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Abstract: Representative and very uneven texturally bricks having yellow/beige or pale or dark red
colors from the Renaissance walls (16th century) of Padua, Northeast Italy, were studied by means of
colorimetric, petrographic (MOP), chemical (XRF), mineralogical (PXRD) and microstructural analysis
(FESEM-EDS). Starting from the color measurements of the ceramic bodies, the manufacturing
technologies and their influence on the physical behavior and durability of the bricks were established.
The porous system was characterized by means of hygric tests and mercury intrusion porosimetry;
the compactness and structural anisotropy were defined through ultrasound velocity; the uniaxial
compressive strength was determined; and durability to salt crystallization and frost action of the
bricks was assessed. Mg- and Ca-rich illitic clays fired at temperatures ≥900 ◦C were used to
manufacture the beige hue bodies, while the pale red bricks were made out with Ca- and Fe-rich illitic
clays fired at 850–900 ◦C. A lower carbonate content on the base clays and a lower firing temperature
were the main causes responsible for the changing colors from beige to red hue. The increase of the
red color was associated to higher silicate inclusions content and lower development of reaction rims
around grains. The low sintering degree achieved yielded highly porous bodies with diverse porous
systems, leading to differential physical performance and durability of the bricks that may turn out
beneficial for the conservation of the historic walls.

Keywords: archaeometry; brick fabrics; durability; porosity; sintering; urban coloring

1. Introduction

When production technologies of ancient bricks are addressed, the color represents
a macroscopic feature that provides approximative information of firing dynamics and
compositional dynamics [1]. The final color of the ceramic bodies depends on the raw
clays’ composition and on the degree of ceramic transformation during firing, which is
mainly conditioned by temperature, time and redox environment inside the furnaces [2].
The colors of the ceramics may vary from white/off-white hue, indicating that Fe-free
raw clays were fired in oxidizing conditions, to grey and black hues if the raw materials
contained iron oxides and hydroxides or organic and/or Fe-bearing base clays fired in
reducing conditions [3–5].

Between these two extremes, ceramic materials may display a wide range of colors
and hues (from yellow, beige and red to dark brown and purple colors). Yellow/beige
ceramic bodies result when carbonate rich clays (defined also as calcareous clays) are fired
between 700 to 1000 ◦C, yielding calcium pyroxenes and melilite phases [6,7]. To obtain
light hue pastes, Al-species must be present, and a significant Si-rich glassy phase should
have developed [8].

On the other hand, even in low concentrations, hematite might be responsible for the
red colors of ceramic pastes [9]. Iron oxides, present in the raw materials and/or developed
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during firing from the breakdown of Fe-bearing minerals within illitic and/or chloritic
clays, dye the ceramic bodies in red [10,11].

When texturally very heterogeneous ceramic bodies are studied, the color may repre-
sent the only primary common feature and its quantitative measurement can be suitable
for performing a preliminary classification to state some analogies on the manufacturing
processes [12]. Moreover, when ancient bricks are intended to be reproduced, the knowl-
edge of the color range that adjusts with the aesthetical features of the original bricks
entails a useful quality check tool [13]. Besides the searching of a specific aesthetical result
in order to shape the urban coloring, the final color of ancient bricks may be likewise
the consequence of intentional practices. For instance, the use of carbonate-rich clays or
the addition of powdered carbonates to lower the starting sintering temperatures [14],
the adding of non-plastic materials (tempers) to improve the properties of the ceramics
products [15] or the mix of different clayey materials, a technique used to achieve more
workable paste or specific aesthetic results [16,17].

Brick manufacturing technologies were largely conditioned by the typology of con-
struction [18]. Defensive structures were usually built quite urgently and had to be highly
resistant [19]. Raw clays from the close vicinity were normally used and, due to the signifi-
cant number of necessary bricks, several brickworks were involved. Conversely, historical
defensive walls were normally built with quite heterogeneous materials and have been
largely exposed to decay agents. Hence, these constructions can be considered as outdoor
laboratories that may allow a better understanding of the physical behavior and durability
of their constitutive materials.

As the color largely depends on the composition of the raw material and the devel-
opment of high-temperature phases, that together with the sintering of the groundmass
provides strength to the bodies, the link between the color and the physical behavior and
durability of bricks can be established. Therefore, with increasing temperature, newly crys-
talized mineral phases are formed and a glassy phase that reduces pores interconnectivity
is developed [20]. The porosity is the main factor that controls the mechanical resistance
and hygric behavior of bricks and there is normally an inverse correlation between porosity
and durability [21]. Hence, the decrease of porosity with increasing temperature leads to
more compact and texturally uniform bodies, as porosity and anisotropy are gradually
decreased [22]. Thus, the fluids circulation inside the porous system, representing the main
cause involved in the majority of the decay processes, is reduced [23].

Starting from the color measurement of historic bricks from the Renaissance walls of
Padua (Northeast Italy), the main aim of the present research is to establish the production
technologies of such a type of materials by a multi-analytical approach and to define their
influence on the physical performance (interpreted both as hygric and mechanical behavior)
and durability of the bricks.

The preliminary grouping, based on color measurements, represented the starting
point for deepening the knowledge concerning some common production technologies
of historic bricks with very different textures. The main conclusions are: (i) the values
of the chromatic coordinates (a* and b*) represent markers of the mineralogical phases
formed during the firing process, hence of the approximative base clays composition and
firing temperatures, (ii) the very heterogeneous textures of the bricks (both within each
sample and among all the bricks) are the result of different production processes, this is
an expected issue considering that bricks were manufactured for a defensive construction,
(iii) when considering the physical performance and durability of yellow/beige bricks,
obtained from the firing at high temperatures of carbonate-rich clays, the compactness may
be lower than expected. Therefore, the link between the color and their hygric, mechanical
properties and their resistance over time cannot be always clearly defined.

The study of the historic bricks from the Renaissance walls of Padua has been ad-
dressed with an interdisciplinary approach that has comprised the collection of some gen-
eral data, on-site works and the performing of a multi-analytical study (Figure 1). This
study aims to highlight the important role of clay bricks in the built heritage of the city and
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to be part of the citizen awareness for the preservation of such a defensive complex and its
immediate surroundings.
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Figure 1. Flow chart of the interdisciplinary and multi-analytical study carried out on the original bricks that shape the
Renaissance walls (16th century) of the city of Padua, Northeast Italy.

The Renaissance Walls of Padua: Construction and Environs

The city walls were built under the Venetian Republic between 1523 and 1544, initially
as a strengthening of the pre-existing medieval walls and later as a defensive system that
provided a new urban design to the city [24]. The layout of the walls was largely coupled
to the fluvial system of the city, hence the irregular shape of the perimeter (Figure 2a).
The system consisted of walls (curtain wall, bastions, gates and bridges), water pipes
and cleared areas (Figure 2b), shaping a construction that was never surpassed [25]. Very
wide walls were built [26] and provided with an external reinforced cladding made of
a double-thickness of bricks (Figure 2c) and further strengthened in some areas with the
use of the Istria limestone and the trachyte from the nearby Euganean hills [27]. After the
fall of the Republic of Venice (1797), the walls lost their military importance but retained
their taxation usefulness. Although some modifications were accomplished since the
unification of Italy (1866), the original layout was almost conserved and nowadays is the
largest and best-preserved Renaissance wall in Europe [28]. Since the 1970s, a collective
awareness for the enhancement and conservation of the cultural and landscape heritage
of such Venetian defensive systems has emerged among the citizens of Padua. During
2020–2021, a comprehensive recovery plan of the walls was undertaken, which comprised
interventions both on the brick fabrics and on the immediately environs (Figure 2e).

The city of Padua is located in the eastern side of the Po Valley, characterized by
a continental climate with very frequent mists phenomena due to high humidity conditions.
The average temperature is about 15 ◦C and the average annual relative humidity is about
75% (according to the regional agency for the protection of the environment, ARPAV). The
city is just settled down on the Quaternary alluvial deposits of the Brenta and Bacchiglione
rivers. The main mineral components of the sands transported by those rivers are silicate
products (mainly quartz), calcite and dolomite as individual grain minerals, massive texture
grains aggregated with clayey materials and crystalline rock fragments, and metamorphic
and volcanic rock fragments. Iron-manganese nodules, hematite, Ti-bearing minerals,
apatite and zircon accessories are frequent [29].
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Figure 2. Padua’s Renaissance walls. (a) The irregular perimeter of the Renaissance walls (red) in-
cluded the Medieval walls (orange)—today largely disappeared—and the fluvial system that crossed
the city (light blue)—nowadays somewhat changed-. The white lines are the main passageways that
articulated the Medieval city according to the corresponding Medieval gates; (b–d) brick fabrics on
the facing South in 2019; (e) intervention on the wall accomplished during 2020–2021.

2. Materials and Methods
2.1. Ceramic Bricks from the Renaissance Walls

To carry out the visual inspection of the fabrics, four sections termed M1, M2, M3 and
M4 according to the cardinal points were considered on the walls. Such sections were quite
diverse in length due to the very irregular shape of the perimeter (Figure 2a). The original
bricks chiefly display beige and red colors. Overall, the bricks are quite well-preserved,
except in some North facings close to the channels, where significant bio-colonization can
be observed, and in specific areas such as the corners of the fortifications, where many
pieces are broken. Mortar joints (mainly made with lime binder) were largely lost in many
areas of the walls, both at the external and internal facings. The 2020–2021 interventions
focused on the cleaning of the brick surfaces, reintegration of fragmented bricks and on the
entire repointing of the mortar joints (Figure 2e).

Fifteen original bricks were taken from inconspicuous areas and where entire pieces
could be easily sampled, following the next criteria: (i) to be representative of the main
colors observed on the walls, (ii) to display a good conservation state and (iii) to be
collected from the various parts of the perimeter of the walls as far as possible from each
other. On fresh surfaces, obtained by the removing of an external thin slice by a tile-saw,
the appearance of the ceramic bodies is highly diverse and displays yellow/beige, pale
and dark red colors (Figure 3). Some bodies show a quite uniform texture, containing
fine-grained and homogeneous in size inclusions (M2_4.3, M3_3.1, M4_5.2 and M3_5.3).

