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A B S T R A C T   

The compositional study of two main types of clayey materials outcropping nearby Padua (Veneto region, north- 
eastern Italy) and bricks used in historical constructions of the city is here addressed. Mineralogically, the clayey 
materials are illitic-chloritc clays, both non-carbonatic and carbonatic/highly-carbonatic clays, that chemically 
correspond to clays with important contents of silica and/or iron and of calcium and/or magnesium, respectively. 
Two main type of historic bricks were produced: i) one using mixtures of illitic/illitic-chloritic clays with 
abundant quartz and of carbonatic clays and firing temperatures between 950 and 1000 ◦C, and ii) a second one 
made out of illitic-chloritic clays non-carbonatic and fired around 850–900 ◦C. The comparative analysis be
tween the mineralogical changes occurred in the clayey materials with increasing temperatures and the mineral 
assemblages detected in the studied bricks have provided evidences about the mixture of raw clays, that could be 
in turn compositionally similar to those analysed. The development of aluminium and magnesium-calcium sil
icates and/or magnesium silicates during the firing was fostered by mixing such base clays, giving rise to very 
durable and highly calcareous bricks. Whereas titanium and the trace elements zircon, vanadium, chromium and 
zinc may entail markers of provenance of illitic-chloritic clays quarried in the area, the strontium may represent a 
geochemical fingerprint for constraining supply areas of carbonatic clays. The compositional analysis carried out 
through the combined use of X-Ray Powder Diffraction (XRPD) and X-Ray Fluorescence Spectrometry (XRF) has 
provided data regarding to the composition and provenance of the starting clays as well as procedures and firing 
dynamics adopted for the manufacturing of the traditional bricks in the city of Padua from Roman Times to 
Renaissance.   

1. Introduction 

Earthen materials have been used in construction since ancient 
times, firstly sun-dried (adobe) and later fired (clay bricks). The 
worldwide use of fired bricks is mainly due to the abundance of clays on 
the earth’s surface, a geo-resource relatively easy to be extracted, to give 
form and to transform into a ceramic product. Clay bricks build up 
heritage constructions and entail traditional materials meaningfully 
linked with cultural identities of peoples. Combined studies of local 
clayey deposits and traditional bricks of a given area provide valuable 
insights about the ancient technologies adopted for brick manufacturing 

(Pavia, 2006; Grifa et al., 2017; Dalkılıç and Nabikoğlu, 2017). 
Large dimension bricks were used to build many Roman construc

tions and, after the fall of the Western Empire, brick production was 
properly reactivated in the ancient continent during the 12th century, 
when it was assumed by the Dutch (Campbell and Pryce, 2003). The 18- 
19th centuries marked the large-scale production and in the 20th cen
tury the reduction of the firing times or the production of lightweight 
bricks with high mechanical resistance were progressively achieved 
(Lourenço et al., 2010; Ramos et al., 2018). By the end of the last cen
tury, industry began to focus on sustainable brick production (Domí
nguez and Ullmann, 1996). In fact, eco-innovative solutions based on 
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the reuse of waste products as additives have been researched since the 
last decades (Cultrone and Sebastian, 2009; Coletti et al., 2018; Coletti 
et al. (2023); Crespo et al., 2023). Nowadays, the most innovative 
technologies point towards the development of 3D printed bricks 
(Abdallah and Estévez, 2021; Sangiorgio et al., 2022). 

Clays, mainly composed of silicates (including phyllosilicates) and/ 
or carbonates, transform into a ceramic product by firing. During the 
firing process, the minerals present in the base clays undergo decom
position (their lattice breakdown) according their thermal stability, 
forming an amorphous phase enriched in silica that decreases with 
increasing temperature as newly mineral phases nucleate and/or growth 
(Rathossi and Pontikes, 2010). The firing of carbonatic clays between 
700 and 1000 ◦C gives rise to Al-Ca silicates (such as gehlenite or 
anorthite), Mg-Ca silicates (such as diopside) and/or Mg-silicates (such 
as forsterite), accordingly with the calcite and dolomite contents in the 
starting clays (Cultrone et al., 2001; Trindade et al., 2009). These high- 
temperature mineral phases result from the reaction of the chemical 
elements made available from the phyllosilicates breakdown with other 
silicates (such as quartz), as well as with the lime and/or periclase 
derived from the decomposition of calcite and/or dolomite (Duminuco 
et al., 1996). In addition to the co-existence of relicts of the primary 
minerals with the firing phases, secondary or post-firing phases can be 
found in historic bricks. These phases were formed after firing, mainly 
from the transformation of the firing phases (both minerals and amor
phous) and/or related to chemical processes occurred in the environs 
where the bricks were laid (Maritan, 2020; Pérez-Monserrat et al., 
2022b). 

From the mineralogical and chemical analysis of clayey deposits 
outcropping nearby Padua (Veneto region, north-eastern Italy) and of 
historic bricks used in the built heritage of the city, the primary aim of 
this research consists in performing the comparative study between the 
two types of materials. Besides, by the experimental firings to be carried 

out, an increasing knowledge of the firing dynamics of carbonatic clays 
with a significant presence of dolomite is expected to achieve. 

1.1. Clayey deposits nearby Padua and the key role of bricks in the built 
heritage of the city 

The province of Padua is located in the eastern Po Plain (Veneto 
region, north-eastern Italy) and it lies on the quaternary alluvial sedi
ments of the Adige, Brenta and Bacchiglione rivers (Fig. 1a). The sand 
fraction of these deposits mainly comprises silicates (quartz, K-feldspars 
and plagioclase), carbonates (calcite and dolomite) as well as meta
morphic and volcanic rock fragments. The clay fraction consists chiefly 
of clay minerals such as illite, chlorite, montmorillonite and kaolinite. 
Hematite, iron-manganese nodules, Ti-bearing minerals, apatite and 
zircon occur frequently as accessory minerals (Jobstraibitzer and Mal
esani, 1973). Clays with significant amounts of iron from the weathering 
of the nearby volcanic rocks, especially the trachyte of the Euganean 
Hills (Fig. 1b), and carbonatic clays related with the formation of the 
calcic pedogenic horizons, are extensively present in such deposits 
(Mozzi et al., 2003; Maritan, 2004; Cucato et al., 2008). The abundance 
of clayey deposits has conditioned the wide use of fired bricks as 
building material along history in the city, providing in turn cohesion 
and identity to the area and fostering a leadership ceramic industry in 
the region. 

The territory of Padua has been occupied by human settlements since 
the Late Bronze Age (9-8th centuries BCE) and the municipium of 
Patavium was a strategic trade area during Roman Times, enhanced by 
its geographical centrality in the Veneto region and its nourished fluvial 
system. Between the 5th and 10th centuries, periods of depopulation 
and reactivation occurred in the city, starting the recovering of the area 
at the beginning of the 11th century. In the 12-13th centuries, during the 
Middle Ages, the expansion of the city was marked by a deep urban 

Fig. 1. (a) Location of Padua’s province (red circle) in north-eastern Italy and the waterways of the main rivers flowing nearby Patavium at Roman times (from 
Germinario et al., 2018); (b) Simplified geological sketch map of the Euganean Hills (from Piccoli et al., 1981): 1. Fluvial deposits of local streams, 2. Fluvial deposits 
of the Adige River, 3. Fluvial deposits of the Brenta-Bacchiglione River, 4. Slope deposits, 5. Marl, 6. Limestone, 7. Rhyolite and trachyte, 8. Basalt, 9. Latite, 10. 
Sampling site; (c-f) Hand specimens of one of the clayey materials cored in each of the four boreholes. 
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awareness (Chavarría, 2011). Along the 14th century, a more stable 
reunification of the territory as well as an extraordinary cultural and 
artistic development were attained. At the beginning of the 15th cen
tury, Padua’s territory was annexed to the Republic of Venice, starting 
from the Renaissance a new era of economic and cultural growth. 

