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Abstract. Diverse types of bricks from monuments in the city of Padua (northeastern Italy) were studied using
a multi-analytical approach based on spectrophotometry, X-ray fluorescence (XRF), X-ray powder diffraction
(XRPD), polarized-light optical microscopy (POM) and/or high-resolution scanning electron microscopy with
coupled energy-dispersive X-ray spectroscopy (HRSEM-EDS). The most representative bricks were yellow or
beige and in well-preserved condition. The results showed that they were made of Mg- and Ca-rich illitic clays,
were fired at high temperatures (from 900 to over 950 °C), and achieved an incipient vitrification. Two main
processes took place during firing: (i) the development of a Ca-aluminosilicate amorphous phase where very
abundant pyroxene-type crystals were nucleated and (ii) the transformation of the pristine Mg-rich clayey grains
into Mg-silicate mineral phases. The analyses suggest a firing dynamic within a highly reactive and supersat-
urated unstable system, particularly rich in calcium and magnesium. There are also signs of the rapid heating
and/or soaking of the bricks and the irregular heat distribution and/or different residence times inside the kilns.
The formation of zeolite and calcite secondary phases was also observed. The former was largely promoted by
the high calcium content of the bodies and the very humid conditions, while the latter was mainly precipitated
from Ca-rich solutions. The preservation of the bricks was enhanced by processes that took place both dur-
ing and after firing. Firstly, the significant development of a Ca-rich amorphous phase and of high-temperature
pyroxene-type crystals has provided strength to the bricks. Secondly, the porosity yielded by the firing of the
carbonate-rich clays was almost filled by secondary calcite, which acted as a cementing agent. The information
attained has increased the knowledge of (i) the mineralogical and microstructural changes that take place during
the firing over 900 °C of Ca- and Mg-rich illitic clays and (ii) the formation of secondary phases within highly
calcareous bricks laid in very humid environments and affected by Ca-rich solutions. The key role of the Ca- and
Mg-rich raw clays and of the high firing temperatures, in producing high-quality bricks, and of the secondary cal-
cite, which increased their durability, is highlighted. All these factors have contributed to the better preservation
of the built heritage of the city.

1 Introduction

The firing of raw clays entails a dynamic and disequilibrium
system in which two main stages take place: the decompo-
sition of the original minerals of the raw clays and the for-
mation of new phases (Shoval, 1988; Riccardi et al., 1999).
The dehydroxylation of clay minerals contributes to the de-
velopment of an amorphous silicate phase that diminishes

with increasing temperature, as the newly formed phases nu-
cleate and grow (Rathossi and Pontikes, 2010; Heimann and
Maggetti, 2019). The firing of carbonate-rich clays gives rise
to newly formed silicates from around 800 °C (Peters and
Iberg, 1978) that enhance the compressive strength of the re-
sulting ceramic products (Celik et al., 2019). The fluid phase
generated by carbonate decomposition improves reaction ki-
netics, diffusion and nucleation processes, which are mostly
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controlled by the water and carbon dioxide released at differ-
ent temperatures as a result of dehydration and decarbonation
processes (Duminuco et al., 1998).

Clays with abundant carbonates tolerate a wide range
of firing temperatures and result in ceramics with excep-
tional porosity, mechanical behavior and weather resistance
(Kingery and Aronson, 1990; Tite, 1991). The reaction of
carbonates and silicates at high temperatures yields newly
formed phases such as melilites and pyroxenes (Peters and
Iberg, 1978; Trindade et al., 2009; Cultrone and Carrillo,
2020). Despite the fact that Mg-rich clays may yield highly
resistant ceramics at low firing temperatures (Lagzdina et al.,
1998; Darweesh, 2001), much more research has been car-
ried out on the decomposition and reaction products of cal-
cite than on those of dolomite (Gliozzo, 2020).