Other samples display abundant rounded and sub-rounded heterometric in size clay
lumps (with dark hue) and carbonate (with bright hue) inclusions that occasionally reached
centimetric sizes. Dark and light clayey materials shaping flux textures corresponding
both to clayey and carbonate materials are also observed in some bricks (M2_4.6, M3_2.1
or M4_4.3). The bodies display a moderate compact appearance with some elongated
quite oriented pores (M1_4.7, M3_1.4, M4_5.2), although some friable textures were noted
(M1_4.8 and M4_4.1). Some clay lumps show porous rims (M2_1.1, M3_4.0 and M4_3.1) and
the detachment of some of them determined the high porosity of brick M3_4.0. Occasionally,
secondary crystallizations inside pores and fissures were observed.
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The colors of the ceramic bodies reveal the use of at least two types of raw clays and
the significantly different texture and macroscopic features were mainly the consequence of
the diverse manufacturing processes, suggesting that clayey materials from diverse areas
were used and different preparations were adopted. The flux textures can be due to the
heterogeneity of the base clay or may suggest the intentional mixing of clays, also for the
optimization of the available raw clays. Moreover, the presence of clay lumps indicates
that the clayey materials were not properly kneaded and/or seasoned [30].
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2.2. Analytical Techniques

Once the visual features of the ceramic bodies were described, the performed multi-
analytical study was based on archaeometry methodologies, in order to define the color,
composition and texture of the ceramic bodies, and on testing carried out to state the
physical performance and resistant over time (namely as durability) of clay bricks (Figure 1).
The physical behavior has been assessed, on the one hand, by the characterization of the
porous system by means of the determination of several hygric parameters and of the pore-
size distribution. On the other, by the determination of the compactness, anisotropy indices
and compressive strength parameters, that provides information about the mechanical
performance of bricks.

2.2.1. Color, Composition and Texture

The color was measured with the portable 3nh NS800 Spectrophotometer (SHEN-
ZHEN THREENH TECHNOLOGY CO., LTD., Shenzhen, China), following the UNE-EN
15886 standard [31] and using the CIELab and CIELCh spaces color. On a circular mea-
surement area of 8 mm diameter, D65 illuminant and 10◦ vision angle were selected to
measure the lightness (L*), chromatic coordinates (a* and b*), chroma or color saturation
(C*) and hue or tone (h◦). The measured values range in the following intervals: lightness
from 0 (pure black) to 100 (pure white), coordinate a* from +60 (red) to −60 (green) and
b* from +60 (yellow) to −60 (blue). The chroma values (C* = (a*2 + b*2)1/2) range from 0
(dullness) to 100 (vividness) and the hue angle (h◦ = arctan (b*/a*)) from 0◦ to 360◦. Ten
measurements per brick were performed and inclusions or clay pellets larger than 5 cm
were avoided to not distort the mean and deviation values.

The chemical composition of the bodies in terms of major and minor oxides (SiO2,
Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, TiO2 and P2O5 in wt %) was determined by
X-Ray Fluorescence (XRF) with a Wavelength Dispersive (WD) system using a PANalytical
Zetium compact spectrometer with a Rh anode and 4 kV X-ray generator (MALVERN
PANALYTICAL LTD., United Kingdom). Traces elements (Zr, Sc, V, Cr, Co, Ni Cu, Zn,
Ga, Rb, Sr, Y, Nb, Mo, Sn, Ba, La, Ce, Nd, Pb, Th, U and Cs in ppm) were also determined.
However, considering the approach of this study and the occurrence of zircon as accessory
mineral within the sands transported by the rivers that run through the city of Padua [29],
only Zr contents were considered (see Section 3.1.2). Before the analysis, 7 g per sample
were ground into powder in an agate mortar.
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Loss on ignition was determined gravimetrically as the weight loss recorded between
110 and 1000 ◦C. By comparison with certified values of reference materials, the preci-
sion of the analytical results was assessed [32] and XRF intensities were converted into
concentrations according to the De Jongh model [33].

The mineralogical composition was determined by Powder X-Ray Diffraction (PXRD)
with a PANalytical X’Pert PRO diffractometer in Bragg-Brentano geometry equipped
with a cobalt X-ray tube and a X’Celerator detector (MALVERN PANALYTICAL LTD.,
Malvern, UK). Powder samples were micronized following the indications proposed by
Locock et al. [34]. The working conditions were CoKα radiation, 40 kV voltage, 30 mÅ cur-
rent, 3–70◦ 2θ range, step size 0.02◦ and 1 s counts per step. Mineral phases were identified
using the X’Pert HighScore Plus software (developed by MALVERN PANALYTICAL LTD.,
Malvern, UK) and PXRD data were statistically treated by cluster analysis according to the
procedure proposed by Maritan et al. [35].

The petrographic and textural features of the ceramic bodies were examined in thin
sections by Polarizing Optical Microscopy (POM), using a Nikon Eclipse E660 microscope
(NIKON INSTRUMENTS INC., New York, NY, USA) equipped with a CANON 650 digital
camera and the Camera EOS digital microphotography system. Descriptions for ceramic
materials proposed by Whitbread [36] modified by Quinn [37] were used. Moreover, the
microstructure and the chemical composition of the ceramic bodies at a site level (specific
parts) were studied by High-Resolution Scanning Electron Microscopy coupled with a mi-
croanalysis of Energy Dispersive X-Ray Spectroscopy (HRSEM-EDS). The AURIGA of Carl
Zeiss SMT field emission scanning electron microscope with a focused Gallium ion beam
(FIB-FESEM) was used, with an acceleration voltage of 0.2 to 40 kV, a current of 6× 10−10 Å,
vacuum conditions of 10−5 Torr, a resolution of 35 Å and a working distance of 8 mm and
35 kV (CARL ZEISS MICROSCOPY CO., Jena, Germany). Polished thin sections coated
with graphite were observed and the images were acquired in back-scattered electron
mode at an acceleration voltage of 20 kV. Microchemical analysis were performed using
an Oxford Inca EDS system with a nominal resolution of 133 eV at 5.39 kV.

2.2.2. The Porous System

The hygric behavior of the bricks, interpreted as their fluids absorption and drying
capacity, was quantified by hygric tests performance. According to the UNE-EN 13755 [38]
and NORMAL 29/88 [39] standards, free (Ab)/forced water absorption (Af) and the drying
index (Di) were determined, respectively. These tests also allowed calculating the degree
of pore interconnection (Ax) [40], the saturation coefficient (S), the apparent (ρa) and real
densities (ρr) and the open porosity (Po) according to the RILEM standard [41]. The tests
were performed under controlled thermo-hygrometric conditions (18 ◦C and 35% RH).
Two cubic samples (edge: 40 mm) per each brick were tested. The characterization of
the porous system was completed through Mercury Intrusion Porosimetry (MIP), using
a Micromeritics Autopore IV 9500 porosimeter. The pore-size distribution was analyzed
within a radius range comprised between 0.001 and 1000 µm. The specific surface area
(SSA), open porosity (PoMIP) apparent and real densities (ρaMIP and ρrMIP) were also
determined. The pore-size distribution was defined, a very important data as the pression
exerted by decay agents such as frost and salts crystallization within capillary pores
(pores < 1 µm) may cause significant damage [42]. One freshly cut chip of about 1 cm3 per
brick was dried at 70 ± 5 ◦C for 8 h before being analyzed.

2.2.3. Compactness, Anisotropy Indices and Compressive Strength

The compactness of bricks was assessed through the measurement of the velocity
of the ultrasonic waves (compressional pulses, Vp), structural (∆M) and relative (∆m)
anisotropies. Ultrasound measurements were carried out using a Controls 58-E4800 ultra-
sonic pulse velocity tester with 54 kHz transducers. An ultrasound eco-gel was used for
a suitable coupling between the surfaces of the bricks and the surfaces of the transducers.
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The ASTM D2845 [43] standard was followed, and the formulae proposed by Guydader
and Denis [44] were used to calculate the structural (∆M) and relative (∆m) anisotropies.
Three cubic samples (edge: 40 mm) per each brick were measured.

The compression tests were performed according to EN 772-1 [45] and with a universal
testing machine (Galdabini, Varese, Italy) with a full-scale of 600 kN and an accuracy of
0.03%. The tests were run in force control with a loading speed of 400 N/s, corresponding
to a nominal 0.25 N/(mm2·s). The normalized compressive strength (fb) was computed
as the cubic compressive strength (fc) multiplied by the shape factor (d) of 0.8 provided
by EN 772-1 [45]. Three cubic samples (edge: 40 mm) per brick type (beige and pale red
hue bricks were considered) were prepared. The two surfaces of the cubes corresponding
to the flat surfaces of the bricks were pinpointed to be loaded in the compression tests.
The cubic brick samples were capped with a commercial high strength cement grout. The
dimensions and the weights were measured before preparing the samples with the cement
capping. The thickness of the capping on each of the two loading surfaces was in between
0.5 and 1 mm. The excess of grout on the unloaded sides was trimmed via grinding. The
capped specimens were cured in moist conditions at ambient temperature of T = 22 ± 2 ◦C
and relative humidity of RH = 95% for 2 weeks. Afterwards, the specimens were cured in
laboratory conditions at T = 22 ± 2 ◦C and RH = 65% until reaching a constant mass before
the mechanical testing.

2.2.4. Durability

The resistance of bricks to frost and salts actions over time was evaluated performing
the freeze-thaw [46] and the salt crystallization tests [47], respectively. Frost resistance
was evaluated on two cubic samples (edge: 50 mm) for each brick through 20 cycles of
24 h, comprised of 8 h at −12 ◦C (freeze period) and 16 h at 20 ◦C (thaw period). The
samples were dried at 60 ± 5 ◦C until constant mass and were submerged in water for
48 h before the starting of the cycles. Resistance to salt crystallization was assessed on
two cubic samples (edge: 40 mm) for each brick subjected to 15 cycles of 24 h using a 14%
Na2SO4 × 10H2O solution that may exert a crystallization pressure of 14 MPa in narrowed
spaces [48]. Before being tested, the samples were dried at 105 ± 5 ◦C until reaching
constant mass. The tests were performed under controlled thermo-hygrometric conditions
(18 ◦C and 35% RH). The gradual decay of the bricks was evaluated by visual inspection
and daily weight measurement.