In Roman Times, many brick-making workshops arisen in the area 
(Bonetto, 2015), where the firing temperatures reached 900–1000 ◦C 
(Cagnana, 2000). Brick manufacturing ceased after the fall of the 
Western Empire and, to date, no data has been found about brick pro
duction in the city along the Late Antiquity. The reuse of Roman bricks 
was a very extensive practice during the 12-13th centuries (Chavarría, 
2011). The reused bricks were normally cut to be fitted within the new 
fabrics (Causarano, 2019) and companies devoted to the recovery and 
sale of ancient building materials emerged (Calaon, 2015). The reuse 
practice ceased along the Middle Ages as the production of bricks was 
reactivated and new furnaces were built. The bricks that were then 
produced were smaller in size than the Roman ones and their produc
tion, dimension and trade were strictly controlled by the Municipality 
(Gloria, 1873). The most important brick work built in Padua under the 
Venetian Republic was the Renaissance Walls, a defensive system that 
provided a new urban design to the city (Mazzi et al., 2002). 

Definitely, Padua’s history is collected in the built heritage of the 
city, where the fired brick is entangled with peoples and shapes very 
emblematic constructions currently well-preserved. From Roman Times 
to Renaissance, the main technological modifications progressively 
accomplished for the brick manufacturing in the city were the produc
tion of bricks using a lesser content of carbonatic clays and the decrease 
of the firing temperatures (Pérez-Monserrat et al., 2021, 2022a, 2022b). 

2. Materials and methods 

2.1. Materials: Clayey materials (air/dried and fired) and historical 
bricks 

2.1.1. Sampling 
Two compositional types of clayey materials (CM) nearby the city of 

Padua were collected (Table 1 and Fig. 1c-1f): i) Fe-content colluvial 
deposits from weathering of trachyte rocks (CM-1), in Montegrotto 
Terme’s locality, and ii) carbonatic alluvial sediments from the Brenta 
floodplain in three different locations, Torreglia (CM-2), Teolo (CM-3) 
and Selvazzano (CM-4) (Fig. 1b). The clay sediments were cored with a 
manual drilling designed for non-cemented materials and 2 to 4 core- 
like sediments ranging between 50 and 160 cm depth were taken in 
each borehole. Ten of the clayey materials cored were considered. 
Samples CM-1, CM-2.1, CM-3.4 and CM-4 were rather compacted, CM-1 
shown dark nodules 1–2 mm in size and CM-3.4 had an important silty 
content (Fig. 1e); carbonate fragments were visible both in CM-2.3 
(somehow friable) and in CM-3.2 and CM-3.3 (both highly friable). 

38 well-preserved bricks from five historic constructions of the city 
of Padua were sampled. Diverse constructive typologies, built up during 
the Roman times, Late Antiquity, Middle Ages or Renaissance, were 
considered (Table 1 and Fig. 2). Fragments of historical bricks (HB) were 
taken from: i) the Basilica of Saint Justine (SJ, 5/6th to 16th centuries, 
11 brick samples), comprising areas built in the 5-6th centuries (Late 
Antiquity) and in the 12-13th centuries of the Middle Ages as well as the 
Roman remains (1–3/4th centuries) still preserved under the basilica, ii) 
the Church of Saint Sophia (SS, 12th century, 5 samples), iii) the Eldery 
Tower (ET, 13th century, 2 brick samples), iv) the Tower of the Ancient 
Castle (AC, 14th century, 5 bricks) and v) the Renaissance Walls (RW, 

Table 1 
Clayey materials (CM) and historical bricks (HB) analysed.  

CLAYEY MATERIALS (10 samples) 

Clayey sediments Sample Site Sample Site Sample Site 

Fe-content colluvial deposits. Weathering of trachyte rocks CM-1.1 Montegrotto Terme       
CM-1.3 Lat.: 45◦ 19′ 39′’ N       
CM-1.4 Long.: 11◦ 46′ 27′’ E       

Carbonatic alluvial deposits Brenta’s floodplain CM-2.1 Torreglia CM-3.2 Teolo CM-4.1 Selvazzano 
CM-2.3 Lat.: 45◦ 20′ 06′′N CM-3.3 Lat.: 45◦ 22′ 41′’ N CM-4.2 Lat.: 45◦ 23′ 12′’ N  

Long.: 11◦ 44′ 46′’ E CM-3.4 Long.:11◦45′ 04′’ E  Long.:11◦46′35′’ E 

HISTORIAL BRICKS (38 samples) 

Constructions Sample Height* Facing Sample Height Facing Sample Height Facing 

Basilica of S. Justine (SJ), 5/6th to 16th centuries:          

- Roman remains, 1–3/4th SJ-1 50 N SJ-2 40 N SJ-3 50 W 

- Late Antiquity, 5-6th SJ-4 120 SW SJ-5 100 SW SJ-6 70 E 

- Middle Ages, 12-13th SJ-7 130 E SJ-8 150 E SJ-9 170 E 
SJ-10 280 S SJ-11 250 S    

Church of S. Sophia (SS), 12th century SS-1 10 E SS-2 30 E SS-3 20 E 
SS-4 20 N SS-5 30 N    

Eldery Tower (ET), 13th century ET-1 20 N ET-2 150 S    

Tower of the Ancient Castle (AC), 14th century AC-1 50 W AC-2 50 W AC-3 30 S 
AC-4 10 W AC-5 20 W    

Renaissance Walls (RW), 16th century:          

- Facing North RW-1 80 N RW-2 60 N RW-3 50 N 
RW-4 20 N       

Facing South RW-5 100 S RW-6 40 S RW-7 100 S 
RW-8 80 W       

Facing East RW-9 150 E RW-10 210 W RW-11 60 E 

Facing West RW-12 40 W RW-13 50 N RW-14 25 W 
RW-15 35 E       

*Height (in cm). 
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16th century, 15 samples). 

2.1.2. Samples preparation and experimental firing of the clayey materials 
Water was added until the clayey materials attained the enough 

plasticity to be hand-kneaded and large lumps were placed in a 10 cm 
diameter plastic mould, then pressed in order to achieve discs about 3–4 
cm thick. The discs were cut into four portions, that were experimentally 
fired at 700, 800, 900 or 1000 ◦C under oxidising atmosphere in an 
electric furnace equipped with an electronic controller. Firing was 
conducted as follow: heating was with a rate of 200 ◦C/h, soaking time 
of six hours and cooling according to the kiln drift (about nine hours). 
When preparing the brick samples, the outer areas of the fragments to be 
analysed were removed with a micro-drill, to eliminate surface deposits 
and/or contamination. Prior to the mineralogical and chemical analysis, 
the CM and HB samples were totally dried (at 100 ◦C for 24 h) and were 
reduced to powder in an agate mortar and then micronized (very fine 
powder, ≈10 μm) using a McCrone Micronising Mill (Bish and Reynolds, 
1989). 

2.2. Methods 

Since compositionally different clays yield to different mineralogical 
changes during firing, the detection through XRPD of the mineral as
semblages present in a ceramic product provides information about the 
mineralogical composition of the starting clays and of the firing condi
tions (Maritan et al., 2006). By the experimental firing of raw clays, the 
development of such changes with increasing temperatures and/or the 
reactions occurred when different base clays are mixed can be detected. 
As the chemical bulk composition of base clays remains almost the same 
after the firing, the general chemical composition of the used clayey 
materials can be stated by the XRF analysis of the ceramic product. 
When the compositional study of traditional bricks of a given area is 

addressed, especially important is the analysis of the minor oxides and of 
the trace elements (including rare earths). On the one side, such ele
ments barely undergo any compositional changes during firing. On the 
other, these elements are associated to specific accessory minerals 
strongly related to the surrounding geology (Hein et al., 2004). There
fore, their variability and concentrations may constrain the provenance 
of the used geo-resources (clayey sediments) or, at least, may point out 
different supply areas. 

The mineralogical composition of the clayey materials (both air- 
dried and fired at 700, 800, 900 and 1000 ◦C) and of the historical 
bricks was determined by means of a PANalytical X’Pert PRO diffrac
tometer, operating in Bragg-Brentano reflection geometry. The PAN
alytical X’Pert HighScore Plus® software was used qualitatively to 
identify the mineral phases occurring in each sample. The semi- 
quantitative concentrations (in wt%) were estimated by the mass frac
tions of the identified phases using the Reference Intensity Ratio (RIR) 
values from the database selected for the qualitative identification 
(Wolff and Visser, 1964; Hubbard and Snyder, 1988). 

