (7%), and potassium 507 

(4%). As well as corresponding above all to lead feldspars, the substantial calcium content detected in 508 

these crystals (≈8%) together with the high percentage of CaO in the bases (Table 2) suggest that they 509 

may also be calcic pyroxenes whose formation has been detected in interphases with ceramic bodies made 510 

with calcareous clays (Molera et al., 2001). Near the surface of the area with sheen there are grains made 511 

up exclusively of silicon, which are over 100 µm in size. Around these grains, there are abundant fissures 512 

where a high tin content (28%) has been identified (Fig. 7e). The material found in the interphase in the 513 

FBO pieces (Fig. 7g) has a similar texture to the ceramic body and a varying thickness. Made up above all 514 

of silicon (21%), calcium (10%) and aluminium (10%), this is the light green layer observed previously 515 

with POM (1 at Figs. 6g and 6h). In some cases, crystallites form in the contact between this layer and the 516 

glaze (1 in Fig. 7g). However, in those areas in which this material is not in contact with the glaze, a very 517 

dark layer (or pore) shaped like a curved line can be identified. Various areas can be identified in the 518 

glaze: i) above this layer or pore, an area with abundant bright particles rich in tin (44%) and lead (12%) 519 

and greyish particles with calcium (6%), iron (3%), copper (4%) and lead (20%) (Fig. 7h), ii) an area with 520 

feldspars with hardly any bright particles, and iii) another area which also has abundant bright particles 521 

(Fig. 7g) rich either in tin (60%) or in lead (46%) and copper (4%). 522 



In CTR tiles, bright polygonal crystals that were very rich in zircon (42%) and also contained iron (5%) 523 

were identified. These crystals were especially numerous in the diffuse contact area with the base, and 524 

were also trapped in its pores (Fig. 7i). The glaze also contains abundant smaller feather-shaped crystals 525 

with dendritic growth (Fig. 7j) made up essentially of silicon (21%) and zirconium (5%). These are 526 

zirconia (ZrO2) crystals. In FBR, large numbers of grooves with high aluminium contents (27% and 33%) 527 

were also identified. The interphase is quite thick (40-60 µm) and the formation of abundant, small 528 

needle-shaped crystals (Figs. 7k and 7l) made up above all of silicon (21%), lead (15%) and aluminium 529 

(10%) was observed. These crystals are aluminium lead feldspars whose formation was favoured by the 530 

high aluminium content in the glaze and the bases, made with highly aluminous clays (Table 2).  531 
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 543 

Figure 7. SEM-EDS characterization of the glazes. 544 
All the images are of transversal sections. The main features of the interphases and the particles and/or crystals 545 
identified on the glazes can be observed.    546 
  547 

Semiquantitative analyses were carried out on the glazes using EDS in areas with no particles and/or 548 

crystals (Table 4). The glazes from the original pieces in both CTO-QRO-FLO and FRO-FBO are 549 

essentially lead-alkaline with alumina. The glaze on the CTR tiles is a silicon-alkaline glaze with 550 



zirconium oxide and significant alumina, calcium oxide and alkali contents, FBR has a lead-potassium 551 

glaze (free of sodium oxide) with a high alumina content.  552 

 Na2O MgO Al2O3 SiO2 K2O CaO Fe2O3 CuO ZrO2 PbO 
CTO 2.2 0.0 4.0 54.7 2.8 0.0 0.0 0.0 0.0 36.3 
QRo 1.7 0.0 3.5 54.2 4.2 0.0 0.0 0.0 0.0 36.4 
FLO 2.4 0.0 4.4 57.4 5.1 0.0 0.0 0.0 0.0 30.8 
FRO 1.9 0.0 1.9 45.3 2.5 2.1 0.0 0.0 0.0 46.3 
FBO 2.2 0.0 1.5 38.3 0.8 1.9 1.7 4.3 0.0 49.3 
CTR 3.7 2.9 6.8 62.3 3.8 8.9 0.0 0.0 11.6 0.0 
FBR 0.0 0.0 7.4 44.4 1.6 3.8 1.6 4.4 0.0 36.8 