In research on historic ceramics, in addition to the resid-
ual minerals from the raw clays and the new phases formed
during firing, researchers have identified various secondary
phases that crystallized after firing. These were related both
to the transformation of such new phases and to the precip-
itation in the pores of chemical elements dissolved in aque-
ous solutions (Maritan, 2020). Zeolites and calcite — result-
ing from recarbonation, precipitation and/or the alteration of
gehlenite — occur frequently as post-firing (i.e., secondary)
mineral phases in Ca-rich ceramic bodies (Buxeda i Garri-
gos and Cau Ontiveros, 1995; Buxeda i Garrigos et al., 2002;
Fabbri et al., 2014).

Multi-analytic studies of ancient bricks offer interesting
insights into the transformations that took place within the
ceramic bodies during or after firing and shed light on the
manufacturing processes. In Padua, fired bricks have been
widely used as a building material throughout the city’s long
history, and the most representative are typically yellow or
beige in color. In previous research on this most representa-
tive type of brick, Pérez-Monserrat et al. (2021, 2022) found
that (i) they were produced with highly calcareous raw clays
that were quite rich in magnesium; (ii) they show abundant
Ca- and Mg-rich high-temperature phases as well as sec-
ondary calcite and zeolite hydration products; (iii) they dis-
play good mechanical behavior and resistance to frost and
salt crystallization action; and (iv) they are in a good state
of conservation, especially those laid in areas subject to high
levels of humidity. On the basis of these studies, a range of
different bricks from historic constructions in the city are an-
alyzed in this paper. The main aims of this research are (i) to
carry out a detailed compositional and microstructural anal-
ysis of this representative type of brick in order to under-
stand the formation mechanism of both the high-temperature
phases and the secondary phases and (ii) to identify the pro-
duction technologies that may have brought about the trans-
formations that took place within these yellow- and beige-
colored bricks.
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Brief introduction to the geology and the climate in the
province of Padua

Padua’s central location in the Veneto region (northeastern
Italy) and its numerous waterways fostered the development
of the area, which has been a strategic region for trade since
Roman times. The province of Padua is located on the eastern
side of the Po Plain, which is mainly covered by Pleistocene
and Holocene fluvio-glacial deposits. The fact that there are
virtually no rocky outcrops in the vicinity and the abundant
availability of raw clays have historically favored the use of
fired bricks as the main building material in the city. The
only nearby rock outcrops are in the Euganean Hills, from
which trachyte and rhyolite have traditionally been extracted
for construction purposes (Germinario et al., 2017).

The city of Padua was built on top of Quaternary alluvial
deposits from the Brenta and Bacchiglione rivers. The sand
fraction from these deposits contains, above all, silicates and
carbonates (calcite and dolomite) as well as metamorphic
and volcanic rock fragments, while the clay fraction consists
mainly of montmorillonite, illite—montmorillonite, chlorite,
illite and kaolinite (Jobstraibitzer and Malesani, 1973). Car-
bonate leaching and reprecipitation within the clayey sedi-
ments comprise a frequent pedogenic process in the forma-
tion of the soils near the city (Cucato et al., 2008), yielding
impure carbonate fragments aggregated with clay materials
and/or clayey grains cemented by carbonates. This leach-
ing and precipitation of carbonates, together with alternating
oxidizing and reducing conditions during the Pleistocene—
Holocene, resulted in the formation of calcic horizons, char-
acterized by the accumulation of CaCOs in nodules and
crusts. They also gave rise to a calcic paleosol that represents
a subsurface layer known in the region as caranto (Mozzi
et al., 2003; Donnici et al., 2011). These sedimentological
processes yielded calcareous-rich groundwaters and surface
runoff in the area. In addition to the carbonate-rich clays,
widely present in the alluvial deposits around the city of
Padua (Maritan, 2004), the alteration of the nearby volcanic
rocks, especially the trachyte, gave rise to important deposits
of Fe-rich clays (Cucato et al., 2008).