The chemical composition of the 10 clayey materials (air-dried) and 
of the 38 historical bricks was determined by X-ray Fluorescence Spec
trometry using a PANalytical Zetium compact spectrometer. Quantita
tive chemical analyses of major and minor oxides (SiO2, TiO2, Al2O3, 
Fe2O3, MnO, MgO, CaO, Na2O, K2O and P2O5 -in wt%-) and trace ele
ments (S, Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Nd, 
Pb, Th and U -in ppm-), were carried out. A set of geological standards, 
analytically tested by the international scientific community (Govin
daraju, 1994), was used for calibration following the internal instru
mental precision proposed by Maritan et al. (2023). The values of P2O5 
and S were not considered for the interpretation of the results, since they 
are chiefly related with the environs where the bricks were placed. Loss 
on ignition was gravimetrically determined as the weight loss recorded 
between 110 and 1000 ◦C. 

Fig. 2. Historical constructions selected and the location of some of the bricks collected.  
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3. Results and discussion 

3.1. XRPD: Detecting the mineralogical composition 

3.1.1. Clayey materials (air-dried and fired) and historical bricks 
The mineral phases identified by XRPD and their semi-quantitative 

concentrations estimated by RIR in the CM and HB samples are shown 
in Tables 2 and 3, respectively. The air-dried CM were mainly composed 
of quartz, K-feldspars, albite, phyllosilicates (chlorite and illite-like 

phase) and/or carbonates (dolomite and calcite). CM-1 samples 
display the highest contents of silicates (quartz, feldspars and phyllosi
licates) and in CM-2, CM-3 and CM-4 important amounts of carbonates 
were detected (note the significative presence of dolomite). Mineral
ogically, CM-1 and CM-2 can be classified as illitic-chloritic clays with a 
significant quartz content (CM-2 also as carbonatic clays), CM-3 as 
illitic-chloritic (with a lower chlorite content) and highly carbonatic 
clays and CM-4 as illitic-chloritic and highly carbonatic clays. 

The mineralogical changes occurred by the experimental firing of the 

Table 2 
Mineralogical assemblages detected by XRPD analysis in clayey materials (CM), air-dried and fired, and RIR semi-quantitative analysis (in wt%). Relict minerals: Chl 
(chlorite), Ilt (illite-like phase), Ab (albite), Qz (quartz), Kfs (K-feldspar), Cal (calcite) and Dol (dolomite); firing phases: Gh (gehlenite), Lrn (larnite), Ran (rankinite), 
An (anorthite), Di (diopside), Tob (Tobermorite), Per (periclase), Por (portlandite) and Hem (hematite). Abbreviations from Warr (2021).  

CLAYEY MATERIALS 

Air-dried Chl Ilt Qz Kfs Ab Dol Cal Mineralogical classification of the clayey materials 

CM-1.1  5 22 35 19 19 – – Illitic-chloritc clays 
(with important quartz content) CM-1.3  13 30 28 15 14 – – 

CM-1.4  16 34 24 9 17 – – 

CM-2.1  9 17 34 21 12 3 4 Illitic-chloritc and carbonatic clays 
(with important quartz content) CM-2.3  13 15 28 11 13 8 12 

CM-3.2  4 26 21 9 15 9 16 Illitic-chloritc and highly carbonatic clays 
(with a lower chlorite content) CM-3.3  3 24 17 7 10 19 20 

CM-3.4  3 11 16 2 10 34 24 

CM-4.1  14 22 29 3 3 17 12 Illitic-chloritic and highly carbonatic clays 
CM-4.2  19 26 17 6 8 14 10 

Fired T (◦C) Chl Ilt Qz Kfs Ab Dol Cal Gh Lrn Ran An Di Tob Per Por Hem 

CM-1.1 700 – 28 39 17 16 – – – – – – – – – – – 
800 – 19 40 18 21 – – – – – – – – – – 2 
900 – 1 42 26 27 – – – – – – – – – – 4 
1000 – – 43 25 25 – – – – – – – – – – 7 

CM-1.3 700 7 28 33 14 18 – – – – – – – – – – – 
800 – 22 35 21 19 – – – – – – – – – – 3 
900 – 3 36 28 27 – – – – – – – – – – 6 
1000 – – 38 27 25 – – – – – – – – – – 10 

CM-1.4 700 8 29 30 15 18 – – – – – – – – – – – 
800 – 20 34 21 22 – – – – – – – – – – 3 
900 – 2 40 26 27 – – – – – – – – – – 5 
1000 – – 41 25 25 – – – – – – – – – – 9 

CM-2.1 700 4 21 38 17 18 – 2 – – – – – – – – – 
800 – 17 36 20 21 – – 2 4 – – – – – – – 
900 – 2 30 21 22 – – 6 10 – 6 3 – – – – 
1000 – – 27 17 20 – – 12 8 – 9 7 – – – – 

CM-2.3 700 2 14 32 12 21 – 14 – 5 – – – – – – – 
800 – 1 28 23 17 – 10 5 16 – – – – – – – 
900 – 2 27 21 – – 3 12 20 – 13 2 – – – – 
1000 – – 23 14 – – – 20 18 – 18 7 – – – – 

CM-3.2 700 2 17 24 12 14 7 17 – 2 – – – – 3 2 – 
800 – 6 22 14 16 – 14 – 10 – – – – 8 10 – 
900 – – 21 12 13 – 4 3 12 – 8 – 8 11 8 – 
1000 – – 17 9 10 – – 4 15 – 12 – 9 15 9 – 

CM-3.3 700 1 16 22 3 13 9 21 – 6 – – – – 5 4 – 
800 – 4 20 – 12 – 16 – 17 – – – – 16 15 – 
900 – – 19 – – – 5 6 19 – 15 – 8 17 11 – 
1000 – – 15 – – – – 2 22 – 19 – 12 19 11 – 

CM-3.4 700 2 9 24 – 11 12 26 – 5 – – – – 7 4 – 
800 – 7 23 – 11 – 21 – 14 – – – – 13 11 – 
900 – – 21 – – – 8 5 17 – 13 – 11 17 8 – 
1000 – – 9 – – – – 4 27 – 17 – 10 24 9 – 

CM-4.1 700 8 18 32 8 12 8 14 – – – – – – – – – 
800 – 15 31 14 14 – 4 4 – 18 – – – – – – 
900 – 11 26 14 – – – 16 – 15 14 4 – – – – 
1000 – – 16 15 – – – 24 – – 17 28 – – – – 

CM-4.2 700 10 30 23 9 8 8 12 – – – – – – – – – 
800 – 28 25 8 9 – 6 8 – 16 – – – – – – 
900 – 15 26 9  – – 17 – 15 12 6 – – – – 
1000 –  20 10  – – 23 – 5 19 23 – – – –  
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clayey materials are also included in Table 2 and the diffraction patterns 
of four clayey materials (CM-1.1, CM-2.3, CM-3.4 and CM-4.1) -one 
sample for each borehole- with increasing temperatures are shown in 
Fig. 3. Chlorite was still detected after 700 ◦C, since it decomposes 
around 750 ◦C (Maritan et al., 2006). Illite-like phase is progressively 
reduced till 800 ◦C and it almost disappeared after 900 ◦C, as the total 
breakdown of the dehydroxylated phase occurs between 850 and 950 ◦C 
(Aras, 2004). Although K-feldspars progressively decreasing since they 
are involved in high-temperature phases nucleation (Riccardi et al., 
1999), it should be taken into consideration the sanidine formation with 
increasing temperature, from microcline transformation (Elias and 
Cultrone, 2019) and/or with the potassium provided by illite decom
position (Trindade et al., 2009). In the carbonatic clays, dolomite con
centration drastically decreased at 700 ◦C and disappeared completely 

after 800 ◦C, as its decomposition into calcite and periclase begins circa 
500 ◦C (Rodríguez-Navarro et al., 2012) and ends around 750–800 ◦C 
(Maritan et al., 2006). Calcite is still remained in traces at 900 ◦C (Fig. 3b 
and 3c), chiefly due to its high content in the starting clays, since the 
thermal decomposition of calcite is completed about 800–850 ◦C (Ior
danidis et al., 2009). 

