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A B S T R A C T   

Carreaux de pavement is a type of mediaeval tile common in northwestern Europe, whose method of producing 
has been unknown until now. In this article, the kiln firing conditions of the unique carreaux de pavement found in 
the Iberian Peninsula were determined by comparing the physicochemical and mineralogical properties of the 
archaeological tiles with those of some reproductions of the tile’s body manufactured in the laboratory (replica) 
made by varying the firing temperature and time, as well as the sample size and thickness. The resistance to acid 
digestion exhibited by the fired samples was especially revealed. According to the results and the modelling 
performance with the collected data, it was established that the maximum firing temperature was between 900 
and 975 ◦C, and the time was longer than 24 h. These results show the technology used by mediaeval French 
potters and are a basis for future studies.   

1. Introduction 

Humanities fields, such as history, and scientific fields, such as 
chemistry, are generally perceived as radically different. Traditionally, 
these two disciplines are considered distinct from each other, even at 
odds, because of their area of study (Montero et al., 2007; Encyclopaedia 
of Global Archaeology (EGA), 2022). However, issues that are impos-
sible to solve by only focusing on one branch of knowledge have arisen, 
making their cooperation vital to move forward. This is the case for 
archaeometry and experimental archaeology (Montero et al., 2007; 
Encyclopaedia of Global Archaeology (EGA), 2022). For archaeometry, 
analytical methods have been applied to obtain more detailed infor-
mation for the composition of numerous cultural heritage items (Grassi 
and Quirós-Castillo, 2018). This material characterisation in ceramics 
solves problems such as the conservation or restoration of said pieces 
and answers historical questions posed by researchers (Perrin, 2005; 
Busuttil, 2013). Experimental archaeology has evolved as an excep-
tionally good way of better comprehending the know-how of other 
centuries (Ramos, 2004; Gómez-Castañedo, 2005). Hypotheses sup-
ported by historical research are tested using scientific techniques and 
methods, confirming or denying their viability (Ingersoll et al., 1977). 
Experimental archaeology makes it possible to determine the mode of 
modelling, configuration of the furnace, type of atmosphere, firing 
temperature, firing time, etc. (Busuttil, 2013; De Bonis et al., 2017; 

Bratitsi et al., 2018; Thér et al., 2019; Amicone et al., 2021). The rela-
tionship between the paste characteristics and firing procedures is 
direct. These are described as the series of actions performed by artisans 
to manufacture ceramic objects from raw clays (Thér et al., 2019; 
Amicone et al., 2021). To estimate the firing temperatures and times, 
mineralogical modifications are key features largely described in the 
literature (Grassi and Quirós-Castillo, 2018; Ramos, 2004; Thér et al., 
2019; Amicone et al., 2021). 

At the end of the last century, different fragments of tiles, known as 
carreaux de pavement, were discovered in an archaeological intervention 
in the Castle of Tiebas (Navarre, Spain) (Castiella, 1998; Ramos, 2001). 
A few years later, part of the original pavement was found in situ in one 
hall (Ramos, 2009). These carreaux de pavement are, due to their ty-
pology, unique in the Iberian Peninsula and very different from all other 
peninsular tiles (Martínez et al., 2011). Carreaux de pavement is typical of 
some mediaeval sites (12th–14th centuries) in northern France and 
England (Norton, 1992; Mayer and Garrigou, 2000). Determining the 
manufacturing technology can provide an answer to which technology 
was used, that of northern France or England, that of the Iberian 
Peninsula of Islamic tradition, or a combination of both. Carreaux de 
pavement tiles are made up of three layers: paste, slip and glaze. The 
paste (more commonly called the body) is the thickest layer formed by 
red clay. The slip is a much thinner layer of white paste that constitutes 
tile decoration, filling the mould imprint on the body surface and 
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contrasting the body red colour. The glaze is an even thinner layer made 
of vitreous enamel that provides colour and shine (Barbie et al., 1987; 
Norton, 1992; Mayer and Garrigou, 2000). Tile workshops used to be 
located near clay deposits, water sources (for modelling) and wood re-
serves (for firing) (Norton, 1992). Production began in autumn or 
winter, when the clay was extracted and left exposed to the environ-
mental elements so that the rain and frost would expose most of the 
pebbles and impurities (Norton, 1992). Subsequently, the clay was 
kneaded by stepping on it to make it homogeneous (Norton, 1992). The 
clay was spread by filling in a square frame 3 cm thick with one side a 
few centimetres longer than the final tiles (10% shrinkage) (Norton, 
1992; Mayer and Garrigou, 2000). To avoid adhesion of the clay to the 
worktable, a thin layer of sand or ash was spread (Barbie et al., 1987; 
Norton, 1992; Mayer and Garrigou, 2000). Once the frame was 
removed, it was left on a smooth surface for the first drying step (Barbie 
et al., 1987; Norton, 1992). After 24 h or more, tiles destined to be 
dichromatic were stamped with a mould. For all tiles, the lateral edges 
were cut with a knife, leaving them slightly bevelled (Barbie et al., 1987; 
Norton, 1992; Mayer and Garrigou, 2000). The stamped copies were 
covered with a layer of white clay and water at a 1:2 ratio, filling in the 
negative left by the mould (Norton, 1992; Mayer and Garrigou, 2000). 
After a second drying step, the excess white clay was removed by 
brushing (Norton, 1992; Mayer and Garrigou, 2000). A surface glaze 
was applied as a mixture of Pb-based compounds diluted in water and 
applied to the surface of monochromatic and dichromatic tiles with a 
brush (Norton, 1992; Mayer and Garrigou, 2000). They were then left to 
dry before firing (Barbie et al., 1987; Norton, 1992; Mayer and Garrigou, 
2000). Firing began at a low temperature during the first hours to 
facilitate the elimination of the remaining moisture in the tiles (Norton, 
1992). Subsequently, the temperature was increased to ca. 1000 ◦C, with 
the aim of melting the glaze (Norton, 1992). Firing lasted for two days 
(Norton, 1992). Then, the kiln was allowed to cool slowly (Norton, 
1992). Some more recent archaeometric investigations on carreaux de 
pavement estimate that the firing temperature must have been limited to 

850–900 ◦C due to the presence of gehlenite (Ben Amara et al., 2005) 
and above 800 ◦C for melting glazes (Cicuttini et al., 2007; Cicuttini 
et al., 2008) or approximately 1000 ◦C (Rouzeau et al., 2013). 

Detailed study of the original manufacturing technique of carreaux de 
pavement is a pending task for archaeometry. It would be especially 
interesting to study the set of tiles found in the Iberian Peninsula to 
determine if the artisans followed the manufacturing technology in 
France (Barbie et al., 1987; Norton, 1992; Mayer and Garrigou, 2000; 
Ben Amara et al., 2005; Cicuttini et al., 2007; Cicuttini et al., 2008; 
Rouzeau et al., 2013) or if some changes were introduced. This paper 
aims to completely elucidate the firing conditions (temperatures and 
times, mainly) employed to manufacture Tiebas’ Castle’s carreaux de 
pavement bodies. With this purpose, archaeometry characterisation of a 
set of mediaeval tiles located in the castle is applied, as well as experi-
mental archaeology, by reproducing samples (named replicas) with 
different shapes and thicknesses made from a clay similar to that used in 
the archaeological tiles and heated under different experimental 
conditions. 