In the province of Padua, the climate is warm and tem-
perate. The summers are hot and humid, while the winters
are very cold, and it is partly cloudy all year round. There
is significant rainfall throughout the year, with an annual av-
erage of circa 1000 mm. The average temperature is 15°C
and the average annual relative humidity is 74 % (Agenzia
Regionale per la Prevenzione e Protezione Ambientale del
Veneto, ARPAV; https://www.arpa.veneto.it/dati-ambientali/
open-data/clima/principali- variabili-meteorologiche, last ac-
cess: 14 November 2021).
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2 Methodology

Forty fired bricks were sampled (taking fragments or en-
tire bricks) from four emblematic constructions in the city
of Padua: (i) the Basilica of Saint Justine (fifth/sixth—
sixteenth centuries), from the early Christian (fifth—sixth cen-
turies) and Romanesque (twelfth—thirteenth centuries) peri-
ods; (ii) the Elderly Tower (thirteenth century); (iii) the tower
of the old castle of the Carraresi family, nowadays known
as La Specola (fourteenth century); and (iv) the Renaissance
walls (sixteenth century, samples were taken from various
different sections of the perimeter). Overall, the bricks were
in a good state of conservation. One-half were yellow or
beige, and the other half were reddish, orange or brown (Ta-
ble 1). On a freshly cut surface, some of the yellow and
beige bricks displayed fine- and medium-grained inclusions
within a compact, uniform matrix. Other samples, including
the pale-red-colored and orange-colored bricks, showed large
numbers of particles with very heterogeneous sizes. These
were mainly lumps of clay and carbonate inclusions, con-
tained within a matrix with a flowing texture, correspond-
ing in turn to Fe-rich and carbonate clay materials. A few
rounded or irregularly shaped pores were noted, some of
which were partially filled by crystals.

The brick surface color was measured by spectrophotom-
etry, using a portable 3nh NS800 spectrophotometer. On a
circular measurement area of 8 mm diameter, a D65 standard
light source and 10° viewing angle were selected. The UNE-
EN 15886 (2011) standard was followed, and the CIELAB
and CIELCh color spaces were used. The parameters mea-
sured were lightness (L*), with values ranging from O (pure
black) to 100 (pure white); chromatic coordinates a* (+60
is red; —60 is green) and b* (+60 is yellow; —60 is blue);
chroma (C*) or color saturation, ranging from 0 (dullness)
to 100 (vividness); and the hue angle (4*) from 0 to 360°.
Ten measurements per sample were taken on a freshly cut
surface.

The chemistry of the ceramic bodies was analyzed by X-
ray fluorescence (XRF) with an S2 Ranger EDXRF Bruker
AXS spectrometer with a Pd X-ray generator. The working
conditions were 50kV, 2 mA and 50 W. Major and minor ox-
ides were determined on pressed pellets. Prior to the analysis,
7 g per sample was ground to powder in an agate mortar. Loss
on ignition was determined gravimetrically as the weight loss
recorded between 110 and 1000 °C.

The mineral phases in the samples were identified by X-
ray powder diffraction (XRPD), using a PANalytical X’ Pert
PRO diffractometer in Bragg—Brentano geometry equipped
with a Co X-ray tube and an X’Celerator detector. The results
were interpreted with the X’Pert HighScore Plus software.
The bricks were examined in thin sections by polarized-light
optical microscopy (POM), using a Nikon Eclipse E660 mi-
croscope equipped with a Canon 650 digital camera and the
Canon EOS digital microphotography system.
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The microstructural features of the samples were de-
scribed in detail by high-resolution scanning electron mi-
croscopy (HRSEM), using a Carl Zeiss STM (AURIGA se-
ries) and microanalysis by means of energy-dispersive X-ray
spectroscopy (EDS). Fragments and polished thin sections
coated with graphite were observed in back-scattered elec-
tron (BSE) and secondary electron (SE) mode.