3. Results and Discussion
3.1. Bricks Manufacturing Technologies
3.1.1. Bricks Color

The color measurements of the bodies are reported in Table 1 according to the a*
coordinate values ordered from the smallest to the biggest. In the beige hue pastes (group
A) the red component varies from 6 to almost 8, in the pale red ones (group B) between
13.5 and 16.4 and the dark red bodies (group C) show values higher than 19. Overall, the
increase of the red component is accompanied by the decrease of the lightness and by the
general increasing trend on the chroma, turning the pastes darker and more saturated. The
beige and the pale red bodies display a slight decrease on the b* values with the increase
of the a* coordinate. The higher standard deviation (Std) values mainly correspond to
the more uneven textural bodies, with a significant amount of inclusions visible with the
naked eye. The lesser lightness values (L* < 65) of the beige hue bodies M1_4.8, M4_4.1 and
M3_5.3 are mainly due to the more porous texture they show. The brick M1_4.8 displays
rather different values, yielding the highest b* and the lowest a* values, highlighting a
more yellow hue ceramic body. The dark red hue bodies display similar a* values (about of
20) and important difference regarding the b* values.

The three-color groups are better distinguished by the a* values (Figure 4). For similar
dispersion of the a* and b* values, the variation on the red component leads to a more
pronounced color change. For instance, the bodies of bricks M3_3.1 and M4_4.1 (belonging
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to group A) are separated by 5.27 points on the b* values. The bodies of M3_1.4 and
M4_4.3 are separated by 5.5 points on the a* values and belonged to two different groups.
Consequently, the a* coordinate may represent the best chromatic parameter for defining
the color changes of such ceramic bodies.

Table 1. Average and Std of lightness (L*), chromatic coordinates (a* and b*), chroma (C*) and hue angle (h◦) of the
ceramic bodies.

Hue Brick L* a* b* C* h◦

Beige
Group A

1. M1_4.8 1 62.33 ± 1.78 4.81 ± 0.16 28.29 ± 1.90 28.69 ± 1.86 80.31 ± 0.87
2. M4_5.2 74.18 ± 1.92 6.00 ± 0.24 23.88 ± 0.47 24.63 ± 0.45 75.88 ± 0.61
3. M4_4.1 67.22 ± 1.36 6.20 ± 0.30 23.93 ± 0.51 24.72 ± 0.44 75.35 ± 0.91
4. M3_3.1 70.52 ± 1.10 6.87 ± 0.20 18.66 ± 0.59 19.89 ± 0.58 69.77 ± 0.68
5. M2_1.1 71.13 ± 1.61 6.96 ± 0.46 23.09 ± 0.17 24.12 ± 0.20 73.23 ± 1.10
6. M2_4.6 72.27 ± 1.11 7.01 ± 1.00 21.23 ± 0.78 22.38 ± 0.90 71.72 ± 2.31
7. M3_5.3 64.79 ± 1.73 7.18 ± 0.45 20.82 ± 0.73 22.03 ± 0.72 70.97 ± 1.20
8. M3_1.4 69.71 ± 1.24 7.91 ± 0.58 20.93 ± 0.76 22.39 ± 0.82 69.29 ± 1.27

Pale red
Group B

9. M4_4.3 61.50 ± 1.66 13.46 ± 1.06 21.04 ± 0.45 24.99 ± 0.87 57.43 ± 1.71
10. M3_4.1 60.62 ± 0.89 14.63 ± 0.65 20.93 ± 0.71 25.54 ± 0.92 55.04 ± 0.63
11. M2_4.3 62.99 ± 1.58 14.73 ± 0.45 22.56 ± 0.38 26.95 ± 0.53 56.83 ± 0.56
12. M1_4.7 59.22 ± 0.31 15.56 ± 0.36 20.37 ± 0.55 25.63 ± 0.63 52.50 ± 0.40
13. M4_3.1 58.10 ± 1.77 16.35 ± 0.78 22.72 ± 0.56 27.99 ± 0.83 54.27 ± 1.20

Dark red
Group C

14. M3_4.0 46.23 ± 1.05 19.80 ± 0.47 18.68 ± 0.62 25.56 ± 0.48 46.97 ± 1.37
15. M3_2.1 52.17 ± 0.91 21.23 ± 0.62 25.06 ± 0.44 32.84 ± 0.71 49.74 ± 0.49

1 Despite the yellow hue shown by the brick M1_4.8, this sample was considered belonging to the beige hue bodies (group A) throughout
the results and discussion section.
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3.1.2. Chemical Composition of the Ceramic Bodies

Based on the chemical analyses (Table 2), the bricks show a high content of silica (40–
60%), alumina (11–19%) and alkaline-earth metals (CaO + MgO > 16%) and are moderately
rich in iron oxide (Fe2O3 ≈ 4–8%). Alkaline metals K2O and Na2O are rather moderate
(1.7% to 3.5%) and low (0.8% to 1.5%), respectively. TiO2 and P2O5 are generally lower
than 1% and MnO is lower than 0.1%.
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Table 2. Chemical analysis of the major and minor oxides (in wt %) and zircon trace element (in ppm) of the ceramic bodies
determined by XRF.

Hue Brick SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 Zr LOI 1 SUM

Beige
Group A

1. M1_4.8 43.6 11.2 4.54 0.09 9.59 20.9 1.05 2.04 0.86 0.27 202.8 4.85 98.9
2. M4_5.2 43.5 15.0 5.64 0.10 7.99 17.8 1.51 1.73 0.74 0.18 153.1 5.35 99.7
3. M4_4.1 45.9 11.8 3.98 0.07 5.92 18.5 1.52 1.77 0.64 0.24 165.1 9.52 99.9
4. M3_3.1 47.3 11.7 4.04 0.07 7.09 16.6 0.98 2.00 0.67 0.15 155.2 9.29 99.8
5. M2_1.1 48.7 15.9 5.61 0.10 7.08 13.9 1.28 2.94 0.66 0.17 162.5 3.24 99.6
6. M2_4.6 42.8 14.4 5.42 0.10 7.32 17.3 1.09 2.58 0.67 0.19 146.3 8.04 99.9
7. M3_5.3 46.7 11.3 4.59 0.08 7.57 15.5 1.10 2.23 0.83 0.27 174.0 9.81 99.9
8. M3_1.4 49.4 13.2 4.83 0.09 6.42 16.5 1.01 2.11 0.65 0.25 161.2 7.39 101.9

Pale red
Group B

9. M4_4.3 52.5 12.5 4.36 0.07 5.43 12.1 0.97 2.39 0.71 0.14 188.8 8.81 99.9
10. M3_4.1 50.5 11.7 4.31 0.07 4.93 13.3 1.02 2.61 0.77 0.15 176.8 10.67 99.9
11. M2_4.3 47.0 15.4 5.92 0.09 5.92 13.0 0.87 3.29 0.68 0.17 182.5 8.03 100.3
12. M1_4.7 50.2 14.7 5.56 0.10 5.53 12.2 0.81 2.36 0.74 0.19 157.5 8.61 100.9
13. M4_3.1 52.7 16.5 5.93 0.10 5.57 10.6 0.92 2.92 0.82 0.17 201.2 3.74 99.9

Dark red
(group C)

14. M3_4.0 55.2 18.3 8.07 0.10 4.72 6.6 1.43 3.17 1.12 0.30 190.3 1.01 99.9
15. M3_2.1 62.4 16.5 6.07 0.08 2.44 4.1 1.20 3.46 0.75 0.09 232.2 2.38 99.5

1 LOI = loss on ignition.

The beige hue bricks display the lowest silica and iron contents and the highest calcium
and magnesium oxides contents. On the pale red hue ceramic bodies, the amounts of silica
are higher, the alumina and Fe2O3 are slightly higher, and the calcium and magnesium
oxides are lower. On the red hue bodies, the largest silica, alumina and iron quantities
are detected, as well as the minor contents of calcium and magnesium oxides and a major
presence of K2O and Na2O.

High SiO2 and Al2O3 values may point out the significant presence of quartz and
feldspars within the bodies [49]. MgO values may be related to the presence of pristine
dolomitic inclusions and Mg-rich mineral phases nucleated during the firing process. The
high CaO contents might correspond mainly to Ca-bearing inclusions contained in the base
clays and calcium phases formed during firing. The content of K2O suggests the presence
of illite/muscovite on the raw clays, as well as that of K-feldspar.

The data achieved point out that base clays were silica rich, with an important clay-
mineral content and rich in carbonates, both limestone and dolostone. Such overall contents
are in concordance with the loss on ignition data, as greater values of LOI are mainly due
to a higher content of carbonates (loss of CO2) and clay minerals (loss of OH−) in bricks
rich in calcium and magnesium, which underwent the same firing temperature [50].

TiO2 and Zr contents generally rise with the increasing of the red component, except
for the yellow brick M1_4.8. Besides being traced in the clay minerals, the TiO2 and Zr
detected might be also related with the presence of accessory minerals such as rutile and
anatase (TiO2), titanite (CaTiSiO5) and zircon (ZrSiO4). P2O5 contents might be probably
related to the occurrence of apatite (PO4Ca) accessory mineral and/or with some secondary
phase. In fact, the formation of Ca and/or Fe phosphates as a secondary hydration phases
within the ceramic bodies might take place [51–53]. This is coherent with the high relative
humidity of the city of Padua and the significant CaO and Fe2O3 contents detected (Table 2).