Table 4. Chemical compositions of glazes (in wt%). 553 

The correlation diagrams display the similar composition of the original glazes according to the group of 554 

pieces to which they belong (Fig. 8). Tite et al. (1998) pointed out that lead glazes were first used in the 555 

Western world around the first century BC. These were transparent glazes with a high lead content (45-556 

60%), an alkaline content of less than 2% and an aluminium content of between 2-7%. They also stated 557 

that lead alkali glazes began to be used in the 10th and 11th centuries and had a 20% to 40% lead oxide 558 

content and were 5% to 12% alkalis. On this basis and in view of their lead oxide and alkali contents (Fig. 559 

8a, left), the glazes on CTO-QRO-FLO can be classified as lead alkali glazes (≈35% PbO and ≈6% 560 

alkalis). Those on the FRO and FBO pieces are mainly transparent high lead glazes (≈48% PbO, ≈3-4% 561 

alkalis and ≈1.7% Al2O3), although their alkali content is slightly higher and the proportion of alumina is 562 

slightly lower than in the transparent high lead glazes referred to by Tite et al. (1998).  563 

Considering the ratio between oxides that form and oxides that modify the glaze network (Fig. 8b), the 564 

same grouping of glazes for the original pieces were obtained, with the glazes on QRO and CTO proving 565 

especially similar. The CTR glaze is totally different from all the others, in that it is a silicon alkaline 566 

glaze and the composition of the glaze on the FBR falls somewhere between the two groups established 567 

for the original pieces. From Geller and Bunting (1936) it is deduced that, for the original glazes and for 568 

FBR, the K2O, PbO and SiO2 contents indicate melting temperatures of between 700 and 820 ºC.  569 

 570 
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 579 

Figure 8. Correlation diagrams of lead oxide versus alkalis (a) and oxides that form the glaze network 580 
against oxides that modify it (b). 581 
The compositional similarity between glazes CTO-QRO-FLO and FRO-FBO glazes can be observed. The CTR glaze 582 
has a markedly different composition. 583 
 584 
The general data about the texture and composition of the studied glazes are set out in Table 5.  585 

 Naked eye and POM (Fig. 6) SEM-EDS (Fig. 5)  

 Color Texture  Thickness Particles Body-glaze 
contact 

Composition Body-glaze  
interphase Glaze (wt%) Particles 

ORIGINAL PIECES, made in Castellón 

CTO White Opaque 
Flowing 

Regular, 
≈400 µm Q grains Continuous 

Straight 

SiO2  ≈ 55 
PbO ≈ 36 
Alkali ≈ 5 

Q, Feld. 
Pb-As 

Continuous 
Irregular 
Crystals (+) 

QRO Green Transparent 
Greenish 

Irregular,  
up to 1 mm 
2 layers  

Dark and 
Ochre hue 
Frag. glass 

Continuous 
Very straight 

SiO2 ≈ 54 
PbO ≈ 36 
Alkali ≈ 6 

Q, Feld.  
Pb-As 
Cr-Co-Zn 

Continuous  
Very straight 
Crystals (+) 

FLO Green Opaque 
Flowing 

Regular, 
≈600 µm Q grains Continuous 

Irregular 

SiO2 ≈ 57 
PbO ≈ 31 
Alkali ≈ 8 

Many Q, Feld.  
Pb-As 
Cr-Co 

Continuous 
Interpenetration 

ORIGINAL PIECES, made in Seville 

FRO Metallic 
Sheen 

Transparent 
 600 µm, 

thin towards 
relief line 
 

Opaque 
Q grains 
up to 200 µm 

Irregular 
Some crystals 

SiO2 ≈ 45 
PbO ≈ 46 
Alkali ≈ 4 

Sn  
Si grains   

Irregular 
Crystals (++) 

 Blue Transparent 
 Dark  Irregular 

Some crystals 

SiO2 ≈ 45 
PbO ≈ 46 
Alkali ≈ 4 

Co 
Si grains  

Irregular 
Crystals (++) 
 

FBO Metallic 
sheen  

Opaque 
Flowing 
Green 

Irregular, 
300-700 µm X Irregular 

Slip 

SiO2 ≈ 38 
PbO ≈ 49 
Alkali ≈3 

Sn  
Sn-Cu 
Feld. 