2. Materials and analytical methods 

2.1. Materials 

Eighteen samples of carreaux de pavement fragments from Tiebas’ 
Castle from the 13th century were selected for the study (Fig. 1) (Ruiz- 
Ardanaz et al., 2021). Half of them were monochromatic (without slip- 
based decoration), and the other half were dichromatic (with slip-based 
decoration). One-third of the fragments were found in situ on the 
pavement of the north hall of Tiebas’ Castle (Fig. S1). Another third was 
found in a landfill near the castle (very possibly coming from the north 
hall pavement after a fire happened in 1377). The remaining third was 
found on the surface, in the surroundings of the castle, out of strata and 
archaeological context. 

A decalcified clay deposit near Tiebas’ Castle was used as the source 

Fig. 1. Analysed tile fragments of carreaux de pavement from Tiebas’ Castle.  
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of the raw material for the replica samples made for experimental 
archaeology. This clay (named A15) was chosen among many others 
according to its elemental and mineralogical composition criteria, which 
were similar to the archaeological samples (Ruiz-Ardanaz et al., 2021; 
Ruiz-Ardanaz et al., 2023). Other arguments in favour of using this clay 
were the proven roaming of tile artisans in the 13–14th century and their 
knowledge regarding the manufacture of carreaux de pavement 
(González-Martí, 1952; Mayer and Garrigou, 2000; Cicuttini, 2012), 
prior identification by decalcified clay as the raw material with which 
the tile pastes were made (Ruiz-Ardanaz et al., 2021), and the proximity 
to the castle (Fig. 2). 

The decalcified clay used (A15) has an elemental and mineralogical 
chemical composition very similar to that of the tile pastes. Table 1 
shows the average elemental composition of tile bodies (18 samples) and 
A15 clay (5 samples). Both are mainly composed of compounds based on 
silicon, aluminium and iron and a low content of calcium and magne-
sium (Ruiz-Ardanaz et al., 2021). 

Most of the mineral phases present in both carreaux de pavement and 
A15 are common, even without the A15 clay being fired. The A15 
samples were analysed by XRD once dried at room temperature. The 
composition of both is based on quartz (SiO2), illite (K,H3O)(Al,Mg, 
Fe)2(Si,Al)4O10[(OH)2,(H2O)], haematite (Fe2O3), calcite (CaCO3) and 
rutile (TiO2), although the intensity of the reflections depended on the 
heating temperature (Fig. S2). The presence of calcite in tile bodies is 
due to a decarbonation reaction during firing and a subsequent recar-
bonation process (secondary calcite) (Ruiz-Ardanaz et al., 2021). 

2.2. Methods 

Two types of replica samples were made to simulate the body of the 
original tiles: samples with a quadrangular prism shape (denoted QP) 
and dimensions of 2.5 × 2.5 × 1 cm and samples with a cubic shape 
(denoted CU) and dimensions of 2.5 × 2.5 × 2.5 cm (this is approxi-
mately the width of the archaeological tiles). Replica samples were 
moulded by moistening powdered clay A15. These replica samples were 
dried first at room temperature and then in a drying oven (JP Selecta) at 
100 ◦C for two days. Afterwards, the samples were heated at different 
temperatures (700, 800, 850, 900, 950, 1000 and 1100 ◦C) for different 
times (1, 3, 6, 24, 48 and 72 h) in a Hobersal MOD 12 PR/300 kiln 
(Table 2). All the firing processes were carried out by heating from room 

temperature to 500 ◦C at a ramp rate of 12 ◦C⋅min− 1, holding at 500 ◦C 
for half an hour, increasing the temperature to 700 ◦C with a ramp rate 
of 12 ◦C⋅min− 1, holding for half an hour, and finally increasing the 
temperature to the final temperatures (700◦, 800◦, 900◦, 950◦, 1000◦, 
and 1100 ◦C) and holding for 1, 3, 6, 24, 48 and 72 h. Cooling was 
carried out by allowing the kiln to cool down naturally. As mentioned 
above, the objective was to analyse how the firing conditions affected 
the physical and mineralogical properties depending on the shapes (QP 
and CU) of the replica samples. QP samples were used to simulate the 
surface part of the tile body (minor thickness of 1 cm), while in the case 
of the CU samples, only the innermost area (approximately 2 cm3) was 
used to simulate and study the centre of the tile body. 

The replica samples heated at different temperatures for different 
times were analysed after grinding in an agate mortar and measured by 

Fig. 2. (a) Location of Tiebas within Navarra and Spain. (b) Location of Tiebas’ Castle, in green, and the decalcified clay deposit, in red. (c) Image of the decalcified 
clay deposit. (d) Decalcified clay samples (5 are shown). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 

Table 1 
Composition of the tile bodies and the selected clay (A15), obtained by XRF. The 
results are expressed as the mean ± standard deviation (SD).   

Carreaux de pavement A15 

(n = 18) (n = 5) 

SiO2 73.4% ± 0.8% 74.2% ± 0.9% 
Al2O3 16.0% ± 0.6% 16.3% ± 0.5% 
Fe2O3 3.8% ± 0.2% 4.1% ± 0.2% 
K2O 3.2% ± 0.2% 2.66% ± 0.05% 
CaO 1.2% ± 0.5% 1.1% ± 0.3% 
MgO 1.2% ± 0.1% 1.1% ± 0.2% 
TiO2 0.54% ± 0.03% 0.51% ± 0.02%  

Table 2 
Experimental firing temperature and time conditions for the replica samples.   

Firing time (h) 

Temperature (◦C) 1 3 6 24 48 72 

700 QP QP QP QP, CU QP QP 
800 QP QP QP QP, CU QP QP 
850 QP QP QP QP, CU QP QP 
900 QP, CU QP, CU QP, CU QP, CU QP, CU QP, CU 
950 QP QP QP QP, CU QP QP 
1000 QP QP QP QP, CU QP QP 
1100 QP QP QP QP, CU QP QP  
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colorimetry, infrared spectroscopy (FTIR) and X-ray diffraction (XRD). 
Colorimetric analysis was performed with a CM-2300d Konica Minolta 
portable colorimeter with a xenon lamp (D65). For all the experiments, 
the CieL*a*b* colour parameters were measured in triplicate. To obtain 
the infrared spectra of the sample powders, FTIR Shimadzu IRAffinity- 
1S equipment with an attenuated total reflectance (ATR) Golden Gate 
accessory was used. The device consisted of a high-energy ceramic light 
source and a high-sensitivity DLTGS detector. Spectra were acquired 
with 100 scans and a resolution of 4 cm− 1, with 100 scans in each 
measurement and a wavenumber interval of 4000 to 600 cm− 1. For X- 
ray diffraction experiments, Bruker D-8 Advance ECO equipment was 
used; the diffractometer used a Cu anode. The detector was a LYNXEYE 
XE-T detector, and experimental data were collected in the 2θ range of 
5◦ to 70◦ with a step size of 0.02◦ and 1 s per step. The intensity counts of 
each diffractogram have been normalised with respect to the maximum 
reflection of the quartz at 2θ = 26.6◦ (PDF 33–1161). The limit of 
detection (LOD) and limit of quantification (LOQ) of the XRD intensities 
values have been established as the mean background values plus 3 or 
10 standard deviations, respectively. In order to comparatively assess 
whether the crystal size of some minerals varies as a consequence of 
chemical reactions associated with the firing conditions, the crystal size 
of some samples’ phases has been determined with the Scherrer 
equation: 

Cristal Size =
K λ

β cos θ
(1) 

The width at half height of the peak (β) in the reflection of greatest 
intensity has been used in the Scherrer equation (X-ray wavelength (λ) 
= 1.5406 Å; dimensionless shape factor (K) = 0.89) to obtain the min-
eral crystal size. Comparisons with archaeological samples were per-
formed. These samples were measured by using the same analytical 
techniques and the same conditions. 