The absence or presence of carbonates, as well as their grain-size, in 
the base clays largely determined the mineral phases nucleated and/or 
growth with increasing temperatures. In CM-1 samples (illitic-chloritic 
clays non-carbonatic), hematite started developing from 800 ◦C and 
increased after heating at 900 ◦C (Fig. 3a), since its formation is 
enhanced by the iron oxide released from the breakdown of chlorite and 
well-crystallized hematite is a significant component only over 900 ◦C 
(Vedder and Wilkings, 1969; Trindade et al., 2009). When carbonates 

Table 3 
Mineralogical assemblages detected by XRPD analysis in historical bricks (HB) and RIR semi-quantitative analysis (in wt%). Relict minerals: Ilt (illite-like phase), Ab 
(albite), Qz (quartz), Kfs (K-feldspar), Cal (calcite) and Dol (dolomite); firing phases: Gh (gehlenite), Di (diopside), An (anortithe), Fo (forsterite) and Hem (hematite); 
secondary phases: Cal (calcite) and Arg (aragonite). Abbreviations from Warr (2021).  

HISTORICAL BRICKS 

Type 1. Important formation of Al- and Mg-Ca silicates and/or Mg-silicates (high-T phases) 

Sub-type 1a. Di >> An, Fo nucleation and low Qz amounts 
Base clays: illitic clays with important Qz-content and carbonatic clays. Firing T: circa 1000 ◦C  

Ilt Qz Kfs Ab Gh Di An Fo Hem Cal Arg 

HB-RW-2 – 5 – – 5 55 24 5 – 5 – 
HB-RW-15 – – – – 2 53 32 5 – 8 – 
HB-SS-3 – 9 – – 6 52 23 – – 11 – 
HB-SJ-2 – 10 15 – – 52 21 3 – – – 
HB-SJ-4 – 5 – – 5 52 28 – – 10 – 
HB-SJ-6 – 3 – – – 50 40 – – 7 – 
HB-AC-1 – 4 – – 2 49 34 3 – 7 – 
HB-SJ-9 – 12 – – – 49 30 5 – – – 
HB-ET-1 – 6 – – – 48 40 6 – – – 
HB-RW-5 – 9 – – 4 45 31 10 – – – 
HB-RW-11 – 17 – – – 41 29 – – 13 – 
HB-RW-3 – 15 – – 2 39 39 4 – – – 
HB-SJ-8 – 6 22 – 3 39 21 3 – 6 – 
HB-SS-2 – 12 15 – – 38 36 – – –  
HB-SJ-1 – 15 11 – 3 37 20 – – 14 – 
HB-SJ-3 – 14 9 – – 37 39 – – – – 
HB-RW-13 – 16 – – 6 35 32 – – – – 

Sub-type 1b. Di > An or An > Di and higher Qz amounts 
Base clays: illitic clays with important Qz-content and carbonatic clays. Firing T: 950–1000 ◦C  

Ilt Qz Kfs Ab Gh Di An Fo Hem Cal Arg 

HB-RW-8 – 25 – – 7 33 25 – – 10 – 
HB-SJ-11 – 13 23 – – 32 26 – – 6 – 
HB-SJ-5 – 17 19 – 7 30 21 – – 6 – 
HB-SJ-10 – 14 25 – – 29 31 – 1 – – 
HB-AC-5 – 16 25 – – 29 29 – – – – 
HB-ET-2 – 17 12 – 5 26 37 – – 3 – 
HB-RW-6 – 17 23 – 6 25 23 – – 5 – 
HB-AC-4 6 18 26 – – 25 17 – – 8 – 
HB-SJ-7 – 17 – – 9 25 17 – – 9 23 
HB-SS-4 – 15 20 – – 23 42 – – – – 
HB-SS-1 – 10 – – 11 20 32 – – 15 12 
HB-AC-3 – 16 34 – – 20 21 – 2 6 – 

Type 2. Important presence of relict minerals and/or Hem formation (high-T phase) 
Base clays: illitic-chloritic clays with variable Qz-content. Firing T: 850–900 ◦C  

Ilt Qz Kfs Ab Gh Di An Fo Hem Cal Arg 

HB-RW-12 4 21 37 30 4 – – – 2 2 – 
HB-AC-2 – 22 38 33 – – – – 3 3 – 
HB-SS-5 – 30 36 27 – – – – 3 2 – 
HB-RW-1 8 32 27 25 – – – – 2 6 – 
HB-RW-10 2 39 29 15 – – – – 1 14 – 
HB-RW-14 – 46 28 15 – – – – – 11 – 
HB-RW-7 – 51 19 24 – – – – 3 3 – 

Miscellaneous Ilt Qz Kfs Ab Ak Di An Fo Hem Cal Arg 

HB-RW-4 – 27 30 18 3 10 – – – 3 9 
HB-RW-9 – 17 25 – – – 49 – 5 3 –  
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were present, the following is observed: i) gehlenite development after 
800 ◦C, as its formation starts at about 800–850 ◦C (Cultrone et al., 
2001), and the emerging nucleation of diopside from 900 ◦C in CM-2.3 
and CM-4.1 (Fig. 3b and 3d); ii) early transformation of albite to anor
thite after 900 ◦C in CM-2.3, CM-3.4 and CM-4.1 (Fig. 3b, 3c and 3d); iii) 
larnite nucleation from 700 ◦C in CM-2.3 and CM-3.4, increasing pro
gressively until after 900 ◦C or even after 1000 ◦C (Fig. 3b and 3c); and 
iv) portlandite and periclase formation from 700 ◦C in CM-3.4, both 
more developed the higher the temperatures were (Fig. 3c). 

Because of the low quantities of phyllosilicates and the extremely 
high content of carbonates in sample CM-3.4, very abundant lime and 
periclase remained unreacted. As the reactivity of lime is higher than 
that of periclase (Webb, 1952), the former promptly reacted with the 
few oxides available whereas the later remained almost unchanged, 
increasingly accumulated and even sintered. Due to the very high con
tent of calcite in this sample, abundant lime might be still free after 
firing, that reacted with the environ humidity and formed portlandite 
(post-firing process). Special attention should be paid if mineralogically 
similar clays to this sample CM-3.4 were used, because portlandite re
acts with the atmospheric CO2 and forms secondary calcite, that may 
provoke the cracking of the ceramic product (Jain et al., 1976), defect 
known as lime blowing. Besides, the periclase sintering would prevent 
its reaction to form new silicates (Rodríguez-Navarro et al., 2012), high- 
temperature mineral phases that improve the mechanical resistance of 
the ceramics (Celik et al., 2019). It would be necessary to mix it with 

clays highly rich in phyllosilicates, in order to enhance Mg- and Al-Ca 
silicates and/or Mg-silicates nucleation during the firing and, there
fore, almost no lime and periclase remain unreacted. 

Concerning to the historical bricks, two main types were distin
guished on the basis of the mineral assemblages (Table 3): i) Type 1, 
characterized by high contents of diopside and anorthite, some also with 
gehlenite and/or forsterite, and ii) Type 2, bricks with hematite. Type 1 
bricks comprised in turn bricks in which diopside quantities were in 
general much higher than those of anorthite (sub-type 1a), and bricks 
with somehow similar concentrations of both mineral phases (sub-type 
1b). Accordingly, lower or higher contents of quartz and feldspars were 
estimated, respectively, as both primary minerals were also consumed to 
form the high-temperature phases. 

3.1.2. Production technologies: Firing dynamics and mixture of the base 
clays 

The mineral assemblages and their estimated content in type 1 bricks 
point out that illitic clays with important quantities of quartz and car
bonates (calcite and dolomite) were used. Since high anorthite and 
diopside concentrations denote firing temperatures exceeding 950 ◦C 
(Cultrone et al., 2001; Daghmehchi et al., 2016), the firing might reach 
around 1000 ◦C. The noticeably higher contents of diopside in bricks 
belonging to sub-type 1a indicate higher temperatures (nearer 1000 ◦C) 
than those reached during the firing of sub-type 1b bricks (nearer 950 
◦C). 