3 Results
3.1 Chemical and mineralogical composition

On the basis of the chemical composition, all the sam-
ples are rich in CaO (> 5%) and are plotted in the
carbonate-rich area of the ternary diagram SiO;—Al,O3—
CaO (Fig. 1a), with the exception of brick RW_11, which
has the lowest CaO content. Two main clusters were identi-
fied, lying adjacently to one another (Fig. 1a). When MgO
content was also considered, a sharper division was ob-
served: carbonatic bodies (CBs), with CaO + MgO percent-
ages in the range 15 %-25% (almost 25% of the sam-
ples), and carbonatic-high carbonatic bodies (CHCBs), with
CaO + MgO percentages in the range 27 %—38 % (compris-
ing 75 % of the bricks) (Fig. 1b). While the CHCB sam-
ples have quite similar composition, forming quite a tight,
compact group, the CB samples show much greater com-
positional variability and are highly scattered when the
ternary system CaO-Fe,O3—MgO is considered (Fig. 1d).
Taking into account pure Ca-aluminosilicate and calcium-
/magnesium-silicate phases, the CHCB samples display a
chemical composition that is plotted between wollastonite
(CaSiO3)/diopside (CaMgSinO¢) and melilite (general for-
mula Cay(Mg,Al)(Al,Si)Si07) (Fig. 1b), with slightly lower
calcium and/or magnesium oxides contents and higher alu-
minum contents, and/or between wollastonite and diopside
(Fig. 1c), although in general they show a higher silica con-
tent.

The mineral phases detected by XRPD — relict compo-
nents of the base clays, new (during firing) and secondary
(post-firing) phases — are shown in Table 2. Two main min-
eral assemblages were detected in the samples belonging to
the CB and CHCB groups: (i) high content in relict compo-
nents (overall quartz, illite and primary calcite) and very few
high-temperature phases (sub-groups CB; and CHCB) and
(ii) fewer relict minerals — almost no illite — and quite abun-
dant newly formed phases (sub-groups CB; and CHCB»).
Hematite was detected in some samples belonging to the
CB; sub-group, and forsterite was detected in small quanti-
ties in some of the CHCB; samples. As regards the secondary
phases, calcite was identified in many CB, and CHCB; sam-
ples (and was especially significant in the latter), although the
distinction of secondary calcite from possible relict calcite
should be performed by microscopic and microstructural de-
scription. Important concentrations of analcime were present
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Table 1. List of the samples taken, their main textural features and colorimetric parameters measured on a freshly cut surface. Abbreviations:
CL, clay lumps; CI, carbonate inclusions; FT, flowing texture; +, slightly; ++, quite; 4+ + +, very; —, not observed.

Construction Date Sample Textural features ‘ Color (CIELAB and CIELCh)
Matrix CL CI FT Porosity ‘ Hue L* a* b* Cc* h*
Basilica of 5th—6th SJ_1 Uneven + + — + Rounded + Pale red 630 12.0 209 24.1 60.0
Saint Justine (SJ), centuries SI_2 Uneven + +++ + ++ — Red 546 167 219 275 528
5th/6th—16th SI 3 Uneven + ++ - + — Yellow 69.7 70 176 189 682
centuries Sl_4 Even + + + - — — Elongated ++ | Yellow 77.3 0.8 204 204 879
12th-13th SI. 5 Even + + + - — — Rounded + Yellow 68.6 39 292 294 823
centuries SJ_6 Even + + + - - - Rounded + Yellow 74.3 1.2 196 19.6 86.6
SJ_7 Uneven + ++ - + Elongated + Orange 595 139 232 270 59.1
SJ_8 Uneven +++ +++ ++ - Rounded + Beige 68.5 89 21.1 229 672
Elderly Tower (ET), ET_1 Even + + + ++4+ - - Rounded + Beige 64.7 84 179 203 640
13th century ET_2 Uneven + ++ ++ ++ Irregular + Beige 635 132 212 250 585
ET_3 Uneven+++ +++ +++ — Irregular + Orange 643 11.8 19.0 224 582
ET 4 Even ++ + - - Rounded + Yellow 70.8 58 223 231 754
Tower of the old castle SP_1 Even ++ + + — — — Beige 68.5 105 223 241 702
of the Carraresi family, SP_2 Uneven ++ +++ + — Irregular + Pale red 612 126 192 23.0 5638
La Specola (SP), SP_3 Uneven +++ +++ ++ ++ Irregular + Red 582 132 204 243 572
14th century SP_4 Uneven +++ +++ ++ ++ Irregular + Red 473 146 209 219 565
SP_5 Even + + + — - — Irregular + Yellow 63.8 12.8 223 254 614
Renaissance walls (RW), RW_1 Even + + + - — — — Brown 579 140 206 249 558
16th century RW_2 Even ++ + - + Irregular + Yellow 67.0 78 226 239 710
RW_3 Uneven + +++ - — Irregular + Pale red 599 139 195 240 545
RW_4 Even ++ + +++ - Irregular + Beige 66.5 87 189 208 653
RW_5 Even + ++ + - — Irregular + Orange 60.3 134 206 245 569
RW_6  Uneven+++ +++ ++ + Irregular ++ Beige 63.7 9.0 208 227 66.5
RW_7 Uneven +++ 4+ + +++ = Beige 61.7 11.0 202 23.0 614
RW_8 Uneven + ++ - + Irregular + Beige 63.5 75 217 230 709
RW_9 Uneven + ++ — - Irregular + Brown 581 126 214 249 597
RW_10 Uneven ++ +++ - ++ Rounded ++ Beige 66.3 8.8 222 239 683
RW_11  Uneven ++ ++ - +++ Rounded ++ Dark red 46.5 83 11.6 143 539
RW_12 Uneven+++ +++ + ++ Rounded ++ Brown 532 84 19.1 209 662
RW_13 Even+++ + — — — Orange 564 17.7 256 31.1 554
RW_14  Uneven ++ ++ - +++ - Orange 594 157 240 28.7 568
RW_15 Uneven+++ +++ +++ +++ Rounded + Beige 68.5 107 221 246 642
RW_16 Even ++ + - — Trregular + Pale red 61.7 119 189 224 580
RW_17 Uneven+++ +++ +++ +++ Rounded + Beige 63.6 99 217 238 656
RW_18 Even ++ + ++ + Irregular + Beige 69.5 8.1 21.1 226 69.1
RW_19 Even ++ + + — Irregular + Pale red 632 141 217 259 57.0
RW_20  Uneven + + + + Rounded + Brown 55.2 9.1 201 220 656
RW_21 Uneven+++ ++4++4+ +++ +++ Rounded + Beige 659 108 19.3 221 609
RW_22  Even ++ ++ - - Irregular + Dark orange 53.0 204 302 364 559
RW_23 Even+++ + + — ITrregular + Dark orange 58.6 159 233 282 557