As an exploratory analysis, the diffractograms have been analysed by 
means of PCA (Principal Component Analysis) with the aim of carrying 
out a more objective identification of the mineral phases that were 
modified with the firing temperatures or firing times. The PCA identifies 
which are the linear combinations of the experimental data and orders 
the linear combinations according to their variability (Ramis-Ramos and 
Álvarez-Coque, 2001). In this sense, a data matrix (X) was built 
considering the counts or intensities of the reflections (each Bragg angle) 
as variables. The PCA has been applied to different sets of results. Each 
set of results was made up of diffractograms data from replicas with the 
same shape (QP or CU) and with the same firing temperature (eg 900 ◦C) 
or with the same firing time (eg 24 h). The intensity data were nor-
malised according to the sample and according to the Bragg angle. PCA 
analysis was applied to this matrix, obtaining: a matrix of scores (U), a 
matrix of coefficients (V) and the % of variability that explains each 
Principal Component (Ramis-Ramos and Álvarez-Coque, 2001). The 
scores matrix (U) allowed to evaluate if the results of the two main 
components (C1 and C2) followed a trend proportional to firing tem-
peratures or firing times. The matrix of coefficients allowed to identify 
which were the reflections (Bragg angles) with the greatest variability. 

To evaluate the chemical stability of the samples after firing, they 
were attacked with aqua regia (HNO3:HCl 1:3) in a microwave digester. 
Strong acids such as hydrochloric and/or nitric acids are capable of 
solubilizing some metal oxides, like iron oxides, unable to solubilize by 
using other acids. However, these strong acids are not capable of solu-
bilizing minerals such as quartz, other silicoaluminates or titanium ox-
ides. The possibility of eliminating some major components and keeping 
others intact opens the possibility of evaluating the ceramics internal 
structure. A total of 0.250 g of both archaeological and experimental 
powder samples (replicas) was weighed in duplicate in Teflon tubes. 
Afterwards, 12 mL of aqua regia was added. Samples were then sub-
jected to treatment in a microwave digester (MarsXtraction MarsXpress) 
at 180 ◦C for 15 min and then at 210 ◦C for 50 min. The power applied in 
the microwave digester was 1600 W. The supernatant liquid and solid 

residue were separated by centrifugation at 1500 rpm for 15 min. The 
solid residue was washed successively for acid removal, left to dry in a 
drying oven and analysed by colorimetry and X-ray fluorescence (XRF). 
For XRF, samples were analysed with a 4 μm polypropylene filter in a He 
atmosphere with Bruker S2 Puma equipment (X-ray tube with a silver 
anode). Quantification was performed with Spectra Results Manager 
software. To comparatively estimate the compressive strength of the CU 
samples, they were subjected to compression in a Perkin Elmer hydraulic 
press with a compression rate of 2000 N⋅s− 1. 

3. Results and discussion 

3.1. Colorimetry 

The colour of a ceramic body is an initial indicator of its heating 
conditions. Its colour depends on many factors, such as elemental and 
mineral composition of the bodies, as well as technical factors for 
manufacturing, such as the atmosphere, thickness, temperatures or 
times of firing. In all the replica samples employed in this paper, the raw 
material used was the same (A15 clay), so the colour changes must be 
due to technical factors. Very possibly, the reddish colour of the studied 
tile body comes from firing in an oxidising atmosphere, as evidenced by 
the presence of haematite (Ruiz-Ardanaz et al., 2021). 

Visually, the colour of most of the replica ceramic samples was 
similar to that of the archaeological mediaeval samples found in Tiebas 
(Fig. S3). 

Regarding the samples used to simulate the surface (QP), Fig. S3 
shows that there was no significant variation in colour parameters with 
firing times. The values of L* ranged from 45 to 52, a* ranged from 27 to 
30, and b* ranged from 44 to 51 when heated at 900 ◦C (Table S1 and 
Fig. S4). Temperature seemed to have a darkening effect above 1000 ◦C 
(Fig. S3 and Table S1). Up to 900 ◦C, the L* coordinate remained con-
stant, between 47 and 52, and above 900◦, it progressively decreased to 
34 (1100 ◦C) (Table S1 and Fig. S4). Visually, this darkening became 
more evident between 1000 and 1100 ◦C (Fig. S3). The a* and b* co-
ordinates did not show significant variation with time and temperature, 
remaining in the ranges of 27–30 and 42–50, respectively (Table S1 and 
Fig. S4). The dispersion of the colorimetric results of the archaeological 
samples was greater than that of the QP samples (L* = 44–61; a* =
13–28; b* = 23–49), so it was not possible to establish close values of 
temperatures or time ranges (Table S1 and Fig. S4). 

The samples used to simulate the inside of the tile body (CU) showed 
a greater dependence on firing times and temperatures. At 900 ◦C and 
for firing times of <24 h, a greyish area appeared inside the samples 
(Fig. S3). The radius of this grey zone was progressively reduced with 
increasing temperature until it disappeared after 24 h of firing (Fig. S3). 
The coordinates that varied the most were a* and b*, with low values 
ranging from 5 to 8 and 7–12 (greyish hues) for times of 1, 3 and 6 h, 
which increased until values similar to those of the QP samples (30–32 
and 49–55) were reached for times of 24, 48 and 72 h. The L* coordinate 
decreased from 52 at 1 h to 44 at 72 h (Table S1 and Fig. S4). 

Regarding colour variations with temperature with firing for 24 h, 
the CU samples fired at 700 ◦C were a lighter colour (L* = 52, a* = 18, 
and b* = 36) than those fired at 800–900 ◦C (L* = 47–46, a* = 29–30, 
and b* = 44–49) and the QP samples (Table S1 and Fig. S4). The 
darkening process in high-temperature samples started at 950 ◦C (L* =
42, a* = 27, and b* = 41), instead of 1000 ◦C, as occurred in the QP 
samples (Table S1 and Fig. S4). The colour in the CU samples (L* = 25, 
a* = 22, and b* = 35) reached at 1100 ◦C was a darker red than the QP 
samples (L* = 34, a* = 28, and b* = 43) under the same experimental 
conditions (Fig. S3, Table S1 and Fig. S4). 

A firing time >24 h could be established due to the absence of dark 
regions inside most of the archaeological samples found in Tiebas (Ruiz- 
Ardanaz et al., 2021). Above 24 h, no upper limit of the time range and 
no temperature range could be set. Additional techniques were needed 
to determine a narrower range of temperatures and times, as seen below. 
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3.2. Fourier transform infrared (FTIR) spectroscopy 

Infrared spectroscopy analysis of the archaeological samples showed 
the samples to be mainly quartz and other minor silicates as well as 
secondary (recarbonated) calcite, but only in a few samples (Ruiz- 
Ardanaz et al., 2021; Jordanova et al., 2019). The replica samples 
(Figs. S5 and S6) exhibited the same signs of quartz and silicates that 
appeared in the archaeological tile bodies (i.e., tile M9): a Si–O bending 
band at 695 cm− 1 (δ Si–O), Si–O symmetric stretching bands at 780 
and 795 cm− 1 (sym ν Si–O), a broad Si–O asymmetric stretching band 
between 950 and 1080 cm− 1 (asym ν Si–O), and a small band in the 
shoulder of the Si–O asymmetric stretching band at 1160 cm− 1 (asym ν 
Si–O) (De Benedetto et al., 2002; MDHS101, 2005; Legodi and de Waal, 
2007; Nodari et al., 2007; Medeghini et al., 2016; Daghmehchi et al., 
2018; Măruţoiu et al., 2018). The spectrum of raw clay (A15) was also 
depicted for comparative purposes. In raw clay (A15), Si–O asymmetric 
stretching signals in the range of 950–1050 cm− 1 shifted at minor 
wavenumber values compared to those of the fired samples (archaeo-
logical and replica) (Figs. S5 and S6). The Si–O asymmetric stretching 
band (asym ν Si–O) of illite was seen at 905 cm− 1 (Daghmehchi et al., 
2018). Other absorption bands of illite appeared at ca. 752 and 3610 
cm− 1 for raw clay and were slightly detected in the QP samples fired at 
700 ◦C for 24 h (Legodi and de Waal, 2007). 