Fig. 3. XRPD patterns of clayey materials (CM) with increasing temperature. Relict minerals: Chl (chlorite), Ilt (illite-like phase), Ab (albite), Qz (quartz), Kfs (K- 
feldspar), Cal (calcite) and Dol (dolomite); firing phases: Gh (gehlenite), Di (diopside), An (anortithe), Fo (forsterite), Hem (hematite), Por (portlandite), Tbm 
(tobermorite) and Lrn (larnite); secondary phases: Cal (calcite) and Arg (aragonite). Abbreviations from Warr (2021). 
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Base clays compositionally similar to CM-2 or CM-4 might be used to 
produce type 1 bricks, as both contains phyllosilicates and carbonates. 
However, the comparative analysis between the mineralogical changes 
occurred in the clayey materials with increasing temperatures and the 
mineralogical assemblages detected in these type 1 bricks, provides 
evidences about the mixture of clays, a well-known practice since 
ancient times to improve the clay workability and the properties of the 
final ceramic product (Kingery and Vandiever, 1986). Hence, the 
following was observed: i) the well-developed gehlenite in CM-2.3 and 
CM-4.1 from 900 ◦C (Fig. 3b and 3d) decreased in bricks, mostly at 
expenses of diopside nucleation as stated elsewhere (Flores et al., 
1999); ii) much more significative was the development of anorthite 
in bricks than in clays, giving rise to the almost complete 
transformation of albite to anorthite through the progressive Ca- 
enrichment of the former with increasing temperature (Cultrone et al., 
2014), note that no albite was detected in type 1 bricks; and iii) periclase 
was not detected in bricks, as reacted to form diopside and/or forsterite. 

It should be pointed out that the base clays, rather than illitic clays, 
might be illitic-chloritic clays, although almost no hematite was detec
ted by XRPD, that should have formed from the iron provided after 
chlorite breakdown at the high temperatures that were reached 
(950–1000 ◦C). When the firing of carbonatic clays gives rise to the 
formation of Al-Ca silicates and/or Mg-Ca silicates, it should be 
considered that iron is entrapped within the structure of such mineral 
phases, hence hematite nucleation is inhibited (Klaarenbeek, 1961). 

Hence, concerning to the production of type 1 bricks, the mixing of 
illitic/illitic-chloritic clays with important quartz contents and of car
bonatic clays fired at 950–1000 ◦C might provide the suitable chemical 
stability by enhancing the development of Al- and Mg-Ca silicates and/ 
or Mg-silicates and, therefore, almost no reactive oxides remained free 
after the firing. In any case, considering the high calcite content of the 
carbonatic clays that were used to produce this type of bricks, salt could 
be added to the mixtures and/or the bricks might be soaked in water in 
order to reduce the risk of lime blowing. That is, sodium chloride in very 
low concentrations fosters the reactions that yield the newly formed 
silicates (Laird and Worchester, 1956; Elias and Cultrone, 2019), and by 
submerging the bricks in water just after the firing, the free lime still 
available precipitates as calcite in the water surface and/or within the 
porosity of the bricks (Saenz et al., 2019). Another possibility could be 
that the carbonates in the used clays had a lower grain size, so that the 
reaction responsible of the Al-, Ca- and Mg-silicates nucleation were 
promoted with respect clays with larger carbonates where lime and 
portlandite tend to develop. 

Regarding to type 2 bricks, both the detection of hematite and the 
absence of Al- and Mg-Ca silicates suggest that non-carbonatic illitic- 
chloritic clays were used. As illite-like phase is occasionally present in 
some bricks and the low concentrations detected of hematite point out 
its early nucleation, the firing temperatures might be about 850–900 ◦C. 
The base clays used were mineralogical similar to samples CM-1, being 
the iron mainly supplied by chlorite (Fe-bearing phyllosilicate). 

The calcite detected in type 1 bricks should correspond mainly with a 
secondary phase, since at the high temperatures reached (950–1000 ◦C) 
calcite decarbonation might be completed. However, due to the 
important calcite content in the base clays, some calcite could be 
remained. In type 2 bricks (fired at 850–900 ◦C), the calcite detected 
may be also secondary; if it corresponded with remains of primary 
calcite not decomposed, more gehlenite should have been formed but 
low concentrations were slighted detected (Table 3). In any case, the 
grain size of calcite should be considered and the assignment of primary 
or secondary calcite should be confirmed by microscopic and micro
structural observations (Fabbri et al., 2014; Maritan et al., 2021). 

3.2. XRF: Detecting the chemical composition 

3.2.1. Clayey materials (air-dried) and historical bricks 
Based on the plotting of the compositional data in the ternary 

diagrams SiO2-Al2O3-CaO and CaO-Fe2O3-MgO (Fig. 4), the CM range 
from clays with important silica and iron oxide contents (CM-1 and CM- 
2.1) to clays with significant amounts of calcium oxide (CM-3.3 and CM- 
3.4). All the bricks were plotted within such area of the diagrams and 
many of them were grouped in the carbonate compositional area, with 
variable quantities of silica and calcium oxide and a rather even alumina 
content (Fig. 4a). When the iron concentrations were considered, the 
data result more scattered (Fig. 4b), remaining as well many bricks 
clustered (with similar variation ranges in Ca, Fe and Mg). 

The data distribution in both ternary diagrams points out likewise 
that many of the bricks were most probably produced from mixed clays 
with similar chemical compositions than those of the studied clayey 
materials. It is interesting to note that: i) the clustered bricks comprised 
construction materials from buildings dated to the Late Antiquity, 
Middle Ages and Renaissance, ii) the two samples with the highest 
calcium oxide concentration, plotted joint to CM-2.3 (Fig. 4a), corre
sponded with Roman bricks, ii) almost all the bricks from the Tower of 
the Ancient Castell (14th century) were found to have different calcium 
and/or iron content than those from the other constructions (Fig. 4b). 

The chemical analysis of the 10 CM (air-dried) and of the 38 HB is 
shown in Table 4 (major and minor oxides) and Table 5 (trace elements). 
Regarding to CM, the highest contents of silica, alumina and iron oxide 
in CM-1 are in concordance with the highest concentrations of quartz, 
feldspars (K-feldspars and albite) and Fe-bearing phyllosilicates (chlo
rite), respectively. Besides, low amounts in alkaline-earth metals were 
detected (CaO + MgO ≈ 3 %). The MnO and TiO2 values (generally 
higher than in CM-2, CM-3 and CM-4) are mainly related with the iron- 
manganese nodules and Ti-bearing accessory minerals commonly pre
sent in the quaternary sediments of Padua’s territory (Jobstraibitzer and 
Malesani, 1973). 

The high values of calcium and magnesium oxides in clays CM-2.3, 
CM-3 and CM-4.1 confirm the important presence of calcite and dolo
mite detected by XRPD, justifying in turn the high loss of ignition 
observed (LOI > 18 %). CM-3.3, CM-3.4 and CM-4.1 were the richest in 
magnesia, supporting the highest dolomite concentrations. The 
maximum K2O/Na2O ratios in CM-1.3, CM-1.4 and CM-4 were in 
concordance with the important illite content estimated by RIR 
(Table 2). From a chemical point of view, CM-1 samples were mainly 
clays with significant amounts of silica and Fe-bearing clay minerals 
(high SiO2 and moderately high Fe2O3 values), and CM-2.3, CM-3 and 
CM-4.1 were calcium and magnesium clays (with high/very high CaO 
and/or MgO quantities). 

Concerning to the historical bricks, the average of silica detected is 
almost the same for sub-types 1a and 1b (≈ 45 %), but the quartz con
centrations were generally lower in the former (Table 3). This is because 
the silica quantities determined by XRF is forming part of the chemical 
composition both of relicts of quartz and K-feldspars and of the newly 
silicates nucleated during the firing (the same occurred with the alumina 
content). 