When the chemical composition is considered within the ternary diagrams SiO2–
Al2O3–CaO + MgO and CaO–Fe2O3–MgO (Figure 5), the bricks clearly clustered according
to their colors. Based on the oxides content represented, it was observed that the beige and
pale red bodies display rather similar chemical composition. As previously noted, silica
and iron oxide contents raise with the increasing of the red component while calcium and
magnesium contents decline.
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3.1.3. Mineralogical Composition of the Ceramic Bodies

Regarding the mineralogical phases identified by PXRD (Figure 6), quartz, K-feldspars,
albite and illite represent the residual/relict component of the base clays, while anorthite,
diopside, gehlenite and hematite those crystallized at high temperature during firing.
Calcite, aragonite and zeolites (analcime and leucite) can be considered as secondary
phases formed after the firing and due to environmental transformation of the bricks after
its setting in the walls. The diffraction patterns mainly show the significant presence of
calcium aluminum-silicates and calcium/magnesium silicates on the beige hue pastes,
whereas silicate mineral phases and hematite are higher with the increasing of the red
component. In the beige hue bricks (group A), anorthite, diopside and calcite are the
predominant phases, gehlenite and quartz are abundant in almost all samples, whereas
forsterite is detected in several samples and K-feldspar is occasionally present. In the
yellow body M1_4.8, there is a marked presence of diopside, quartz is significantly low, and
the concentrations of leucite are high. In bricks M4_5.2 and M4_4.1, with lower a* values,
a significant presence of analcime is observed. Aragonite is identified only in sample
M2_4.6, the only one where calcite is lacking. On the two bodies with higher a* values
(bricks M3_5.3 and M3_1.4), hematite is clearly detected.

A more heterogeneous scenario is observed among the mineralogical assemblages
detected on the pale red hue bodies (group B), where the predominant phases are quartz,
K-feldspar, albite and calcite, associated to hematite, and with gehlenite occurring only in
some samples (where anorthite instead of albite is noted), as well as illite and aragonite
present only in brick M2_4.3 (where illite is more abundant than in other samples). The red
hue bricks (group C) display high contents of quartz, the highest hematite concentration
and rather variable mineralogical assemblage. Hence, while in sample M3_2.1 K-feldspar
is abundant, high albite and associated diopside and ferrobustamite are present in brick
M3_4.0. The phases observed in the bricks are important indicators of the firing dynamics.
More in detail, quartz and K-feldspars, originally present in the base clay, may remain up
to 1000 ◦C [50] and both are involved in high-temperature phases formation [7].

The chemical mechanism of illite/muscovite dehydroxylation (1) occurs between 450
and 780 ◦C [54], being the dehydroxylated phase almost unchanged up to 850–950 ◦C [55].

KAl2(Si3Al)O10(OH)2 → H2O + KAl2(Si3Al)O11
muscovite dehydroxylated phase

(1)
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The dolomite decomposition into calcite and periclase (2) occurs around 750–800 ◦C [4]
and the decarbonation of calcite into lime (3) is completed up to 900 ◦C, although in pure
systems such temperatures are lower [56–58].

CaMg(CO3)2 → CaCO3 + MgO + CO2
dolomite calcite periclase

(2)

CaCO3 → CaO + CO2
calcite lime

(3)

From the reaction of lime with free silica and/or alumina, derived from the dehy-
droxilation of illite (4), and between K-feldspar and calcite (5), gehlenite forms at about
800–850 ◦C [59].

2KAl2(Si3Al)O10(OH)2 + 6CaCO3 → 3Ca2Al2SiO7 + 3SiO2 + K2O + 2H2O + 6CO2
illite calcite gehelenite

(4)

2KAlSi3O8 + 2CaCO3 → Ca2Al2SiO7 + 5SiO2 + K2O + 2CO2
K-feldspar calcite gehelenite

(5)

The presence of gehlenite, that causes dingy colors, denotes that reactions were not
completed during firing [60], thus it normally behaves as an intermediate phase that reacts
with quartz and alumina giving rise to anorthite (6) at around 900 ◦C [61]. Anorthite may
also form by the reaction of calcite with quartz and K-feldspar (7) [62], and with quartz
and alumina (8).

Ca2Al2SiO7 + 3SiO2 + Al2O3 → 2CaAl2Si2O8
gehelenite anorthite

(6)

CaCO3 + 2SiO2 + 2KAlSi3O8 → CaAl2Si2O8 + K2O + 6SiO2 + CO2
calcite K-feldspar anorthite

(7)

2Al2O3 + 4SiO2 + 2CaCO3 → 2CaAl2Si2O8 + 2CO2
calcite anorthite

(8)

The high anorthite content indicates temperature exceeding 900 ◦C [63], although the
fine grain of the raw clays may enhance its crystallization at lower temperatures [2]. At
around 900 ◦C diopside may be formed by the reaction of silica and dolomite (9) [59].

CaMg(CO3)2 + 2SiO2 → CaMgSi2O6 + 2CO2
dolomite diopside

(9)

It should be considered that the PXRD technique normally reveals the peaks of a
generic clinopyroxene [64] and that ceramic pyroxenes are generally mentioned in the
literature as diopside [65], despite that in many cases it corresponds to fassaite [2]. The
detection of the high temperature phase ferrobustamite Ca(Fe2+,Ca,Mn)Si2O6 in brick
M3_4.0 points out the use of Fe-rich and Mn-bearing clayey materials. Therefore, the use of
the nearby lenses of alluvial clays rich in iron-manganese nodules [29] might be confirmed.

As the diffusion rate of lime is higher than that of periclase, the consumption of lime is
faster than periclase. Consequently, from the excess of periclase, Mg-silicates like forsterite
(Mg-olivine phase) can be nucleated with increasing temperature both at expense of Ca–Mg
silicates (10) [66] and by periclase reaction with silica (11).

CaMgSi2O6 + 3MgO→ 2Mg2SiO4 + CaO
diopside periclase forsterite

(10)

SiO2 + 2MgO→Mg2SiO4
periclase forsterite

(11)
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During firing, both dehydration of the iron oxy-hydroxides of the base clays and the re-
crystallisation of iron released from phyllosilicates breakdown, may generate hematite [10].
Well-crystallized hematite is a significant component only after heating at 900 ◦C [66],
although the firing of carbonate-rich clays may lead to the formation of hematite at about
750–850 ◦C [67]. Moreover, hematite nucleation points out oxidizing conditions, at least at
the end of the firing process [68]. The increase of hematite crystals scattered throughout
the matrix may lead to the darkening of the bodies [11].

Such results are in concordance with the data derived from the chemical and miner-
alogical composition of the sands transported by the Brenta and Bacchiglione rivers [29]. In
the beige hue bodies, the high content of gehlenite, anorthite and diopside, as well as the
presence of forsterite, point out that dolomite- and calcite-rich illitic clays were used and
that firing temperatures exceeded 900 ◦C. The intensities of diopside main diffraction peaks
suggest that bricks M1_4.8, M4_5.2, M2_1.1 and M2_4.6 were fired at higher temperatures
than the other ones. In the pale red bodies, the absence of diopside, the very low quantity
of gehlenite (except in bricks M2_4.3 and M4_3.1) and the rather significative presence
of hematite suggest firing temperatures around 850–900 ◦C and the use of clays less rich
in carbonates.

It is interesting to observe that, when PXRD data are statistically treated by cluster
analysis (Figure 7), bricks grouped according to their color. Those with beige color clearly
separated from the others and the differences observed among them (group A) were
related to slightly different firing temperature (as described above). Moreover, brick M3_4.0,
containing ferrobustamite, clearly isolates from all the others.

Taking into consideration the chemical data, the higher the a* values measured, the
lower Ca and Mg aluminum-silicate and the higher silica inclusions and hematite are
detected. The lower quantity of carbonates in the base clays, the lower firing temperature
as well as a possible shorter permanence inside the furnaces (especially the soaking time),
are suggested as the main causes responsible of the different colors of the bodies. Therefore,
with increasing temperature, the red component of the ceramic pastes become lower due
to the iron entrapment by the structure of gehlenite and Ca-pyroxenes, so the hematite
resulted to be less [8].

As high temperature silicates and carbonates cannot appear together [69], the calcite
detected probably corresponds to secondary calcite crystallized after the bricks were laid,
from the carbonation of the lime produced during firing and/or of the portlandite possibly
formed if the bricks were soaked in water to avoid lime blowing [70]. It is suggested
that, besides the lime from the mortar joints and the nearby aqueous solutions, the own
carbonate-rich clays might provide another source of the lime required for secondary calcite
precipitation. It should be considered that calcite decarbonation may extend up to 1000 ◦C
in calcite rich systems if the raw clays contained coarse calcite grains and/or if the heating
rate was rapid [66]. Therefore, the simultaneous presence of neo-formed phases and
primary calcite might take place during firing. The occurrence of aragonite in brick M2_4.6
could be related to the presence of humic acids [71] in the environment surrounding where
it was settled the brick.

Due to the low sodium as well as to the high aluminum and calcium contents deter-
mined in the ceramic bodies (Table 2), analcime Na(Si2Al)O6H2O detected by PXRD in
some beige hue bricks probably corresponds to wairakite (CaAl2Si4O122H2O), a zeolite
with almost the same diffraction pattern of analcime. The high humidity conditions of the
placement of the bricks may have fostered the formation of the zeolite from the amorphous
glassy phase produced during firing, a secondary product that was detected in other
historic bricks that shape the built heritage of the city of Padua [72]. As those products
were only detected in the beige hue bodies, the use of Ca-rich base clays seems to boost the
nucleation of these types of zeolites. Thus, the high contents of amorphous phase promoted
by high-fired carbonate-rich clays may enhance zeolites nucleation [53,73]. Wairakite can
also be derived from the transformation of gehlenite in humid environments [53,69,74]. In
the yellow body M1_4.8, the leaching of potassium from the alteration of the glassy phase
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might yield to leucite (KAlSi2O6) precipitation. Therefore, zeolite formation also points out
the important presence of calcium carbonate in the base clays and may induce some color
changes, turning the pastes lighter.
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Figure 6. PXRD patterns of the beige, pale red and dark red hue ceramic bodies, according to the
increasing of the red component (a* chromatic coordinate). Mineral abbreviations: quartz (Qz),
k-feldspars (Kfs), illite (Ilt), albite (Ab), anorthite (An), diopside (Di), gehlenite (Gh), forsterite (Fo),
hematite (Hem), ferrobustamite (Fbst), calcite (Cal), aragonite (Arg), analcime (Anl) and leucite (Lct),
after Whitney and Evans [75].
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3.1.4. Petrographic Description of the Ceramic Bodies

Under the polarized optical microscope, the ceramic micromass of the various bricks
displays colors from yellow–beige to dark brown–red hue (Figure 8). Despite the high
heterogeneity of the ceramic bodies, on the basis of the texture of the groundmass and
quantity of inclusions, samples show some common petrological features. Consequently,
three petro-fabrics (A1, A2 and B1) could be distinguished.