Regarding the differences between the replica samples (QP and CU), 
different bands were observed, but only a change in the absorbance 
intensity of the three Si–O asymmetric stretching bands was observed: 
950–1050, 1060 and 1080 cm− 1. For the samples fired for 24 h, the 

changes in the intensity of the broad band between 950 and 1080 cm− 1 

towards higher wavenumbers were observed to be proportional to the 
firing temperature for both QP and CU (Figs. S5a and S6a). The ratio of 
the signals at 1080 and 1060 cm− 1 (both assigned to the Si–O asym-
metric stretching band) increased for the sampled fired at the highest 
temperature, 1100 ◦C (Figs. S5a and S6a). The displacement and the 
increase in the ratio are related to the ordering changes of the silicon and 
oxygen atoms of the quartz that occur during sintering and glass for-
mation (Legodi and de Waal, 2007; Medeghini et al., 2016). Incipient 
transformation of the two symmetric strain bands of quartz at 780 and 
795 cm− 1 (sym ν Si–O) into one peak is characteristic of cristobalite 
(SiO2) (MDHS101, 2005) and was also observed in Figs. S5 and S6 for 
firing temperatures above 1000 ◦C. No notable changes were observed 
with firing time, which means that it barely affects mineral changes 
(Figs. S5b and S6b). The comparison of the results of the cubic samples 
(CU) and the quadrangular prisms (QP) indicate that the shift towards 
higher wavenumbers occurs on the surface rather than inside, suggest-
ing greater sintering and/or melting and glass formation on the surface. 

Comparison of the replica and the archaeological sample spectra al-
lows us to estimate a range of firing temperatures between 800 and 
1000 ◦C. However, the FTIR study did not allow us to distinguish be-
tween firing times. 

3.3. X-ray diffraction (XRD) 

The characterisation of the archaeological samples by XRD showed 
that the composition was primarily quartz, with some minor phases, 

Fig. 3. X-ray diffraction patterns of experimental replica QP samples fired for 24 h at different firing temperatures (a) and at 900 ◦C for different firing times (b). The 
patterns of an archaeological sample (M9) and the raw clay (clay A15) are also depicted. Abbreviations: Q–quartz (file 33–1161); R–rutile (file 21–1276); I–illite (file 
70–3754); H–haematite (file 33–0664); C–calcite (file 05–0586); Cr–cristobalite (file 39–1425); and M–mullite (file 15–0776). 
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such as haematite, micas (illite) and potassium feldspar (orthoclase, 
KAlSi3O8) (Ruiz-Ardanaz et al., 2021). In some samples, some very 
minor calcite phases were also detected (Ruiz-Ardanaz et al., 2021). 

In the replica samples, quartz was predominant, and no variations in 
this phase with firing temperature or firing time were observed (Figs. 3 
and 4). In contrast, the presence and relative amounts of other phases 
were related to time (hercynite (Fe2+Al2O4) and illite) or firing tem-
peratures (illite, calcite, haematite, mullite (Al6Si2O13) and cristobalite). 

In order to identify the characteristic minerals depending on heating 
temperatures and times, PCA were carried out in all the diffractograms 
of the replica samples (CU and QP). 

In all the PCAs the two main components showed a sum of 81–97% in 
variability. The results of the matrix of scores (U) did not show a pro-
portionality with the firing conditions of the replicas (Fig. S7), so they 
could not be used as variables to determine the original heating condi-
tions. However, the analysis of the coefficients of these two main com-
ponents made possible to identify the reflections (Bragg angles) with the 
greatest variability, and therefore, they were considered as interesting 
angles. Table 3 showed the reflections that have been identified in the 
coefficients of the two main components of each set of replicas. The most 
relevant were the reflections of quartz and haematite as they were the 
most frequent in all the sets. Some reflections of illite (2θ = 19.7, 22.3, 
35.2, 61.9), calcite (2θ = 29.5), rutile (2θ = 27.4) and cristobalite (2θ =
21.7) also appeared as relevant, although they were less frequent or did 
not appeared in all sets of replicas. Although quartz reflections identified 
by PCA were very frequent, no proportionalities with firing conditions 
were found. This could be due to the fact that being such an abundant 

mineral, any minimal error in the Bragg angle values or in the relative 
intensity of their reflections generated variability. This variability was 
detected by PCA but was not necessarily related to firing conditions. On 
the contrary, the haematite reflections identified by PCA were related to 
the firing conditions, their intensity being directly proportional to them, 
as will be seen below. According to the analysis of the PCA coefficients 
(Table 3), reflections 2θ = 33.3 (104) and 2θ = 35.7 (110) were of 
special relevance. 

Within the mineral phases dependent on the firing time, hercynite 
was found, which only appeared inside the cubic samples (CU) and at 
firing times <24 h (Fig. 4b and Table S2). The presence of hercynite was 
probably the cause of the dark colour seen inside the cubic samples 
(values of a* and b* were <8 and 12, respectively, for heating times up 
to 6 h, Fig. S3a, Table S1 and Fig. S4). However, as time increased, the 
volume of this dark area decreased until it disappeared after 24 h of 
firing. The values of a* and b* were higher than 30 and 49, respectively, 
after 24 h of heating. The presence of phases containing Fe(II), such as 
hercynite, was related to reducing atmospheres (high CO) that reduce 
the Fe(III) present in different minerals (Maritan et al., 2020). However, 
hercynite phases have also been identified in samples heated in neutral 
atmospheres at high temperature (Jordán et al., 1999; Noghani and 
Emami, 2014; Maritan et al., 2020). This last case seems to match the 
results obtained in this study, since the darkened area only corresponds 
to the inside of the samples, where the ambient oxygen took time to 
reach. This effect was not seen in the QP samples because they were 
much thinner, as was the case in the most superficial part of the CU 
samples. All of these explain why for long firing times, hercynite was 

Fig. 4. X-ray diffraction patterns of experimental replica CU samples fired for 24 h at different firing temperatures (a) and at 900 ◦C for different firing times (b). The 
patterns of an archaeological sample (M9) and the raw clay (clay A15) are also depicted. Abbreviations: Q–quartz (file 33–1161); R–rutile (file 21–1276); I–illite (file 
70–3754); H–haematite (file 33–0664); C–calcite (file 05–0586); He–hercynite (file 34–0192); Cr–cristobalite (file 39–1425); and M–mullite (file 15–0776). 
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replaced by haematite, even inside the cubic samples (Fig. 4). Haematite 
was detected after 24 h of heating (Fig. 4a), very possibly due to the 
oxidation of iron to Fe(III). The black core of the replica samples grad-
ually faded with increasing time and firing temperature (De Bonis et al., 
2017). 

The absence of hercynite in the archaeological samples was an 
excellent indicator of a firing time equal to or >24 h. 