The higher magnesia quantities determined in sub-type 1a bricks 
(average = 6.75 %) than in sub-type 1b, were chiefly related with the 
higher concentrations of diopside and forsterite. Although the higher 
calcium oxide amounts also detected in sub-type 1a (18 % versus 16.4 
%) may largely corresponds with the higher amount of calcium silicates 
developed during the firing, it must be also considered the calcite 
(formed probably as secondary phase). The chemical composition of 
type 1 bricks indicates that they were made out of clays with important 
contents of silica, clay minerals and carbonates, supporting the mixture 
of two main compositionally different base clays, chemically similar in 
turn to the clayey materials analysed. 

Type 2 bricks were richer in silica, alumina and iron oxide than type 
1. These oxides mainly formed part of the minerals originally present in 
the base clays, that were largely preserved during the firing (except 
illite). The higher iron oxide values (6.2 % versus ≈ 5.4 %) are mostly 
related to the hematite developed as a firing phase. Since no calcium 
silicates were formed, just low concentrations of gehlenite (sample HB- 
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RW-12), the calcium oxide concentrations determined may support that 
the calcite detected chiefly corresponds with secondary calcite. The 
chemical data point out the use of base clays with an important silica 
and clay mineral content and abundant K-feldspars, similar in compo
sition to the CM-1 samples but richer in silica and magnesia and poorer 
in iron and titanium. At least three chemically different type of clays 
-with silica amounts under 50 %, around 50–52 % and about 60–62 % 
(Table 4)- were probably used for manufacturing the type 2 bricks. 

When all the chemical data of both clays materials and historical 
bricks are considered, it emerges and interesting picture. In the score 
and loading plots of the principal component analysis (PCA) comprising 
the major and minor oxides and the trace elements (Fig. 5), the clayey 
materials range in compositions between the highest silica, alumina and 
iron content terms (CM-1.1 and CM-1.3) and the richest calcium and 
magnesium members (CM-3.3 and CM-3.4). Almost all the clayey ma
terials plot between negative values of PC1 and PC2 and positive of PC1 
and negative of PC2, while the bricks span all the diagram. CM-1 are 
richer in all the trace elements analysed, overall in Zr, V, Cr, Zn and Ba 
(high values were also determined in CM-2.1 and CM-4.2). CM-2.3, CM- 
3 and CM-4.1 shown in general significantly lower concentrations of 
trace elements, except in Rb, Sr and Ba (Table 5). 

According to the loading plots, type 1 bricks shown a high scattered 
distribution, although some trends are observed (Fig. 5 and Table 5): i) 
three bricks from Saint Justine (SJ) -just one corresponding to a Roman 
brick- plot the nearest to the maximum component weights of CaO and 
MgO, and two plot jointly and with a significative Sr-content (HB-SJ-31 
and 33, with 152 and 191 ppm); ii) three samples from Santa Sophia (SS) 
were especially rich in Sr (HB-SS-21, 22 and 23, with 220, 210 and 390 
ppm); iii) despite of the high scattering shown by the bricks of the Tower 
of the Ancient Castell (AC), as observed in the ternary diagram of Fig. 4b, 
the majority were plotted at positive values of PC1 and PC2 and present 
important concentrations of Sr (HB-AC-16, 210 ppm), Rb (HB-AC-19, 
180 ppm), Th (HB-AC-18, 16 ppm) and/or Ba (HB-AC-17, 560 ppm); and 
iv) the plotting of the bricks from the Renaissance Walls comprises both 
the positive and negative values of PC1 and PC2. 

If, certainly, the more brick sampled from the Renaissance Walls 
should be considered, this last observation may suggest that during the 
16th century areas previously quarried were still active and/or that the 
reuse of Roman bricks was in practice in the city of Padua when large 
dimension brick works were built. Significantly high contents of Sr 

(>200 ppm) were detected in some bricks (note that the highest Sr 
values determined in the CM samples were 151 ppm). In some of these 
bricks, high or extremely high quantities of Cr, Co, Cu, Zn and/or Rb 
were also determined. 

Almost all bricks belonging to type 2 and the two miscellaneous 
bricks plot at positive values of PC1 and negative of PC2 and at negative 
values of PC1 and PC2. Most of them are rich or highly rich in Si, Fe and 
Al, as well as in Ti, Zr and Mn. Magnesium oxide forms mainly part of the 
illite relics still preserved after the firing, and the calcium contents 
chiefly correspond with the secondary calcite that might be formed in 
such type 2 bricks. 

3.2.2. Production technologies: Mixture and provenance of the base clays 
The high scattering of the loading plots of type 1 bricks is chiefly 

related with the use of mixtures of clays with important amounts of silica 
and/or iron and of clays with significant calcium and/or magnesium 
contents, chemically equivalent to CM-1 and CM-2/CM-3/CM-4 sam
ples, respectively. Such scattering is also related to the different chem
ical compositions of the mixtures that were made. Thus, considering the 
opposite directions marked by the component weights of CaO and MgO 
to the left side, and of SiO2 and TiO2 to the right, the further towards the 
midpoint were the plots, the more similar were the proportions of the 
clays in the mixtures. No clays mixture procedure seems that were 
carried out for the manufacturing of type 2 bricks, that were produced 
by using clays compositionally similar to CM-1 type. 

Some of the trace elements determined, overall the concentrations 
detected and keeping in mind the mixing of clays, may entail 
geochemical fingerprints when dealing with the provenance of the 
clayey materials used for brick manufacturing in the city of Padua. High 
values of Zr, V, Cr and Zn point out the use of clays compositionally 
similar to CM-1, corresponding with the nearby Fe-content colluvial 
deposits from weathering of trachyte rocks, and high concentrations of 
Rb and Sr the use of clays compositionally similar to CM-2/CM-3/CM-4. 
Exceptionally high quantities of Sr detected in some type 1 bricks sug
gest the use of carbonatic clays from specific areas. On the basis of the 
concentrations of trace elements, the greater or lesser quantity of illitic 
clays used in the mixtures could be estimated, since such elements are 
largely hosted by the illite-like mineral phase. 

Fig. 4. Plotting of the chemical composition of clayey materials and historical bricks in the ternary diagrams SiO2-Al2O3-CaO and CaO-Fe2O3-MgO. Abbreviations: SJ 
(Basilica of Saint Justine, 5/6-16th centuries), SS (Church of Saint Sophia, 12th century), ET (Eldery Tower, 13th century), AC (Tower of the Ancient Castle, 14th 
century and RW (Renaissance Walls, 16th century). NC: Non-carbonate compositional area. 
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4. Conclusions 

Clayey materials compositionally similar to those analysed, corre
sponding with illitic-chloritic clays -both non-carbonatic with important 
quartz content and carbonatic/highly carbonatic (with important 
amounts of calcite and dolomite)- were traditionally used for brick 

manufacturing in the city of Padua. The mixture of both different 
compositional types of starting clays was an extensive production pro
cedure, that enhanced the development of high-temperature silicates 
during the firing. By firing between 950 and 1000 ◦C such mixtures, very 
durable and highly calcareous bricks were produced. Bricks made out 
illitic-chloritic clays and fired around 850–900 ◦C were likewise 

Table 4 
Major and minor oxides (in wt%) of clayey materials (CM, air-dried) and historical bricks (HB) determined by XRF analysis.  