• Beige hue bodies (group A): petro-fabrics A1 and A2

1. Petro-fabric A1 (M1_4.8, M4_5.2, M2_1.1 and M2_4.6 samples) is characterized
by a homogeneous, bright yellow-brown hue and optically slightly active matrix.
High birefringence and clustered crystals—corresponding mainly to secondary
calcite—are extended through the groundmass. A low content of inclusions
(5–10%) are noted, mainly represented by greyish carbonate fragments with
reaction rims, heterometric in size with sub-rounded and sub-angular shapes,
which underwent decomposition during the firing process, so that they have
lost their birefringence and have developed dark halos. About 5% of the mass is
formed by fine-grained (silty in size) inclusions of sub-rounded monocrystalline
quartz. In some bricks, quartz occurs also with angular crystals of medium
sand-size, mainly due to its lower consumption during firing. Isolate K-feldspar
cystals rather altered, heterometric and sub-angular in shape, and plagioclase are
observed. Dark mica flakes and very fine grain-sized clay pellets with unimodal
distribution are evenly distributed within the matrix. About 5% of porosity is
noted, quite higher in brick M1_4.8, being represented by rounded and sub-
rounded pores (vesicles), homogeneous in size and by shrinkage rims developed
around inclusions, partially filled by secondary calcite.

2. Petro-fabric A2 (M4_4.1, M3_3.1, M3_5.3 and M3_1.4 samples) shows a slightly
optically active and quite heterogenous groundmass, where dark brownish and
bright yellow areas as well as micritic domains can be observed. Secondary
calcite is pervasively crystallized in some areas, increasing the birefringence
of the micromass. About 15–20% of inclusions are present and represented by
predominant carbonate grains in orange and dark brown colors, with unimodal
grain-size distrubution—occasionally up to 2 mm and with dark halos, sub-
angular shapes and with the development of intense reaction rims. About 1% of
the groundmass is formed by quartz inclusions, overall as single crystals with
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angular and sub-angular shapes and seriate grain-size distribution. K-feldspar
highly altered is frequent, displays seriate grain-size distribution and sub-angular
shapes. Sub-millimetric clayey pellets with unimodal distribution—occasionally
up to 2 mm—and dark lamellae of biotite with very marked exfoliation—where
secondary calcite is likewise formed—are common. Scattered hematite crystals
and some metamorfphic rock fragments (MFR)—quartzite and gneiss—and
argillaceous rock fragments (ARF) are detected. The micromass shows about
10% of porosity and secondary calcite crystals overlays the inner walls of pores,
with irregular and sub-rounded morphologies (vughs and vesicles), and almost
fill the porous rims.

• Pale red hue bodies (group B): three samples show analogous microscopic features
(petro-fabric B1), while other two set apart (M2_4.3 and M3_4.1).

1. Petro-fabric B1 (M1_4.7, M4_3.1 and M4_4.3 samples) is characterized by a uniform,
brown-red and slightly optically active groundmass—with a Fe-rich composition—
where portions with bright color and high birefringence—with a calcareous
composition—were embedded. Inclusions are abundant (40–50%), mainly sub-
rounded and sub-angular with bimodal grain-size distribution. Carbonate inclu-
sions are rather altered and some display reaction rims, single crystals of quartz are
angular and sub-angular in shape, K-feldspar also shows a high alteration degree
and coarser grains are occasionally observed, and plagioclase crystals and mica
flakes are often oriented. Sub-millimetric in size Fe-rich clay pellets—sometimes
over 1 mm, ARF with unfilled porous rims, opaque and scarce MFR are also present.
Porosity is quite low (less than 5%), corresponding with rounded and sub-rounded
pores (vesicles) with inner rims slightly covered by secondary calcite crystals.

2. Brick M2_4.3 is petrografically quite similar to petro-fabric B1, but is character-
ized by Fe-rich and Ca-rich domains segregated as flux textures.

3. Brick M3_4.1 shows a red color groundmass with speckled birefringent areas
where some bright crystallitic portions with secondary calcite are present. Inclu-
sions are very abundant (70–80%), overall quartz and K-feldspar, in sub-angular
shapes and mainly homogenous in size. Oriented plagioclase and biotite flakes,
millimetric and irregular in shape carbonate grains, very dark areas that may cor-
respond to relict of manganese nodules from the base clay and dispersed hematite
crystals are also detected. Clay pellets and ARF—occasionally with porous rims,
in some cases filled by secondary calcite—are also observed. Porosity is low,
being represented by irregular and elongated pores (vughs and channels) with
secondary calcite in the inner rims.

• Dark red bodies (group C): M3_4.0 and M3_2.1 samples

1. Brick M3_4.0 displays an intense red hue and high porous groundmass with
low optical activity. The inclusions content is high (40–50%) and represented by
carbonate grains rather altered but without evident reaction rims, quartz and
K-feldspar with unimodal grain-size distribution and angular and sub-angular
shapes. Plagioclase and mica flakes are often oriented. Fe-rich clay pellets are
frequent and ARFs normally display unfilled porous rims. Isolate hematite
crystals, opaque—mainly oxide minerals- and very dark portions—probably
also related with the high manganese content of the clayey earth—are detected.
Millimetric in size empty pores with sub-rounded morphologies are abundant.

2. Brick M3_2.1 shows a red-brown hue and slightly optically active groundmass
with speckled birefringent flux fabric. Carbonate grains, both fine grained within
the flux textures and very coarse highly transformed, can be observed. It is
suggested that decomposition of carbonate grains has provided abundant free
lime that has then crystallised as secondary calcite, in the border of the coarse
grains and in the adjacent micromass. Indeed, such secondary crystals are formed
within the fissures extending throughout the groundmass. Quartz and K-feldspar
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inclusions with unimodal distribution and angular shapes are highly abundant
(60–70%). Frequent plagioclase and mica flakes are often oriented to the brick
walls. Dispersed clay pellets, hematite crystals, opaque, dark nodules, ARFs
with no porous rims and high altered trachyte fragments with phenocrystals of
biotite and hematite crystals are also present.
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Figure 8. Photomicrographs in plain-polarized light (above) and crossed-polarized light (below)
of the beige, pale and dark red hue ceramic bodies, ordered according to the increase of the red
component (a* chromatic coordinate). Three general petro-fabrics were stated: A1 (M1_4.8, M4_5.2,
M2_1.1 and M2_4.6), A2 (M4_4.1, M3_3.1, M3_5.3 and M3_1.4) and B1 (M4_4.3, M1_4.7 and M4_3.1).
Samples M3_4.1, M2_4.3, M3_4.0 and M3_2.1 do not belong to any of these general petro-fabrics.
Images were taken at the same magnification.

The microscopic analysis of the bricks clearly indicates the use of at least two different
types of clayey materials. The base clays might contain both clayey materials composi-
tionally different or, as it has already suggested, such clays could be intentionally mixed
in order to improve the behavior of the bricks and/or for the better use of the available
materials. It is suggested that: (i) the carbonate-rich type of clay was predominantly used to
manufacture the beige hue bricks, that jointly with the higher firing temperatures yielded
more uniform textures; (ii) quartz grains might be intentionally ground and added to some
bodies (from their high content, angular/sub-angular shapes and homogenous size); and
(iii) secondary calcite formation may enhance the cementation and the lightening of the
bodies. Bricks with a higher red color component were produced owing to the major use of
Fe-rich clays. With the increasing of the red component a higher silicate inclusion content—
mainly quartz and K-feldspars—is noted, in concomitance with sharper morphologies and
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lower border alteration. Reaction rims were developed in a lesser extent, also in relation to
lower firing temperatures.

3.1.5. Microstructure of the Ceramic Bodies

The beige hue bodies were achieved an early stage of sintering (Figure 9a,c) despite
the high temperatures reached (≥900 ◦C). As silicon, aluminum, calcium and magnesium
were incorporated into the high-temperature phases, the melting process was blocked [76].
In fact, the micromass was found rather porous than the expected after MOP observations.
It is important to highlight that although the carbonates induce the blocking of the sintering
at high temperatures, they foster the development of a very stable microtexture [77]. Dark
particles with a melilite composition reaction rims and composed by Mg-rich silicate
crystals, more abundant in petro-fabric A1 (Figure 9a,b), can be noted. A Ca-Al-silicate
matrix is extended through some areas of the micromass, and Ca-pyroxene crystals are
crystalized within (Figure 9c,d).
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phase transformations at quartz grain boundaries; (b) Melilite rims around dark particles composed by Mg-rich silicate
crystals and partially-melted phyllosilicate in A1 bodies; (c) Melilite matrix and secondary calcite extended through petro-
fabric A2, secondary calcite likewise filling the shrinkage rims around Mg-rich clayey grains; (d) Detail of Ca-pyroxene
crystals developed within the melilite-rich matrix; (e) High Ca-rich clayey grains with shrinkage rims cemented by secondary
calcite; (f) Preferred orientation of elongated inclusions and Ca-rich crystals within carbonate rich clayey fragments; (g)
Microstructure with scarce melting evidence of petro-fabric B1 where Mg-rich clayey inclusions slightly altered at boundaries
are noted; (h) Detail of phyllosilicate with marked exfoliation along (001) planes and possible fassaite-type pyroxene; (i)
Fe-rich crystals (possibly hematite) growth along illite flake; (j) General view of the microstructure, Fe-oxides also growth
within K-feldspar grains; (k) Very low vitrified matrix in which pristine phyllosilicates—partially oriented— are still
recognizable and angular shapes of silica inclusions are still remained, and (l) Pristine illite/muscovite and Ca-rich mixed
clays. Legend: phyllosilicates (Phy), quartz (Qz), An (anorthite), melilite (Mll), rutile (Rt), ilmenite (Ilm), titanite (Ttn),
calcite (Cal) and k-feldspar (Kfs). After Whitney and Evans [75].