Illite only appeared at low firing temperatures and short times and 
progressively disappeared when both increased. Fig. S8 represents how 
the relative abundance of illite evolved with firing times and tempera-
tures, expressed as the count intensity ratio of the maximum reflection at 
2θ = 19.8◦ ((020) reflection of illite, PDF 70–2754) and the maximum 
reflection at 2θ = 26.6◦ ((101) reflection of quartz, PDF 33–1161). The 
temperature at which it disappeared depended on the firing time and 
vice versa (Fig. S8 and Table S2). In QP samples fired for long times 
(24–72 h), the temperature at which illite disappeared was 850 ◦C, while 
with short firing times (1− 3h), it disappeared at 950 ◦C (Fig. S8). In the 
case of the CU samples, illite completely disappeared at 950 ◦C and 24 h. 
Thus, it was deduced that the thickness of the sample affected the 
minimum firing times and temperatures for illite elimination, retarding 
both. The abundance of illite in the archaeological tiles from Tiebas was 
very low but detectable in most. In Fig. S8, the abundances found in the 
archaeological tiles were marked with a diffuse yellow stripe, very close 
to the nonsignificant detection level (<1%). From these results, a range 
of firing times longer than 6 h and temperatures higher than 800–850 ◦C 
were deduced. 

In general, mullite and cristobalite are phases that only appear in the 
archaeological samples when they are heated at very high temperatures 
(1000–1100 ◦C). The first originates from the combination of decom-
posed illite and amorphous SiO2, while the second originates directly 
from amorphous SiO2 and quartz (Chen et al., 2000; Traoré et al., 2003; 
Aras, 2004; Martín-Márquez et al., 2008; Baccour et al., 2009; Pérez- 
Monserrat et al., 2019). In the replica samples, both phases began to 
appear at 1000 ◦C, and at 1100 ◦C, they became much more evident. The 
relative abundance of both phases increased with increasing firing times 
for CU samples. The absence of mullite and cristobalite in the archaeo-
logical samples from Tiebas reduced the upper limit of the temperature 
range at 950 ◦C, the highest at which they were not detected in the 
experimental samples (Table S2). 

Haematite, unlike the previous phases, did not appear or disappear 
but was present in all cases (Figs. 3, 4 and Tables S2 and S3), except 
when transformation into hercynite occurred. However, the intensity of 
this phase was proportional to the heating temperatures, so it could be 

used to more precisely determine the firing temperatures of the 
archaeological samples by extrapolating the results found for the 
experimental samples (Fig. 5a,c). Similar to Fig. S8, Fig. 5a,c represents 
the relative abundance of haematite depending on firing times and 
temperatures, expressed as the count intensity ratio of the maximum 
reflection at 2θ = 33.3◦ ((104) reflection of haematite, PDF 33–0664) 
and the maximum reflection at 2θ = 26.6◦ ((101) reflection of quartz, 
PDF 33–1161). The reddish colour of ceramics is closely related to their 
haematite content, which is the main cause of the red colour in this type 
of material (Torrent et al., 1983; Torrent and Barrón, 2003; Backes et al., 
2012). The decreasing CIEL*a*b* coordinates of replica samples (Fig. S3, 
Table S1) with increasing temperatures were related to the relative 
abundance of haematite (Fig. 5a,c). The darkening of replica samples 
that occurred between 1000 and 1100 ◦C matched the increase in 
haematite relative abundance at the same firing temperatures. The 
haematite/dark red colour relationship also explained the greater 
darkening of the CU samples at 1000 and 1100 ◦C with respect to the QP 
samples (Fig. S3, Table S1). 

Furthermore, the haematite reflection width (considering the signal 
at 2θ = 33.3◦) is inversely proportional to firing temperature and can be 
used to determine crystal sizes using Scherrer’s equation (Fig. 5b-d). The 
colour of the replica samples (Fig. S3, Tables S1 and S3) was related to 
the haematite crystal size, as is its relative abundance. The firing time 
and temperature evolution of the haematite crystal size is described as 
sigmoidal. The growth in the crystal size values remained constant be-
tween 700 and 850 ◦C, increased rapidly between 850 and 950 ◦C, and 
increased more slowly above 950 ◦C (Fig. 5 and Table S3). 

Regarding the evolution depending on firing times during the first 6 
h, the crystal sizes increased rapidly, while after 6 h, the growth in 
crystal size was much slower (Fig. 5b,d and Table S3). The CU samples 
showed an increase in crystal size with respect to the QP samples under 
the same firing conditions. The comparison of the relative abundance 
and crystal sizes of the haematite in the archaeological samples and the 
experimental samples indicated a firing temperature between 925 and 
1050 ◦C and an indeterminate firing time. Fig. 5d shows how temper-
ature and precise times were related and how one cannot be determined 
without the other. 

3.4. Acid digestion resistance (Colour and XRF) 

Another factor closely related to the firing conditions is the sintering 
process and the porosity changes of the ceramics (Tite, 1969; Martín- 
Márquez et al., 2008; Pérez-Monserrat et al., 2019). When the firing 

Table 3 
Results of the analysis of the matrix of coefficients of the main components grouped by the analysed replica sets. For each replica set the % of variance explained by the 
principal (C1) and secondary (C2) components. Reflections identified by the PCA as significant are shown. Abbreviations: Q–quartz (file 33–1161); R–rutile (file 
21–1276); I–illite (file 70–3754); H–haematite (file 33–0664); C–calcite (file 05–0586); Cr–cristobalite (file 39–1425).  

QP replicas, t = 24 h 
C1 = 71.5%; C2 = 17.6% 

QP replicas, T = 900 ◦C 
C1 = 44.8%; C2 = 42.0% 

CU replicas, t = 24 h 
C1 = 63.8%; C2 = 17.2% 

CU replicas, T = 900 ◦C 
C1 = 60.7%; C2 = 36.3% 

Reflection 
(2θ) 

Mineral phase Reflection 
(2θ) 

Mineral phase Reflection 
(2θ) 

Mineral phase Reflection 
(2θ) 

Mineral phase 

19.7 I (020) 19.7 I (110) 19.7 I (110) 20.8 Q (100) 
20.8 Q (100) 21.0 Q (100) 20.8 Q (100) 24.2 H (012) 
21.7 Cr (101) 33.3 H (104) 21.8 Cr (101) 27.4 R (110) 
24.2 H (012) 35.8 H (110) 22.3 I 33.4 H (104) 
26.6 Q (101) 40.3 Q (012) 26.6 Q (101) 35.2 I 
27.4 R (110) 42.6 Q (200) 27.5 R (110) 35.7 H (110) 
29.5 C (104) 45.6 Q (201) 33.0 H (104) 36.5 Q (110) 
33.3 H (104) 49.7 H (024) 35.6 H (110) 50.2 Q (112) 
35.7 H (110) 54.3 H (116) 36.5 Q (110)   
36.5 Q (110) 62.8 H (018) 39.4 Q (102)   
39.3 Q (102)   45.8 Q (021)   
42.4 Q (200)   50.1 Q (112)  
49.8 H (024)   54.8 Q (202)       

55.6 Q (103)       
57.9 Q       
61. 9 I    
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temperature increases, the mineral reactions and the surface fusion of 
silicate crystals favour sintering (Tite, 1969; Martín-Márquez et al., 
2008; Pérez-Monserrat et al., 2019). In the IR spectra of replica samples, 
the sintering processes increased at the highest temperatures, mainly in 
the QP samples (Figs. S5 and S6). This implies a reduction in the ceramic 
porosity and the differential possibility of the dissolution and/or attack 
of the minerals within (Tite, 1969; Martín-Márquez et al., 2008; Pérez- 
Monserrat et al., 2019). Because haematite is soluble in aqua regia, while 
quartz and some silicates are not, the attack of haematite under different 

firing conditions was studied. After an attack combining acidic media 
(aqua regia) and microwave treatment of the replica and archaeological 
samples, the resulting solid residue was analysed. 