Irregular 
Silp 
Crystals (+) 

REPLACEMENT PIECES, made in Madrid 

CTR White Compact 
Homogeneous 

Regular, 
≈600 µm X Gradual  

Diffuse 

SiO2 ≈ 62 
ZrO2 ≈12 
Alkali ≈ 8 

Zr-Fe, Si-Zr 
crystals Gradual 

FBR Metallic 
Sheen 

Transparent 
Colorless 

Regular, 
≈300 µm Frag. glass  

Continuous 
Straight 
Many crystals 

SiO2 ≈ 44 
PbO ≈ 37 
Alkali ≈ 2 

 
Continuous 
Straight 
Al-Pb feld. (+++) 

Table 5. Main textural and compositional data for the glazes. 586 

 587 

The original glazes (and FBR) were fired at low temperatures (700-820 ºC), mainly due to the strong 588 

fluxing properties of K2O and Na2O. These glazes proved very successful because at low temperatures 589 

they can produce the fluidity required to cover the ceramic bases properly. The glazes on the CTO-QRO-590 

FLO pieces can be classified as lead-alkali glazes (≈35% PbO and ≈6% alkalis) and their opaqueness is 591 

largely provided by the presence of lead-rich arsenate particles. In the case of CTO (white tiles) this 592 



aspect would help reduce costs given the high cost of tin oxide and the enormous number of pieces to be 593 

produced. The considerable thickness of the glaze in QRO is worthy of note as is the presence of particles 594 

rich in aluminium and zinc, elements that provide stability to the glaze (Fernández-Navarro, 2003) and 595 

make it highly resistant. This is why its original colour and brightness have been conserved practically 596 

intact. This aspect, together with the quarter-round mould used on this type of piece, would increase 597 

production costs, although this was probably of limited importance given the relatively small number of 598 

this type of pieces used in all the stations (frames for the passenger information panels). The body-glaze 599 

contact in CTO and QRO suggests that the pieces were fired twice, in other words that the glazes were 600 

applied to previously fired ceramic bodies. The interpenetration on the FLO tiles is due above all to the 601 

fact that the ceramic base was more porous (fired at low temperatures, 750-800 ºC), so allowing the glaze 602 

to soak in. In this type of FLO pieces, the abundance of quartz and feldspar grains, residual inclusions that 603 

did not react during the melting of the glaze (Özçatal et al., 2014), suggests low melting points of around 604 

700-760 ºC, which would match the temperatures deduced on the basis of its composition (Geller and 605 

Bunting, 1936).  606 

The glazes on the FRO-FBO pieces are classified as transparent lead glazes (≈48% PbO, ≈3-4% alkalis 607 

and ≈1.7% Al2O3). Both contain copper, an element that produces the metallic sheen, and tin which 608 

provides opaqueness. The considerable thickness of the interphase (≈50 mm) in the FRO tiles and the 609 

abundant small crystals that have formed there, suggest that the pieces were single fired, i.e. the glazes 610 

were applied on raw ceramic bodies. In the areas with sheen, the significant presence of quite large grains 611 

of silica near the surface could be due to the addition of ground opaline to enhance the iridescent effect or 612 

metallic appearance (Rincón et al. 2018). The braided design on the FBO pieces may have required the 613 

additional application of slip, so as to ensure that the glaze adhered as well as possible to the body. Given 614 

that slip was normally applied to unfired bodies (Capelli and Cabella, 2013), the deformation observed in 615 

this layer and its irregular contact with the ceramic body and also with the glaze -with the formation on 616 

occasions of crystallites- suggests that these pieces were single fired. In the replacement pieces both the 617 

diffuse body-glaze contact -with the presence of abundant zirconium-rich particles- in CTR, and the 618 



considerable thickness of the interphase in FBR, with the formation of abundant small crystals, are due 619 

above all to the single firing of both kinds of pieces. The white surface of the CTR tiles is achieved with a 620 