Mg-rich silicate grains with massive texture and porous rims can be also observed in
petro-fabric A2 (Figure 9c). Such grains, that may be considered both as carbonate grains
aggregated with clayey materials and clayey grains cemented by carbonates, are probably
related with the carbonate reprecipitation within the clayey sediments, a pedogenic process
quite common in the formation of the soils nearby the city of Padua, which makes such
carbonates act as a cementing agent [78]. Anorthite and phyllosilicate pseudomorphs
can be also observed, as during firing the primary plagioclase has progressively achieved
an anorthitic composition [79] and pristine illite was enriched in iron. In some areas of the
ceramic bodies of the samples assigned to petro-fabric A1, secondary porosity due to the
partial melting of phyllosilicates and the interconnection of pores with the formation of
bridging structures is also present (Figure 9b), suggesting the formation of intermediate
members of the åkermanite-gehlenite series from illite/muscovite, as stated elsewhere [80].
Secondary calcite precipitated through the bodies and within the shrinkage rims, overall
in A2 bodies, and Ti-bearing accessory minerals such as titanite, ilmenite and rutile are
detected (Figure 9c).

The microstructure of the pale red bodies (group B) also shows a low sintering de-
gree, reflected by the limited bridging among particles and the occurrence of abundant
isolated inclusions (Figure 9e–i). In some bricks, phyllosilicates still maintained the laminar
structure and the exfoliation along the basal planes due to dehydroxylation [22,81,82]. The
quartz and K-feldspars residual grains are rather abundant, displaying angular and sub-
angular morphologies, and almost no reactions with the evolving surrounding micromass
are observed. The dark inclusions composed of Mg-rich silicate crystals are observed in
a lower extent, mainly within the Ca-rich portions of the matrix (Figure 9i). A high content
of CaMg-rich clayey grains with porous rims occasionally filled by secondary calcite are
also observed (Figure 9e). Mg-rich clayey grains with a massive texture, slightly altered
boundaries and with differential calcium content are abundant (Figure 9e–g). Hematite
crystals occur, both scattered in the matrix and developed along phyllosilicate flakes
(Figure 9g,i).

The dark red hue bodies (group C) display similar microstructural features. Quartz
and K-feldspars grains are angular in shape and the tabular structure of phyllosilicate—
partially deformed—is preserved (Figure 9k). Scarce Mg-rich silicate crystals with rims are
present. The growth of Fe-rich oxides is noted within K-feldspar grains (Figure 9j).

These features are also in concordance with the MOP observations and with the
temperature data provided by PXRD results, especially for the beige hue ceramic bodies
(≥900 ◦C). Moreover, some pale red bodies did not exceed 850 ◦C, as during the firing
of the dark red hue pastes. To an increase of the red component color, the micromass
displays a lower degree of sintering. While the early sintering stage of the beige hue
bodies was inhibited by the formation of the high-temperature phases, in the red bodies
was mainly due to the lower temperatures reached during firing. It is suggested that both
Mg-rich clayey grains with massive texture and dark particles composed by Mg-rich silicate
crystals were derived from the differential transformation of the pristine impure carbonate
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fragments aggregated with clayey materials/clayey grains cemented by carbonates of the
raw clays. As these observations may correspond to diverse transformation stages, both
the alteration degree of such inclusions and the development of reaction rims around them
may represent markers of the firing temperatures and of the base clay composition. That
is, inclusions composed by Mg-silicates crystals and with melilite composition rims were
formed over 900 ◦C, enhanced by a higher content of Mg-rich calcareous clays. Moreover,
the presence of such Mg-rich inclusions can represent a provenance marker.

3.2. Bricks Physical Performance and Durability

Due to the high textural difference of the ceramic bodies, largely induced by the
diverse inclusions content and the composition of the micromass, the results achieved were
mainly analyzed considering the bodies belonging to petro-fabrics A1, A2 and B1, as some
trends can be stated chiefly due to their common petrological features. As samples M3_4.0
and M3_2.1 (belonging to group C) do not belong to any of the three identified general
petro-fabrics, their physical behavior and durability were not assessed.

3.2.1. The Porous System

Bricks are characterized by a high open porosity values, between 35% and 52%
(Table 3), being those with beige hue the most porous (Po > 40%), especially belonging to
petro-fabric A1, with an average of open porosity of about 48%. A1 bricks tend to absorb
water faster at the beginning of the test, reaching after the first hour a weight variation
from 0.18 up to 0.23, while more time it would be needed to reach the maximum free water
absorption (Figure 10). The open porosity values of the red hue bodies (overall around
35%) are in concordance with the porosities usually shown by traditional bricks [70] and
are mainly related to the low sintering achieved. In the beige hue bodies, produced from
carbonate-rich clays, the early sintering stage might yield bodies more prone to water
decay action. Hence, porosity due to decay process appears to be also included in the
results. Moreover, the porosity generated from CO2 release—a normal process during the
firing of carbonate-rich clays [83]—and generated by the contraction of inclusions during
the cooling process (especially for quartz, with the characteristic shrinkage rims) should
be also considered, although both porosities were partially filled by secondary calcite, as
microstructurally pointed out.
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Table 3. Hygric parameters and MIP results on the brick tested. Open porosity (%) and apparent and real density (g/cm3)
determined both by hygric tests and MIP (Po and PoMIP, ρr and ρrMIP, ρa and ρaMIP). Ab (%) = free water absorption; Af

(%) = forced water absorption; Ax = degree of pore interconnection; Di = drying index; S (%) = saturation coefficient. SSA
(m2/g) = specific surface area, percentage of pores comprised between 10 µm and 100 µm, 1–10 µm, 0.1–1 and lower than
0.1 µm determined by MIP. Means values of these parameters for petro-fabrics (PF) A1, A2 and B1 are also reported.

Hygric Tests MIP Performance

Hue PF Bricks Po ρr ρa Ab Af Ax Di S PoMIP ρrMIP ρaMIP SSA 10–100 1–10 0.1–1 <0.1

Beige
Group A

A1

M1_4.8 51.7 2.8 1.4 37.7 38.0 0.8 1.5 82.3 49.0 2.9 1.5 12.6 17.8 68.7 7.5 5.9
M4_5.2 46.4 2.7 1.5 30.6 31.9 4.1 1.6 83.7 44.1 2.7 1.5 23.5 0.8 4.6 71.4 23.1
M2_1.1 50.3 2.7 1.4 36.7 36.9 0.6 1.6 82.8 44.4 2.7 1.5 8.5 1.4 42.6 51.5 4.5
M2_4.6 42.9 2.7 1.5 27.3 28.3 3.6 1.6 87.0 42.4 2.7 1.6 25.3 0.2 6.5 65.7 27.7
Mean 47.8 2.7 1.4 33.1 33.8 2.2 1.6 83.9 45.0 2.8 1.5 17.4 5.1 30.6 49.0 15.3

A2

M4_4.1 42.1 2.7 1.6 24.5 27.0 9.2 1.6 80.4 39.9 2.7 1.6 9.7 9.2 62.6 21.8 6.4
M3_3.1 40.3 2.6 1.6 21.7 26.0 16.7 1.6 74.2 37.0 2.6 1.6 36.6 1.8 14.4 40.4 43.4
M3_5.3 42.1 2.6 1.5 25.7 28.4 9.8 1.6 81.6 35.0 2.6 1.7 21.4 2.9 40.9 27.8 28.5
M3_1.4 42.3 2.6 1.5 26.3 28.4 7.2 1.6 84.0 39.1 2.6 1.6 31.4 0.3 11.8 49.6 38.3
Mean 41.7 2.6 1.5 24.5 27.5 10.7 1.6 80.1 37.8 2.6 1.6 24.8 3.6 32.4 34.9 29.1

Pale red
Group B

B1

M4_4.3 34.6 2.5 1.6 20.5 21.5 4.6 1.6 86.9 30.0 2.5 1.8 25.8 0.5 0.0 52.7 46.6
M1_4.7 35.4 2.6 1.7 21.0 21.3 1.8 1.6 88.0 26.1 2.5 1.8 30.5 1.1 0.6 5.6 92.8
M4_3.1 38.4 2.6 1.6 23.3 24.3 4.0 1.6 87.6 39.1 2.6 1.6 16.3 2.0 15.6 63.2 19.4
Mean 36.2 2.5 1.6 21.6 22.4 3.5 1.6 87.5 31.7 2.5 1.7 24.2 1.2 5.4 40.5 52.9

M3_4.1 34.1 2.5 1.7 19.9 20.6 3.5 1.6 90.4 31.5 2.6 1.8 19.0 0.6 2.2 66.4 30.5
M2_4.3 43.0 2.6 1.5 28.6 28.8 0.7 1.6 87.7 36.5 2.6 1.7 15.2 0.9 1.1 77.7 19.7

Dark red
Group C

M3_4.0 43.3 2.6 1.5 26.4 29.0 8.7 1.6 82.0 39.8 2.7 1.6 6.3 4.5 41.8 48.8 4.0
M3_2.1 35.4 2.7 1.7 19.8 20.6 3.8 1.6 84.3 34.6 2.6 1.7 12.2 1.6 36.2 47.1 14.9

Real density values are quite similar in all the samples (from 2.5 to 2.8 g/cm3) and mainly
related with silicates and carbonates occurrence (quartz = 2.7 g/cm3, k-feldspar = 2.6 g/cm3,
calcite = 2.7 g/cm3 and dolomite = 2.9 g/cm3). The larger real densities of the beige hue bodies
may correspond to the high-temperature phases, with greater densities (melilite = 2.9 g/cm3,
anorthite = 2.8 g/cm3 and diopside = 3.3 g/cm3). The more porous are the bodies the higher
is the difference between both density values. In fact, samples M1_4.8 and M2_1.1, having the
highest open porosity values (Po > 50%), display the lowest apparent density values.

The greater the difference between water absorption at atmospheric pressure (Ab)
and water absorption under vacuum (Af), the more tortuous is the porous system, so
the communication between the pores (Ax) become more difficult [20]. The lowest inter-
connectivity resulted on the A2 bodies, with the highest Ax values (average Ax = 10.7),
where more water was absorbed by means of forced saturation (Figure 10). This suggests
that the inclusions content may increase the tortuousness of the pore system. The low Ax
values (<0.8) showed by samples M1_4.8 and M2_1.1, which are highly porous, point out
a decrease of the tortuosity corresponding to an increased porosity. On the other hand,
from the overall interconnectivity of the red hue bodies (Ax < 4.6, except for M3_4.0) it
is suggested that phyllosilicates orientation might likewise reduce the tortuousness. The
bodies with better connection between the pores (i.e., with lower Ax values) should display
the higher saturation coefficients [84]. However, the very high porosity values and the
important textural heterogeneity of the bodies might change such a trend in some samples.
It is interesting to note that as tortuosity reduces the bodies saturation, may somehow
enhance bricks durability as might minimize the entrance of water.