In Fig. 6, the colour changes of the undigested residue corresponding 
to the same samples depicted in Fig. S3 can be seen. Colour coordinates 
of the sample residues shown in Fig. 6 are presented in Table S1 and 
Fig. 7. The undigested residues showed (Fig. 6) a greater colour change 
than the undigested powder samples (Fig. S3). For QP samples after acid 
treatment, L* drastically decreased with increasing firing temperature, 

Fig. 5. (a,c) Relative abundance and (b,d) crystal size of haematite (2θ = 33.3◦) depending on (a,b) firing temperatures and (c,d) firing times, sorted by experimental 
sample type and firing conditions. The relative abundance range and crystal size range of the archaeological tiles are indicated by fuzzy red horizontal lines. (a,c) The 
limit of detection (LOD) and quantification (LOQ) are represented by black dashed lines. 

Fig. 6. Images of the replica sample residues after acid digestion, sorted by sample type, firing temperature and firing time. Images of the archaeological tile residue 
(M4) and the clay (A15) after acid digestion are shown at the bottom left. 
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and the a* and b* coordinates increased in almost all cases below 900 ◦C 
and then decreased until 1100 ◦C was reached (Table S1 and Fig. 7). For 
the CU samples, at 900 ◦C, the values of L* decreased but did not 

decrease as drastically as in the QP samples, and a* and b* increased 
with increasing firing time (Table S1 and Fig. 7). At 24 h of firing, the 
values of a* and b* increased until 900 ◦C was reached and then 

Fig. 7. Evolution of the CIEL*a*b* coordinates of the digestion residues of replica samples with firing time at 900 ◦C (a,c) and firing temperature for 24 h (b,d). The 
colour range of the archaeological tiles is indicated by fuzzy horizontal lines for each coordinate. 

Fig. 8. Abundance of Si and Fe oxides with (a,c) firing temperature and (b,d) firing time, sorted by experimental sample type and firing conditions. The relative 
abundance range and crystal size range of the archaeological tiles are indicated by fuzzy red horizontal lines. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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decreased, similar to those of the QP samples. Visually, the CU samples 
retained the dark grey colour related to hercynite, so there were no 
differences between the iron mineral phases (haematite or hercynite) in 
terms of the accessibility of sintered ceramics attacked with aqua regia. 
The CU samples presented a darker colour than the QP samples under 
the same firing conditions, which means a greater change with 
decreasing firing time and temperature. 

Regarding the mineralogical phases found in the undigested resi-
dues, neither haematite nor hercynite was detected in the samples 
heated for the shortest times (1 h) at the lowest temperatures (700 ◦C) 
(Fig. S9). When increasing both factors, the extent of sintering increased, 
allowing the detection of haematite in QP samples fired for >24 h at 
>850 ◦C and hercynite or haematite in all replica samples fired above 
800 ◦C (Fig. S9). This is related to the protective role played by silicate 
phases in sintering in preventing iron compounds from being attacked. 
The colour of the archaeological sample residues was similar to that of 
experimental samples fired at 900–1000 ◦C. Regarding firing times, the 
absence of hercynite and the dark colour seen in the inner part of the 
archaeological samples indicated a firing time longer than 24 h. 

Fig. 8 shows how the relative abundance of SiO2 and Fe2O3 in the 
samples evolves with time and temperature variations. At low temper-
atures and short times, quartz was the major phase in proportion due to 
the loss by the dissolution of some other compounds based on Fe, K, Mg, 
and Ca. The white colour (high L* value and low a* and b* values) of 
sample residues fired at short times and low temperatures was related to 
the quartz abundance and the absence of haematite (Table S1 and 
Fig. S9). At high firing temperatures and long times, the opposite effect 
occurred (lower L* values and high a* and b* values), showing the high 
relative amounts of Fe2O3, the sintering of the material and the reduc-
tion in the internal porosity, so protecting iron-based compounds 
against acid attack (Tite, 1969; Martín-Márquez et al., 2008; Pérez- 
Monserrat et al., 2019). Sintering basically involves of the formation of 
glass zones between mineral crystals, in this case, quartz crystals (Tite, 
1969; Martín-Márquez et al., 2008; Pérez-Monserrat et al., 2019). The 
red colour of these other samples was related to their higher haematite 
content (Table S1 and Fig. S9). The CU samples showed a lower sintering 
temperature than the QP samples (50 ◦C lower). As in the case of residue 
colour, the abundance of silicon and iron oxide indicated a firing tem-
perature range of 850–1000 ◦C. The firing time range could not be 
estimated. Therefore, the elemental composition of the sample residues 
seems to be a valuable variable to model to determine the firing con-
ditions of the archaeological samples. Alternative methods were 
explored in order to evaluate the porosity of the ceramics, such as that 
employing the IR spectra (De Los Arcos et al., 2021) but the results found 
were not satisfactory. 

3.5. Firing temperature and time models 

As mentioned above, firing temperatures and times were closely 
related, and both influenced the physicochemical properties of the 
samples. Increases in temperatures reduced the firing times and vice 
versa. That is why it was mandatory to analyse both variables together 
as a three-variable system. The system was composed of an analytical 
variable measured with a physicochemical technique and the method-
ological variables, firing temperatures and times. Ideally, the analytical 
variable is linearly proportional to time and temperature so that an 
experimental equation describing the system can be obtained through a 
regression relationship. The original firing conditions of the archaeo-
logical samples were obtained by extrapolating the analytical values 
from replica samples in the equation obtained thanks to a model. How-
ever, in our case, the analytical variables obtained did not follow a linear 
function with temperature and time (Figs. S8, 5, 8). The analytical 
variables obtained followed a sigmoid function, which could be linear-
ized by different equations (Zullinger et al., 1984; Majer, 1995; Xiong 
et al., 1999; Yin et al., 2003). 

As analytical variables, those with the greatest variation ranges and 

the best proportionality were selected: haematite crystal size in undi-
gested samples (HCS, Fig. 5b-d, Table S3) and some relevant major 
element oxides in digestion residues (% SiO2 and % Fe2O3) (Fig. 8, 
Tables S4 and S8). The results used for modelling were only those of the 
QP samples since they covered all times and temperatures. The results of 
the CU samples were later superimposed on the model to assess their 
differences. 