CLAYEY MATERIALS  

SiO2 Al2O3 Si/Al K/Na Fe2O3 MnO MgO CaO Na2O K2O TiO2 LOI Total 

CM-1.1 59.2 16.2 3.65 2.02 8.93 0.24 2.30 1.34 1.24 2.51 1.96 5.74 99.93 
CM-1.3 56.0 19.7 2.84 4.30 8.84 0.13 2.33 0.91 0.77 3.31 1.40 6.25 99.79 
CM-1.4 57.0 19.5 2.92 4.37 8.46 0.08 2.32 0.92 0.76 3.32 1.30 6.08 99.95 

CM-2.1 62.2 15.4 4.04 2.31 5.59 0.10 2.00 2.56 1.27 2.93 0.87 6.95 99.97 
CM-2.3 37.7 9.9 3.81 2.40 3.38 0.04 3.95 20.2 0.77 1.85 0.54 21.5 99.98 

CM-3.2 39.3 13.7 2.87 3.95 4.40 0.06 4.35 15.1 0.78 3.08 0.53 18.1 99.46 
CM-3.3 27.1 8.5 3.19 3.22 2.93 0.04 5.30 26.1 0.54 1.74 0.40 26.9 99.61 
CM-3.4 17.7 3.92 4.52 2.88 1.71 0.03 10.1 30.6 0.32 0.92 0.30 34.4 99.98 

CM-4.1 33.2 14.1 2.35 4.69 5.08 0.08 7.13 15.3 0.58 2.72 0.55 21.0 99.82 
CM-4.2 48.0 18.6 2.58 4.65 6.08 0.08 4.67 5.80 0.81 3.77 0.67 11.4 99.96 

HISTORICAL BRICKS 

Type 1 

Sub-type 1a SiO2 Al2O3 Si/Al K/Na Fe2O3 MnO MgO CaO Na2O K2O TiO2 LOI Total 

HB-RW-2 43.6 11.2 3.89 1.94 4.54 0.09 9.59 20.9 1.05 2.04 0.86 4.85 98.96 
HB-RW-15 43.5 15.0 2.90 1.15 5.64 0.10 7.99 17.8 1.51 1.73 0.74 5.35 99.67 
HB-SS-3 41.1 13.7 3.00 2.48 6.18 0.11 5.87 19.2 1.23 3.05 0.61 8.37 99.70 
HB-SJ-2 47.3 14.0 3.38 0.76 5.21 0.09 7.54 16.9 1.91 1.46 0.71 9.3 104.6 
HB-SJ-4 36.7 11.2 3.28 1.44 4.11 0.07 5.39 25.6 1.21 1.74 0.51 13.3 99.98 
HB-SJ-6 44.4 14.3 3.10 1.09 4.79 0.08 5.19 18.5 1.93 2.10 0.55 7.10 100.0 
HB-AC-1 39.6 13.0 3.05 0.64 5.74 0.10 6.03 22.2 1.94 1.25 0.61 9.13 99.82 
HB-SJ-9 49.3 15.0 3.29 1.78 5.51 0.09 7.71 14.7 1.35 2.40 0.74 2.51 99.54 
HB-ET-1 49.0 15.5 3.16 1.86 5.83 0.11 7.64 15.0 1.39 2.58 0.74 1.53 99.54 
HB-RW-5 42.8 14.4 2.97 2.37 5.42 0.10 7.32 17.3 1.09 2.58 0.67 8.04 99.94 
HB-RW-11 46.7 11.3 4.13 2.03 4.59 0.08 7.57 15.5 1.10 2.23 0.83 9.81 99.96 
HB-RW-3 48.7 15.9 3.06 2.30 5.61 0.10 7.08 13.9 1.28 2.94 0.66 3.24 99.61 
HB-SJ-8 45.8 12.9 3.55 0.79 4.66 0.08 8.57 18.3 1.78 1.41 0.69 5.31 99.91 
HB-SS-2 47.1 12.6 3.74 2.14 6.27 0.11 5.65 18.4 1.45 3.10 0.66 3.73 99.80 
HB-SJ-1 40.1 11.4 3.52 2.36 4.05 0.06 5.11 22.4 1.04 2.45 0.53 12.8 100.1 
HB-SJ-3 55.0 15.6 3.53 1.48 5.29 0.08 4.54 12.6 1.80 2.67 0.65 1.06 99.38 
HB-RW-13 46.0 11.8 3.90 1.16 3.98 0.07 5.92 18.5 1.52 1.77 0.64 9.52 99.97 
Average 45.1 13.5 3.34 1.52 5.14 0.09 6.75 18.1 1.45 2.21 0.67 6.76 100.0 

Sub-type 1b SiO2 Al2O3 Si/Al K/Na Fe2O3 MnO MgO CaO Na2O K2O TiO2 LOI Total 

HB-RW-8 47.28 11.67 4.05 2.04 4.04 0.07 7.09 16.58 0.98 2.00 0.67 4.43 95.00 
HB-SJ-11 46.31 14.36 3.22 2.69 5.00 0.08 5.06 13.68 1.32 3.55 0.52 5.92 95.95 
HB-SJ-5 46.65 15.08 3.09 2.44 5.44 0.09 4.63 15.43 1.24 3.02 0.63 6.95 99.36 
HB-SJ-10 50.84 15.10 3.37 2.51 5.49 0.09 7.23 14.55 1.21 3.04 0.71 1.71 100.2 
HB-AC-5 50.20 17.13 2.93 3.15 7.08 0.10 4.03 13.54 1.26 3.97 0.74 8.61 106.9 
HB-ET-2 50.54 14.21 3.56 2.29 5.01 0.08 6.68 14.42 1.08 2.47 0.73 4.52 99.95 
HB-RW-6 49.42 13.22 3.74 2.09 4.83 0.09 6.42 16.50 1.01 2.11 0.65 7.39 101.9 
HB-AC-4 42.74 16.85 2.54 2.37 7.39 0.12 4.14 16.99 1.43 3.39 0.70 5.40 99.66 
HB-SJ-7 36.58 11.34 3.23 2.75 4.23 0.08 8.06 20.05 0.92 2.53 0.60 14.8 99.40 
HB-SS-4 35.46 11.46 3.09 5.95 5.20 0.08 4.84 20.72 0.59 3.51 0.62 16.1 98.88 
HB-SS-1 39.22 13.65 2.87 2.26 6.22 0.09 4.71 23.21 1.16 2.62 0.58 8.16 99.76 
HB-AC-3 46.93 17.35 2.70 2.80 8.48 0.13 3.76 11.25 1.43 4.01 0.92 3.11 99.54 
Average 45.18 14.29 3.16 2.65 5.70 0.09 5.55 16.41 1.14 3.02 0.67 7.26 99.70 

Type 2 SiO2 Al2O3 Si/Al K/Na Fe2O3 MnO MgO CaO Na2O K2O TiO2 LOI Total 

HB-RW-12 52.7 16.5 3.19 3.17 5.93 0.10 5.57 10.6 0.92 2.92 0.82 3.74 99.98 
HB-AC-2 48.6 20.2 2.41 5.65 9.86 0.10 4.24 7.38 0.77 4.35 1.03 2.73 99.67 
HB-SS-5 62.9 18.8 3.35 3.25 7.40 0.10 1.75 1.20 1.39 4.52 0.89 0.79 99.79 
HB-RW-1 50.2 14.7 3.41 2.91 5.56 0.10 5.53 12.2 0.81 2.36 0.74 1.56 93.92 
HB-RW-10 50.5 11.7 4.32 2.56 4.31 0.07 4.93 13.3 1.02 2.61 0.77 10.7 99.93 
HB-RW-14 52.5 12.5 4.20 2.46 4.36 0.07 5.43 12.1 0.97 2.39 0.71 8.81 99.96 
HB-RW-7 62.4 16.5 3.78 2.88 6.07 0.08 2.44 4.11 1.20 3.46 0.75 2.38 99.47 
Average 54.2 15.8 3.43 3.20 6.21 0.09 4.27 8.70 1.01 3.23 0.82 4.38 98.96 

Miscellaneous SiO2 Al2O3 S/Al K/Na Fe2O3 MnO MgO CaO Na2O K2O TiO2 LOI Total 

HB-RW-4 47.00 15.37 3.06 3.78 5.92 0.09 5.92 13.0 0.87 3.29 0.68 8.03 100.3 
HB-RW-9 55.2 18.33 3.01 2.22 8.07 0.10 4.72 6.56 1.43 3.17 1.12 1.01 99.98 

LOI: Loss on ignition. 
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produced. 
During more than fifteen centuries, from Roman Times to Renais

sance, common extraction areas might be exploited. Titanium and the 
trace elements Zr, V, Cr and Zn entail markers of provenance of Fe- 
content illitic-chloritc clays quarried in the area (from the colluvial 
deposits from the weathering of the nearby volcanic rocks), and the Sr 
may represent an optimal geochemical fingerprint for constraining 
specific supply areas of carbonatic clays from the widely present alluvial 

deposits around the city. 
The comparative analysis between local clayey deposits and tradi

tional bricks through the combined use of XRPD and XRF techniques, 
provides significant data regarding to the production technologies 
adopted. Procedures such as the mixture of compositional different base 
clays and the firing and post-firing dynamics must be taken into 
consideration when interpreting the data, that may be complemented 
through of a broader multi-analytical study. 