The more time the water remains inside the bodies, the more exposed are the bricks
to its decay action, so when the bricks durability is assessed, it is important to determine
the drying index (Di) [85]. The lower the index, the faster the drying, depending the speed
at which the brick dries out mainly on the porosity, pore interconnection and pore-size.
Regarding the drying capacity of the bodies, all show quite similar Di values (1.5–1.6)
and, in overall, a fast-drying rate in the first stages. Nevertheless, diverse behaviors are
observed in the drying curves slopes (Figure 10). The A1 bricks tend to dry faster, mainly
due to their higher porosity values, in particular the sample M1_4.8 (with the lowest Di and
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the highest Po). Drying is longer for A2 bricks, no common trend is showed by the curves
and water remains entrapped within the bodies at the end of the test, largely because of
the high tortuosity of the porous system. The first stage is quite short in B1 bricks that
gradually dries out in a similar manner and still retains water at the end of the test. In this
case, this effect is mainly related with the high percentage of pores with a size <0.1 µm
(Table 3), that are the last ones to lose water due to their small size.

The open porosity values achieved by MIP tests are in concordance with those de-
termined after the hygric test performance (Table 3). Hence, the highest porosities are
measured in the A1 bodies (average PoMIP = 45%) and the lowest in the B1 bodies (average
PoMIP ≈ 32%). The variable and high specific surface area values (SSA from 6 to 37 m2/g)
are largely due to the low sintering of the bodies as well as to their textural heterogeneity.
Higher SSA values are measured in bodies with the larger number of smallest pores (i.e.,
those under 1 µm, see Table 3), being more exposed to decay agents [86]. Bricks M2_1.1,
M3_5.3 and M3_4.0 show a quiet similar percentage of microporosity under and over 1 µm,
while the rest of the bricks display a predominant microporosity under 1 µm. This is mainly
related to the different manufacturing processes of the bricks. Such a trend is just modified
in the beige hue bodies of M1_4.8 and M2_1.1 (which were made with very carbonate-rich
clays) and is related to their higher porosity values.

Despite the rather diverse porosimetric curves (Figure 11), many bricks show a uni-
modal pore-size distribution, where a high quantity of pores lies within the 0.1–1 µm
range and with the maximum frequency between 0.4 and 1.3 µm. The width and height
of this peak are according with the open porosity variation—PoMIP from 26% (M1_4.7)
to 49% (M1_4.8)—and rather similarities display the curves of the samples belonging to
each petro-fabric. The displacement towards larger pore-sizes of the main peak for brick
M1_4.8 (>60% within 1–10 µm interval) is mainly related to its larger open porosity (49%)
and according to the friable texture noted on the fresh surface, as also observed for brick
M4_4.1. Just these two bodies (M1_4.8 and M4_4.1) show the largest number of pores
with size over 1 µm. The similar trend but with a wider and lower peak of M3_3.1 and
M3_1.4 bodies (A2 petro-fabric) maybe related with the seriate grain-size distribution of
the inclusions they contain. It interesting to note that the highly uniform textured M2_4.3
body displays the narrowest peak. The step towards smaller pores in the curves of M2_4.6
and M3_2.1 bodies might be related with the flux textures shown by such bricks, as it could
define the characteristic pore-size of the segregate portions texturally different within the
groundmass. Therefore, such flux textures may induce a differential behavior within the
bodies against the entrance of water and its transfer inside.

3.2.2. Compactness, Anisotropy Indices and Compressive Strength

Overall, the red hue bricks show high ultrasound velocities, in particular those be-
longing to petro-fabric B1 (average Vp = 2408 m/s) and rather high anisotropy values
(Table 4). Although the beige bodies were fired at higher temperatures than the red ones,
the higher open porosity (Po > 40%, Table 3) has turned out in less compact bodies than
expected, so smaller ultrasound velocities were measured. To a great extent, the formation
of high-temperatures phases with higher densities and the precipitation of secondary cal-
cite have influenced the peak velocity values measured in some beige hue bodies (M2_4.6
and M3_1.4). The lower velocities of bricks M1_4.8 and M4_4.1 (average Vp = 2025 and
1550 m/s, respectively) are consistent with the hygric parameters and, likewise, related
with the friable texture of such bricks, that yielded a weaker union among constituents of
the ceramic body. As the wave transmission decreases when inclusions content increases,
due to multiple reflections and refractions [87], the higher percentage of inclusions in the
A2 bodies may have led to a lower average velocity than for the A1 bodies. Nevertheless,
the higher amount of secondary calcite precipitated into A2 bodies and the high porosity
of A1 bodies—that has significantly reduced P-wave transmission—have yielded oppo-
site values than expected (average Vp = 2217 m/s and 2360 m/s for petro-fabric A1 and
A2, respectively).
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Table 4. VP1, VP2 and VP3 = velocities of ultrasonic wave propagation in the three orthogonal directions (m/s), Vp = mean
velocity (m/s), structural (∆M) and relative (∆m) anisotropies (%) of the bricks. Mean values for the petro-fabric are
also reported.

Hue Bricks VP1 (m/s) VP2 (m/s) VP3 (m/s) Vp (m/s) ∆M (%) ∆m (%)

Beige
Group A

A1

M1_4.8 1978 1996 2102 2025 3.5 5.2
M4_5.2 2014 2178 2333 2175 10.7 6.9
M2_1.1 1875 2088 2246 2070 13.5 7.3
M2_4.6 2223 2441 2551 2405 10.9 4.4
Mean 1 2037 2236 2377 2217 11.7 6.2

A2

M4_4.1 1287 1581 1779 1549 23.5 11.8
M3_3.1 2221 2384 2459 2355 8.2 3.1
M3_5.3 2156 2303 2420 2293 8.7 5.0
M3_1.4 2330 2454 2514 2433 6.2 2.4
Mean 1 2236 2380 2464 2360 7.7 3.5

Pale red
Group B

B1

M4_4.3 2326 2460 2583 2456 7.7 4.9
M1_4.7 2323 2412 2541 2425 6.2 5.2
M4_3.1 2269 2446 2548 2421 9.2 4.1
Mean 2253 2424 2547 2408 9.4 5.0

M2_4.3 2016 2246 2387 2216 12.8 6.1
M3_4.1 2335 2557 2676 2523 10.7 4.6

Dark red
Group C

M3_4.0 2001 2315 2420 2245 15.5 4.5
M3_2.1 2391 2446 2541 2459 4.1 3.8

1 As values measured in M1_4.8 and M4_4.1 bodies have resulted rather different than those from the other samples belonging to the
corresponding petro-fabrics (A1 and A2), in order to not distort the average such values have been excluded from the calculi.

The P-wave velocities are somewhat different in the three orthogonal directions, in
particular in the beige hue bodies, again because of the uneven textures and their high
porosity. Hence, almost all the bricks are highly anisotropic and especially in terms of
structural anisotropy (∆M), as it considers the velocity in the three directions of space,
whereas the relative anisotropy (∆m) is calculated from the two directions lying parallel to
VP1. Except for bricks M1_4.8 and M4_4.1, in the A1, A2 and B1 bodies, the decrease of
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the ∆M and ∆m anisotropies is observed, as well as the difference between both values, in
concordance with the progressive decline of the open porosity.

In concordance with the ultrasound velocities values, on the pale red bodies a higher
cubic compressive strength (fc ≈ 25 N/mm2) than on the beige hue bricks (fc = 23.4 N/mm2)
is measured. These values of strength approximately correspond with the upper range of
compressive strength found in literature concerning historic bricks [88–91]. Interestingly,
the compressive strengths are within the mechanical range of contemporary soft mud solid
clay bricks [92]. Both types of bricks show normalized compressive strength values higher
than 5 N/mm2 (fb = 18.7 and 23.2 N/mm2 for beige and red hue bricks, respectively),
which is the minimum compressive strength required for masonry units in the design
of masonry structures in seismic regions [93]. Moreover, according to [88,94], the data
achieved point out also the high resistance of both types of bricks to main decay agents.

3.2.3. Durability

After the salt crystallization test, some material loss is visually observed, mainly in
the A1 bodies and mostly located in the corners and edges of the cubic samples. The lower
increase of weight is recorded in the A1 bodies and some A2 bodies, and the B1 bodies
display rather similar weight rising (Figure 12a). The weight increasing between cycles 2
and 9 chiefly corresponds with the salts crystallized within the pores. Then, the weight
began to fall, primarily due to material loss—or it was almost stabilized with a very subtle
decline—mostly because of the crystallized salts that remain inside the bodies.

Minerals 2021, 11, x FOR PEER REVIEW 24 of 29 
 

 

 
Figure 12. Variation of weight in bricks belonging to petro-fabrics A1, A2 and B1 during durability tests. (a) Salt crystalli-
zation and (b) Freeze-thaw. Weight variation (∆M/M) versus time (in number of cycles, each cycle corresponds to 24 h). 
Each curve represents the mean of two measurements. 

4. Discussion 
The preliminary grouping based on color measurements of historic bricks rather 

well-preserved sampled from the Renaissance walls of the city of Padua has entailed the 
starting point for the knowledge of some common production technologies. Despite the 
highly uneven texture of the studied bricks—both within and among the bricks—beige 
hue, pale and dark red ceramic bodies were primary identified. From the compositional 
and textural analysis performed: 
(i) Mg- and Ca- (carbonate)-rich illitic clays fired at temperatures of over 900 °C were 

used to manufacture the beige hue bodies, while the pale red ones were made using 
carbonate illitic clays rich in Fe and fired at 850–900 °C. 

(ii) the beige hue was partly provided by the formation of calcium-aluminosilicates and 
calcium/magnesium silicates (high-temperature phases), which progressive decreas-
ing yields to red hues, as more iron remains free and may crystallize as hematite. The 
values of the chromatic coordinates (a* and b*) may entail markers of the mineralog-
ical phases formed during the firing process, hence of the approximative base clays 
composition and firing temperatures. 