Of all the sigmoid equations tested (logistic eq., Gompertz eq., and 
Cole eq.), the one that best describes the three-dimensional systems of 
temperature, time and each analytic variable (HCS, %SiO2, and %Fe2O3) 
was the following (Zullinger et al., 1984; Majer, 1995): 

Variable = A+
B

1 + 0.5 e− α (2) 

In Eq. (2), A and B are constants. A corresponds to the minimum 
value of the analytical variable, and B corresponds to the difference 
between the minimum and maximum values of the analytical variable. 
Because the behaviour of the haematite crystal size (HCS) followed a 
different sigmoidal function than that describing the elemental 
composition of % SiO2 and % Fe2O3, two variants of the model were 
used: variant one for the variable HCS and variant two for the variables 
% SiO2 and % Fe2O3. Alpha was a pseudo variable that depended on time 
and temperature. Although Eq. (2) was the same for both variants, the 
alpha exponent was different in each analytical variable and was 
substituted in Eq. (2) as α1 (for HCS, as all the subindexes of variable 1) 
or α2 (for % SiO2 and % Fe2O3, as all the subindexes of variable 2): 

α1 =
T − C/t − D

E/t + F
(3)  

α2 = C T ln(t)+D T − E ln(t) − F (4) 

Three linear regressions were used to model the analytical results. 
The first regression adjusted the analytical data with firing tempera-
tures, keeping firing time constant. The second and third regressions 
optimised the coefficients of the first regression considering firing times. 
In Eqs. (3) and (4), C, D, E and F are the coefficients obtained from three 
linear regressions applied to each. For these linear regressions of both 
variants of alpha, the analytic variable was transformed with the 
following formula to obtain the pseudo variable α from Eq. (2): 

ln(1/2) − ln
(

B
Variable − A

− 1
)

= α (5) 

From Eq. (5), the first linear regression was performed by 
substituting it into the following equations: 

α1 =
T − C′

1

E′
1

(6)  

α2 = C′
1 T − E′

2 (7) 

The first regression was performed for each series of temperatures 
(T) and analytical data (HCS, %SiO2, and %Fe2O3) with the same firing 
time (Figs. S10, S11 and S12). C′ and E’ are pseudo constants that were 
obtained from the slope and y-intercept of the linear regression, 
respectively. Eqs. (6) and (7) are analogous to Eqs. (3) and (4) except 
that the firing times and other constants are included within the pseudo 
constants C′ and E’. Once the pseudo constants C′ and E’ were obtained 
for each time, the remaining constants were determined by a linear 
regression: 

C′
1 = C/t+D (8)  

E′
1 = E/t+F (9)  

C′
2 = C ln(t)+D (10)  

E′
2 = E ln(t)+F (11) 
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Regressions were performed for each series of pseudo constants and 
firing times (Figs. S10, S11 and S12). C and E were obtained from the 
slope of the linear regression, since D and F were obtained from the y- 
intercept (Figs. S10, S11 and S12). Table 4 shows the model constants 
that were obtained from the three regressions of each experimental 
variable. 

Once the constants of both variants (1 and 2) of the sigmoid model 
were defined, the values of the analytical variables could be predicted 
for any time or temperature (Fig. 9). The model used for haematite 
crystal size (HCS) shows how the sizes increased with time in the first 
few hours and then remained constant. The variations with temperatur 
were much slower and progressive, and only a large increase from 
800 ◦C to 1100 ◦C took place. The behaviour of the experimental data 
(Fig. 9a) was very similar to that of the built model (Figs. S10, S11 and 
S12). In the case of the percentages of SiO2 and Fe2O3, at low firing 
temperatures and times, most of the soluble components were lost (low 
%Fe2O3), so the SiO2 content was very high. In contrast, by increasing 
the times and temperatures, the sintering process increased, and 
porosity decreased; thus, the soluble elements were better retained, and 
higher %Fe2O3 and minor SiO2 contents were detected. In this last case, 
despite being attacked with aqua regia, the amounts of % SiO2 and % 
Fe2O3 were almost the same as those detected without attack, 
approaching the value of the nondigested samples (63% SiO2, 12% 
Fe2O3). 

The goodness of fit of each regression was evaluated using the co-
efficient of determination (Table 5). The coefficient of determination 
was >0.95 in most cases. However, the coefficients of determination in 
some regressions are lower (but higher than 0.83), although they are the 
best of all the sigmoid functions that have been tested to describe the 
models. 

To check the precision of the model, the differences between the 
experimental data and the corresponding data in the model were eval-
uated. The difference between the experimental data and their respec-
tive data from the model was normalised with the constant B, since it 
represents the maximum variation of each model and allows for the 
comparison of variables (HCS, %SiO2, and %Fe2O3). In addition, the 
same differences were calculated with the intermediate model obtained 
from the first regression (which kept firing time constant and only 
considered the effect of firing temperature). From the results in Table 5, 
the first regression provided the smallest difference between the 
experimental data and those obtained from the models (Δ%Var in 
Table 5). In the case of HCS, the second and third regressions (with 
constant firing time and only considering the effect of firing tempera-
ture) increased the total difference (− 1.7% ± 6.1%) more than the first 
regression (− 1.7% ± 5.3%). This means that the fit with firing times was 
better than the fit with firing temperatures. However, in all cases, the 
differences between the model and experimental data were <10% 
(value of ± STD). 

The main advantage of these three-dimensional models is that they 
simultaneously considered the variables firing time and firing temper-
ature. In this way, it was possible to obtain, by extrapolating the 
analytical results of the archaeological samples, the theoretical condi-
tions that were used in their manufacture in the 13th century. The re-
sults obtained for the archaeological samples were haematite crystal 
sizes of 390 ± 60 Å and digestion residue compositions of 66 ± 4% SiO2 
and 8 ± 3% Fe2O3. The graphs in Fig. 10 were obtained by substituting 
these results in their respective empirical equations from the model. 

For the three experimental factors (HCS, % SiO2 and % Fe2O3) 

obtained for the QP samples (Fig. 10a, b and c, respectively), similar 
firing temperatures were observed, varying in the range between 925 
and 1000 ◦C. The firing time was unimportant for times longer than 12 h 
(Fig. 10). However, for times <12 h, time was clearly a variable to 
assess. 

The superposition of the experimental results obtained for the CU 
samples from the built model (from QP samples) indicated some dif-
ferences compared with those obtained for the QP samples. The depicted 
values were above the HCS and % Fe2O3 models and below the % SiO2 
model. From these results, it was estimated that the firing temperature 
inside the tiles was approximately 50 ◦C lower than that of its surface. 
The range of temperature values for archaeological samples was esti-
mated to be between 875 and 950 ◦C. No differences were detected in 
firing time between the experimental results of the CU samples and the 
model obtained from the QP samples. 

As mentioned above, the available literature on carreaux de pavement 
briefly mentions some approximate firing time and temperature values. 
The data provided (Table 6) are generally based on other literature 
references (concerning glaze melting) rather than on experimental de-
terminations. The detection of gehlenite is the only reference for 
experimental detection (Ben Amara et al., 2005). Gehlenite was not 
detected in our studied experimental replica and archaeological samples, 
so it could not be used as a marker of firing temperature. 

The firing time and temperature values provided in the literature for 
the carreaux de pavement (800–1000 ◦C), despite not being based on 
experimental data, are similar to those obtained experimentally in this 
article (875 and 950 ◦C). However, the temperature range provided by 
this new publication is much narrower and more precise. 

Regarding the firing time, only one reference was found (Table 6), 
and it referred to a firing time of two days, including an initial heating 
time of a few hours and a low temperature to remove moisture (Norton, 
1992). Firing for almost two days is compatible with the results obtained 
experimentally in the replicas (>24 h). 

3.6. Compressive strength 

Several investigations have found a direct relation between firing 
time and temperature and physical and mechanical properties (Tite 
et al., 2003; Cultrone et al., 2004; Karaman et al., 2006; Moses and Ben, 
2018). The mineral composition of the pastes or their resistance to acid 
was unknown in the 13th century. Conversely, the compressive strength 
was one of the physical properties that mattered to mediaeval craftsmen. 
Thus, compressive strength is one of the most crucial characteristics to 
assess. Mechanical property tests usually require the destruction of a 
large volume of archaeological samples. In this paper, the study of 
replica samples under the same manufacturing conditions as the original 
archaeological samples allowed for the determination of their mechan-
ical properties without the need to damage the archaeological samples. 