silicon aluminium glaze with alkalis enriched in zircon. Its mode of application, compactness and 621 

considerable thickness make it difficult for the colour of the ceramic base to influence the final colour of 622 

the tile, which could explain why the base has a dark tone even though the glaze is white. This glaze is 623 

very common today and provides high mechanical resistance to impact and abrasion and high resistance 624 

to chemical corrosion. The reaction at high temperature between zircon (ZrSiO4) and aluminium leads to 625 

the dissociation of zircon, forming abundant zirconia crystallites (ZrO2) (Moya et al., 1991). Both the 626 

presence of impurities, often found in commercial zircon fine powders, or the deliberate addition to the 627 

composition of the original frit of alkaline and alkaline earth elements in oxide form, reduce the 628 

temperature for the dissociation of zircon and the initial melting temperatures (Pena and de Aza, 1984; 629 

Moya et al., 1991; Kaiser et al., 2008). The vitreous phase that is formed by the addition of these oxides 630 

favours the precipitation of zirconia crystallites (ZrO2) (Rincón and Romero, 2000). In addition, the 631 

dendritic growth observed using SEM is due to an increase in the diffusion of impurities or additives in 632 

the vitreous phase (Rincón, 1992) and to the slowing down of the reactions, so permitting the complete 633 

dissociation of the zircon used as a raw material (Rendtorff et al., 2012). In the glaze on the FBR pieces, 634 

the important aluminium content makes the glaze highly resistant. The significant formation of lead-rich 635 

feldspar arrangements at the interphase suggests considerable firing and cooling times, so allowing 636 

greater diffusion between the body and the glaze (Molera et al., 2001). These crystals are highly 637 

developed, which favours the adherence of the glaze to the body, so increasing the already high resistance 638 

of these pieces. In the replacement pieces both the diffuse body-glaze contact -with the presence of 639 

abundant zirconium-rich particles- in the CTR tiles, and the considerable thickness of the interphase in the 640 

FBR pieces, with the formation of abundant small crystals, are due above all to the single firing of both 641 

kinds of pieces. 642 

 643 

 644 



CONCLUSIONS  645 

The materials and technologies used to make the glazed ceramics -original and replacement- of the 646 

Chamberí Metro Station in Madrid were analysed and identified. The manufacture of such pieces was 647 

influenced by their particular function and by the amount of pieces that had to be produced. Original 648 

white tiles (CTO), quarter-rounded moulding pieces (QRO) and listello tiles (FLO) were made using a 649 

mixture of clays with varying carbonate content and quartz. CTO and QRO were produced with very 650 

calcareous clays fired at ≈950 ºC and both were coated with lead alkali-glazes. Lead-rich arsenate 651 

particles may have been added as an opacifying agent. The FLO tiles were made with a mixture of clays 652 

with varying carbonate content and quartz fired at 750-800 ºC, so the bases were more porous.  The 653 

original decorative pieces (FRO and FBO) were made from calcareous and illite clays fired at 654 

temperatures of between 850-950 ºC and treated with transparent lead glazes and the metallic sheen. The 655 

addition of ground opaline to enhance the metallic appearance of FRO tiles is suggested and the 656 

application of a slip on FBO pieces was observed. The materials and techniques used in the manufacture 657 

of the replacement pieces made them especially resistant. The white replacement tiles (CTR) were made 658 

out of quartz-rich, illite-kaolinite and calcareous clays fired at temperatures of >950 ºC with an alkali-659 

glaze that was very rich in zircon and aluminium. Decorative pieces of replacement tiles (FBR) were 660 

made from illite-kaolinite clays that were very rich in aluminium, with a highly refractory grog addition, 661 

and then covered with an aluminium-rich lead-potassium glaze. Although the microstructure observed 662 

with SEM suggested that they were fired at <850 ºC, the XRD results indicated much higher firing 663 

temperatures (900-950ºC). This exceptional feature of the FBR tiles is due to the fact that the very high 664 

temperature phases identified corresponded to the refractory grog added and not to the firing products. 665 

The knowledge acquired will be useful for the conservation of these glazed ceramics, on which further 666 

research is required. 667 
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