(iii) an early sintering stage was achieved for the beige hue bricks, as the melting process 
was blocked by the formation of the high-temperature phases, while for the red bod-
ies it was due to the lower firing temperatures reached. 
Considering the high firing temperatures of the beige hue bricks, rather more com-

pact bricks were produced. The trend was changed mainly because of the early sintering 
stage achieved that yielded bodies more porous than the expected, and because of the 
high carbonate content of the used raw materials that shaped bodies more prone to water 
decay action. This occurred especially in M1_4.8 and M2_1.1 bricks, where the initial mi-
cro-porosity might have been increased due to dissolution processes. Hence, the physical 
performance and durability of bricks were influenced by the larger pores formed because 
of the dissolution of the carbonate-rich bodies rather than by the high temperatures 
reached. In the pale red hue bodies, it is interesting to note that besides the lower water 
entrance due to the lower porosity, the higher silicate content reduced the susceptibility 
of the bodies to water decay action. However, the higher micro-porosity under 1 μm in-
creased the vulnerability of the bodies to salts and frost action, which in turn may be partly 
reduced due to the lower tortuousness of the pore system. 

Despite the high open porosity values measured, the diverse pore-size distribution 
of the bodies may enhance the conservation of the bricks. Firstly, the two main pore-size 
distributions yielded by the different production processes followed the manufacturing 
of the bricks, one with a quite similar percentage of pores under and over 1 μm and the 
other with a predominant micro-porosity of under 1 μm. Secondly, there is the earlier 
micro-porosity inversion that might have taken place over time within the more Ca-rich 

Figure 12. Variation of weight in bricks belonging to petro-fabrics A1, A2 and B1 during durability tests. (a) Salt crystal-
lization and (b) Freeze-thaw. Weight variation (∆M/M) versus time (in number of cycles, each cycle corresponds to 24 h).
Each curve represents the mean of two measurements.

Despite that high porous bodies are more susceptible to decay by salts action [42], the
stop in weight increasing already in cycle 2 and the small material loss in sample M1_4.8,
which has the highest open porosity (PO ≈ 52%) and the largest amounts of pores over
1 µm (≈86%), suggest that these characteristics may allow a better salt solution circulation
with a reduced entrapped content within the pore system of the bodies. Hence, a better
resistance against salt crystallization may be achieved, as a lower weight increment and
material loss occurred. However, the higher porosity caused a greater cracking and/or
material loss. The loss of material in sample M4_4.1 is consistent with its hygric and
mechanical behavior (Tables 3 and 4), again due to the weaker union of their components.

The increase of weight in bricks M1_4.7 and M4_4.3 drops at cycle 10—due to material
loss caused by crystallized salts—and raises afterwards, as salts were likewise crystallized
in new fissures. The larger increase of weight in the B1 bodies is mainly due to the
significant percentage of pores under 1 µm, where the salt solution is retained in a higher
amount, with the potential crystallization of salts [88]. As for frost resistance, the A1 bricks
show a quite different behavior than A2 and B1 (Figure 12b), as the former—which lost
mass in the salt crystallization tests—display the highest increase of weight and were
broken down during the freeze-thaw test. Pervasive fissures due to frost action formed
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around the larger clayey lumps, pervading the whole M2_1.1 body. The other samples
show a lower increase of weight and did not lost material. Nevertheless, significant fissures
due to frost action were formed in M3_2.1 and M2_4.6. Low porosities and pore-size
distribution with many large pores enhance resistance to frost action of bricks [88]. Hence,
the high porosity values and the low sintering degree of the A1 bodies have induced overall
weight loss and damage in the M1_4.8 sample that displays approximately 85% of pores
over 1 µm and that has an open porosity of about 52% (Table 3). On the other hand, A2 and
B1 bodies show a resistance to frost action rather better than expected, as they have also
high porosity values and, in most of the bodies, the pore-size under 1 µm is predominant.
In the case of bricks B1, both the lower porosity and connectivity of the bodies might yield
more durable bricks.

It should be highlighted that the different pore-size and amount of sample analyzed
by means of hygric tests and MIP technique may provide not correlated data, especially if
high texturally heterogenous ceramic bodies are studied. Overall, a high porosity value
led to ceramic bodies being less resistant to both stress conditions, and it is suggested that
a low interconnectivity may increase bricks durability.

4. Discussion

The preliminary grouping based on color measurements of historic bricks rather well-
preserved sampled from the Renaissance walls of the city of Padua has entailed the starting
point for the knowledge of some common production technologies. Despite the highly
uneven texture of the studied bricks—both within and among the bricks—beige hue, pale
and dark red ceramic bodies were primary identified. From the compositional and textural
analysis performed:

(i) Mg- and Ca- (carbonate)-rich illitic clays fired at temperatures of over 900 ◦C were
used to manufacture the beige hue bodies, while the pale red ones were made using
carbonate illitic clays rich in Fe and fired at 850–900 ◦C.

(ii) the beige hue was partly provided by the formation of calcium-aluminosilicates
and calcium/magnesium silicates (high-temperature phases), which progressive
decreasing yields to red hues, as more iron remains free and may crystallize as
hematite. The values of the chromatic coordinates (a* and b*) may entail markers of
the mineralogical phases formed during the firing process, hence of the approximative
base clays composition and firing temperatures.

(iii) an early sintering stage was achieved for the beige hue bricks, as the melting process
was blocked by the formation of the high-temperature phases, while for the red bodies
it was due to the lower firing temperatures reached.

Considering the high firing temperatures of the beige hue bricks, rather more compact
bricks were produced. The trend was changed mainly because of the early sintering stage
achieved that yielded bodies more porous than the expected, and because of the high
carbonate content of the used raw materials that shaped bodies more prone to water decay
action. This occurred especially in M1_4.8 and M2_1.1 bricks, where the initial micro-
porosity might have been increased due to dissolution processes. Hence, the physical
performance and durability of bricks were influenced by the larger pores formed because
of the dissolution of the carbonate-rich bodies rather than by the high temperatures reached.
In the pale red hue bodies, it is interesting to note that besides the lower water entrance due
to the lower porosity, the higher silicate content reduced the susceptibility of the bodies
to water decay action. However, the higher micro-porosity under 1 µm increased the
vulnerability of the bodies to salts and frost action, which in turn may be partly reduced
due to the lower tortuousness of the pore system.

Despite the high open porosity values measured, the diverse pore-size distribution
of the bodies may enhance the conservation of the bricks. Firstly, the two main pore-size
distributions yielded by the different production processes followed the manufacturing
of the bricks, one with a quite similar percentage of pores under and over 1 µm and the
other with a predominant micro-porosity of under 1 µm. Secondly, there is the earlier
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micro-porosity inversion that might have taken place over time within the more Ca-rich
bricks and that raised the number of the larger pores. That diverse pore-size distributions
might lead a differential physical behavior and durability of the bricks that, acting jointly
in the fabrics, might counteract the damage caused in bricks by the main decay agents and
by the own passing of time.

It could be stated that the beige hue bodies displayed a rather good physical perfor-
mance and durability in the medium time, fostered by the high-density mineral phases
formed during firing and by secondary calcite precipitation, while the pale red in the
long time. To date, it is suggested that such differences probably turned out beneficial
for the conservation of the brick fabrics of the wall. Moreover, as drying takes place only
when vapor is diffused from the wet surfaces of materials into the environment [95], it is
suggested that the high humidity of Padua might enhance the conservation of the bricks,
as has been observed in other historic bricks of the built heritage of the city [72]. That is, the
high open porosity of the bodies facilities the entrance of water inside the bricks and, due
to the surrounding humidity, a rather low moisture gradient between bricks surface and
the nearby environment might take place, so the humid conditions within the bricks may
remain fairly constant. As building materials suffer more decay when they are exposed to
changing environmental conditions [96], such a pretty equilibrium might foster a better
preservation of the bricks.

When historic brick production technologies are addressed, the relation of the color
pastes with the chemical and mineralogical composition of the ceramic bodies could
be normally defined. Nevertheless, although the color of the pastes largely depends
on the development of high-temperature phases that, together with the sintering of the
groundmass, yields more compact ceramic bodies, the link between such colors and the
physical performance and durability of bricks cannot always be clearly established.

5. Conclusions

While the color of the ceramic bodies has provided an identifier of the manufacturing
technologies of the historic bricks of the Renaissance walls of the city of Padua, the sintering
degree could be used as a quality marker of their physical performance and durability.
The achieved data build the foundation for future comprehensive studies of ancient bricks
towards the understanding of their physical behavior and resistance over time from the
manufacturing process. The attained knowledge strongly relies on the importance in
considering historic bricks as systems within an entire structure that are continuously
interacting with the surrounding environment. However, further work should be con-
ducted. Primarily, it would be advisable to frame the results achieved in a broader context,
comprising a higher quantity of bricks both from the walls or other heritage constructions
of the city. Moreover, considering the rather good conservation state of the studied bricks,
further research should point towards the definition of the moisture gradient between the
bricks surface and the nearby humid environment as well as the differential distribution of
loads and efforts that may take place inside the brick fabrics due to the diverse porosity
and porous system of the bricks constituting the walls.

On the other hand, if ancient bricks were intended to be reproduced, both for restora-
tion and new construction purposes, the original aesthetical features would be ensured by
means of color measurements. Moreover, the sintering degree would be used as a quality
marker of the bricks physical performance and durability. Hence, the achieved knowledge
provides significant data to produce new quality bricks that would increase the conserva-
tion of the built heritage. Considering the extensive use of clay bricks worldwide and that
the largest part of world heritage sites is exposed to environmental changes and natural
hazards, the potential transfer of the approach proposed by this type of multi-analytical
study is of key relevance. Lastly, the performed study was focused on highly uneven
textured ancient bricks within an historical structure that is interacting with aerial and
partially aquatic environs. Certainly, such an approach might be also addressed towards,
for instance, new bricks used in contemporary constructions or buried ancient ceramics. In
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both cases, rather more uniform results would be expected, in that present-day bricks are
normally produced under highly standardized processes and quite stable climatic changes
take place in buried environments.
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