For the compressive strength tests, the CU samples were used since 
they had a thickness similar to that of the archaeological samples. The 
cubic samples (CU) were tested in triplicate, showing a progressive in-
crease in values with increasing firing time (Fig. S13a). The behaviour 
was more irregular with temperature (Fig. S13b). 

Considering the firing conditions deduced in the previous sections, a 
compressive strength between 50 and 80 MPa could be estimated 
(Fig. S13). The range of firing temperatures and times coincided with the 
highest strength achieved in the experimental samples, so the firing 
conditions used by these mediaeval craftsmen were optimal for 

Table 4 
Optimised constants of the acquired experimental models for Eq. (2) with their two variants (Eqs. (3) and (4)).  

Variable A (%) B (%) C1 (◦C⋅h) D1 (◦C) E1 (◦C⋅h) F1 (◦C) C2 (◦C) D2 (◦C) E2 F2 

HCS 176.6 307.2 251.6 977.2 60.8 53.4 – – – – 
SiO2 94.4 − 33.3 – – – – − 5 0.04 − 4.4 35.6 
Fe2O3 0.1 12.5 – – – – − 7 0.05 − 6.1 46.2  
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obtaining the best mechanical properties. 

4. Conclusions 

The firing conditions of the unique carreaux de pavement found in the 
Iberian Peninsula were determined by comparing the physicochemical 
and mineralogical properties of the archaeological tiles with those of 
some replicas manufactured in the laboratory and heated at different 
times and temperatures. The replication of the firing conditions of 
archaeological ceramic samples through experimental archaeology 
made it possible to establish a range of firing temperatures of 875 to 
950 ◦C. Likewise, the firing time was determined to be longer than 24 h. 

To obtain these results, the changes in the haematite crystal size and 
the composition of the acid digestion residue (% SiO2 and % Fe2O3) were 
determined, and an experimental model was created that considered 

Fig. 9. (a, c, e) Three-dimensional representation of the experimental results obtained for the selected analytical variables (HCS, % SiO2, and % Fe2O3) depending on 
firing temperatures and times. (b, d, f) Three-dimensional representation of the experimental model obtained with Eq. (1), their two variants (Eqs. (2) and (3)) and 
the constants presented in Table 4. 

Table 5 
Coefficient of determination (R2) and mean difference percentage (± STD) be-
tween the model and experimental data of the linear regressions (Eqs. (6)–(11)) 
for each analytical variable used.   

First regression Second and third regression 

Variable R1
2 Δ%Var ± STD R2

2 R3
2 Δ%Var ± STD 

HCS 0.96 ± 0.03 − 1.7% ± 5.3% 0.98 0.85 − 1.7% ± 6.1% 
%SiO2 0.93 ± 0.04 − 0.2% ± 8.5% 0.95 0.95 − 0.1% ± 8.5% 
%Fe2O3 0.96 ± 0.02 0.6% ± 7.3% 0.83 0.84 0.8% ± 7.6%  
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firing temperatures, times and the aforementioned analytical variables. 
The determination of the minimum firing times was also possible thanks 
to the identification of hercynite inside the samples fired at times <24 h, 
which was not present in the archaeological samples. 

Two types of replicas were manufactured: CU samples for studying 
the inner parts of the bodies and QP sample for studying the surface. The 
thickness of the samples was a relevant factor since the interior suffers a 
delay with respect to the surface in the firing temperature changes, as 
well as a different effect of the surrounding atmosphere. 

The firing temperature values provided in the literature 
(800–1000 ◦C), despite not being based on experimental data, are 
similar to those obtained experimentally in this article. The temperature 
range provided by this new publication is much narrower and more 
precise. The literature estimates that the heating time was at least two 
days, which is compatible with the results obtained experimentally for 
the replicas (>24 h). 

The firing conditions determined by using the model coincided with 
the greatest compressive strength (50 and 80 MPa). 

The precise firing conditions used to produce carreaux de pavement 
bodies were revealed thanks to this study. These firing data are the most 
accurate that have been obtained for carreaux de pavement and will serve 
as a basis for future research. The analytical techniques and numerical 
methods developed in this publication will serve as a model to apply to 
other ceramic materials whose firing conditions are to be known. 
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Moderne, 3. París, hal-01983251.  

Cicuttini, B., Ben Amara, A., Bechtel, F., 2008. An Investigation into the Ceramic 
Technology of the Two-Colour Tiles of “Prince Noir” Castle (Bordeaux, France, 
Thirteenth to Fourteenth Centuries AD). In: Proceedings of the 37th International 
Symposium on Archaeometry, pp. 55–60. Siena. https://doi.org/10.1007/978-3-642 
-14678-7_. 

Cultrone, G., Sebastian, E., Elert, K., de la Torre, M.J., Cazalla, O., Rodriguez Navarro, C., 
2004. Influence of mineralogy and firing temperature on the porosity of bricks. 
J. Eur. Ceram. Soc. 13, 621–634. https://doi.org/10.1016/S0955-2219(03)00249-8. 

Daghmehchi, M., Rathossi, C., Omrani, H., Emami, M., Rahbar, M., 2018. Mineralogical 
and thermal analyses of the Hellenistic ceramics from T Laodicea Temple, Iran. Appl. 
Clay Sci. 162, 146–154. https://doi.org/10.1016/j.clay.2018.06.007. 

De Benedetto, G.E., Laviano, R., Sabbatini, S., Zambonin, P.G., 2002. Infrared 
spectroscopy in the mineralogical characterization of ancient pottery. J. Cult. Herit. 
3, 177–186. https://doi.org/10.1016/S1296-2074(02)01178-0. 

De Bonis, A., Cultrone, G., Grifa, C., Langella, A., Leone, A.P., Mercurio, M., Morra, V., 
2017. Different shades of red: the complexity of mineralogical and physico-chemical 
factors influencing the colour of ceramics. Ceram. Int. 43, 8065–8074. https://doi. 
org/10.1016/j.ceramint.2017.03.127. 

De Los Arcos, T., Müller, H., Wang, F., Damerla, V.R., Hoppe, C., Weinberg, C., 
Tiemann, M., Grundmeier, G., 2021. Review of infrared spectroscopy techniques for 
the determination of internal structure in thin SiO2 films. Vib. Spectrosc. 114, 
103256 https://doi.org/10.1016/j.vibspec.2021.103256. 

Encyclopaedia of Global Archaeology (EGA), 2022. https://link.springer.com/referenc 
eworkentry/10.1007%2F978-1-4419-0465-2_360 accessed 24 March.  
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pp. 131–152. 

Majer, J., 1995. Mathematical approximation of sigmoidal shape curves tested on 
sensitometric curves of photographic material. J. Chemom. 9, 59–66. https://doi. 
org/10.1002/cem.1180090106. 

Maritan, L., Nodari, L., Olivieri, L.M., Vidale, M., 2020. Shades of black: production 
technology of the black slip ware from Barikot, North-Western Pakistan. J. Cult. 
Herit. 43, 342–355. https://doi.org/10.1016/j.culher.2019.10.002. 

Martínez, D., Ruiz, F.J., Vallejo, J.M., 2011. Algunas consideraciones en torno a unas 
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Ramis-Ramos, G., Álvarez-Coque, M.C., 2001. Quimiometría. Editorial Síntesis, Madrid.  
Ramos, M., 2001. Excavaciones en el castillo de Tiebas (Navarra), primer informe 

provisional, 1998. Trabajos de Arqueología Navarra 15, 167–213. 
Ramos, M., 2004. La arqueología experimental para una mejor interpretación de los 
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