Table 5 
Chemical composition of trace elements (in ppm) of clayey materials (CM, air-dried) and historical bricks (HB) determined by XRF analysis.  

CLAYEY MATERIALS  

Zr Sc V Cr Co Ni Cu Zn Ga Rb Sr Y Nb Sn Ba La Ce Nd Pb Th U 

CM-1.1 357 14 165 150 35 73 30 100 20 114 151 33 39 4 600 62 132 51 30 12 4 
CM-1.3 267 17 148 122 19 66 34 126 24 155 109 33 27 4 597 57 112 51 34 14 3 
CM-1.4 236 17 143 113 14 62 33 123 23 152 94 30 23 4 568 53 93 44 31 12 3 
CM-2.1 254 13 95 88 13 37 31 117 17 141 79 31 19 5 549 49 89 39 52 13 2 
CM-2.3 156 1 62 66 6 22 17 69 11 83 114 19 9 2 408 36 59 25 24 7 2 
CM-3.2 125 9 75 63 10 26 23 88 17 129 108 28 10 4 552 35 75 35 44 11 2 
CM-3.3 107 2 55 49 8 19 14 57 10 72 118 17 6 3 367 30 52 21 23 7 2 
CM-3.4 75 2 38 32 6 12 10 32 4 32 105 9 4 2 152 22 26 12 11 3 2 
CM-4.1 112 9 96 82 14 38 24 84 17 122 93 27 11 3 488 39 78 32 27 12 3 
CM-4.2 161 17 109 91 15 41 27 119 22 180 89 35 13 5 643 48 93 40 43 15 3 

HISTORICAL BRICKS 

Type 1 

Sub-type 1a Zr Sc V Cr Co Ni Cu Zn Ga Rb Sr Y Nb Sn Ba La Ce Nd Pb Th U 

HB-RW-2 203 5 82 118 78 43 28 80 13 126 308 25 16 4 402 45 70 32 26 9 3 
HB-RW-15 153 10 78 104 18 52 30 96 18 194 204 31 14 5 549 43 82 39 33 12 3 
HB-SS-3 190 18 72 73 12 29 40 66 13 180 390 24 11 8 520 44 77 35 47 16 4 
HB-SJ-2 175 7 84 88 16 38 31 92 17 143 140 29 13 5 488 43 84 35 24 12 3 
HB-SJ-4 127 1 75 68 12 32 24 79 13 111 252 23 9 2 424 35 71 28 7 10 3 
HB-SJ-6 130 7 81 77 15 36 32 106 18 171 191 27 10 4 516 46 74 27 17 12 3 
HB-AC-1 190 21 78 72 13 31 30 67 13 220 210 22 11 7 470 47 76 33 16 13 3 
HB-SJ-9 173 10 90 93 16 43 34 98 18 139 144 31 14 4 489 44 88 45 46 12 3 
HB-ET-1 176 10 72 107 29 47 39 105 19 166 163 33 15 6 526 48 91 44 37 13 4 
HB-RW-5 146 10 84 87 20 54 31 95 17 164 171 30 13 4 494 45 85 41 33 11 3 
HB-RW-11 174 5 74 77 13 37 21 78 12 103 176 23 14 4 350 36 62 32 31 8 2 
HB-RW-3 163 12 79 84 18 40 31 99 19 152 156 32 13 4 555 51 91 39 35 14 3 
HB-SJ-8 161 6 75 84 14 37 25 97 15 123 152 27 12 39 412 37 81 32 37 11 3 
HB-SS-2 190 17 80 71 11 27 35 68 13 180 210 24 12 6 530 42 88 36 15 13 4 
HB-SJ-1 138 1 65 59 11 25 23 84 13 95 246 23 9 3 433 38 70 28 6 10 3 
HB-SJ-3 142 12 82 91 15 35 29 107 19 148 147 30 12 5 555 45 89 35 39 14 3 
HB-RW-13 165 4 60 67 11 27 35 75 13 123 174 24 10 3 397 37 67 28 29 9 3 
Average 164 9 77 84 19 37 30 88 15 149 202 27 12 7 477 43 79 35 28 12 3 

Sub-type 1b Zr Sc V Cr Co Ni Cu Zn Ga Rb Sr Y Nb Sn Ba La Ce Nd Pb Th U 

HB-RW-8 155 4 76 57 11 29 19 70 13 86 120 22 11 1 380 35 62 28 27 8 2 
HB-SJ-11 153 10 64 86 14 36 25 100 18 142 204 28 11 5 569 46 77 35 46 12 3 
HB-SJ-5 160 11 80 88 14 41 30 307 18 146 196 30 12 5 596 50 88 35 67 13 3 
HB-SJ-10 200 18 78 89 15 33 39 82 15 160 150 28 13 7 560 50 87 38 40 15 3 
HB-AC-5 190 10 91 93 24 40 33 93 18 133 130 30 14 5 489 56 89 37 29 12 3 
HB-ET-2 181 10 87 85 14 38 32 100 17 123 289 29 14 4 512 41 80 38 33 12 3 
HB-RW-6 161 6 85 67 14 36 30 87 15 119 157 26 12 4 451 39 70 32 46 10 2 
HB-AC-4 180 20 81 91 18 35 48 100 17 180 200 28 13 9 630 54 98 41 43 17 3 
HB-SJ-7 138 3 67 70 13 35 33 92 13 108 187 23 11 7 405 30 58 27 37 8 2 
HB-SS-4 190 15 72 52 12 23 26 50 10 91 240 20 10 6 380 35 60 25 25 11 3 
HB-SS-1 170 22 79 72 12 30 35 70 14 180 220 24 11 8 580 46 82 37 21 15 4 
HB-AC-3 240 18 87 150 18 44 79 160 17 180 240 31 15 9 650 49 97 41 42 16 4 
Average 177 12 79 83 15 35 36 109 15 137 194 27 12 6 517 44 79 35 38 12 3 

Type 2 Zr Sc V Cr Co Ni Cu Zn Ga Rb Sr Y Nb Sn Ba La Ce Nd Pb Th U 

HB-RW-12 201 13 92 93 17 44 31 102 20 114 141 33 15 5 583 45 102 41 36 14 2 
HB-AC-2 200 19 130 190 24 66 59 130 21 160 170 35 20 9 560 67 110 52 45 18 5 
HB-SS-5 260 12 95 76 12 25 45 78 16 180 70 28 15 8 510 48 81 37 42 14 3 
HB-RW-1 158 11 88 81 16 43 28 97 17 82 258 29 14 4 524 44 76 31 37 11 3 
HB-RW-10 177 6 81 67 13 33 21 71 15 95 167 22 12 3 492 38 64 28 26 9 2 
HB-RW-14 189 9 67 65 14 30 21 76 13 81 139 24 12 4 433 33 70 33 28 9 2 
HB-RW-7 232 13 78 92 14 37 29 97 19 147 116 30 13 4 580 43 85 42 40 12 2 
Average 202 12 90 95 16 40 33 93 17 123 152 29 14 5 526 45 84 38 36 12 3 

Miscellaneous Zr Sc V Cr Co Ni Cu Zn Ga Rb Sr Y Nb Sn Ba La Ce Nd Pb Th U 

HB-RW-4 183 11 98 77 16 42 28 92 18 121 155 30 14 4 563 43 86 37 31 12 3 
HB-RW-9 190 17 139 131 28 95 49 138 22 139 187 33 22 5 643 51 94 41 70 12 4  
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New insights about the mineralogical changes occurred during the 
firing of carbonatic clays with high dolomite contents have been pro
vided. From the understanding of the mineralogical changes occurring 
with the experimental firing, some issues concerning to the potential 
suitability of local clayey materials for the regional ceramic industry has 
been tackled. 

CRediT authorship contribution statement 
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Pérez-Monserrat, E.M., Maritan, L., Garbin, E., Cultrone, G., 2021. Production 
Technologies of Ancient Bricks from Padua, Italy: Changing Colors and Resistance 
over Time. Minerals 11, 744. https://doi.org/10.3390/min11070744. 
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