in some CHCB; samples, and aragonite and gypsum were
detected in some of the samples from both groups.

In chemical terms, the ceramic bodies are moderately rich
in SiO, and display high quantities of Al;O3 and Fe; O3, lim-
ited amounts of K,O and NayO, a quite significant MgO
content, and a very high concentration of CaO (Table 3).
The CB bricks have higher average SiO;, Al,O3, Fe;03,
K>O and NayO contents than the CHCB bricks (SiO; is
46.2 wt %0—40.3 wt %; AlpO3 is 17.1 wt %—14.1 wt %; Fe, O3
is 6.7 wt %—5.7 wt %; Nap O is 1.6 wt %—1.5 wt %), while the
combined total for CaO and MgO is lower (CaO + MgO is
17.5 wt %—-24.8 wt %). As observed in Fig. 1, the CBs show
greater variability in terms of composition, especially re-
garding the amounts of SiO, and CaO, with values ranging
from 35.8 wt % to 56 wt % (SD =6.22) and from 4.4 wt %
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to 19.6 wt % (SD =4.7), respectively. Within the sub-groups
identified by XRPD analysis (Table 2), few differences were
observed between the average data achieved by XRF (Ta-
ble 3), except that the SiO; and NayO values were higher in
the samples belonging to the CB, and CHCB; sub-groups
(SiO, is 46.2wt % and 41.4 wt %; NayO is 1.70wt % and
1.6 wt %), respectively. The CB samples were found to have
higher Fe;O3 contents (6.9wt% in CB; and 6.5wt% in
CB»). This was mainly due to the high illite content detected,
although it could also suggest the use of chlorite clays. Sam-
ples with lower SiO,/Al>,O3 (S/A) ratios (S/A < 2.5) indi-
cate a predominance of clay minerals over quartz. This may
be due to the fact that the sediments are richer in clay than
in sand. The higher SiO, and Al,O3 values in the CB sam-
ples indicate larger amounts of quartz and feldspar in the raw
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E. M. Pérez-Monserrat et al.: Firing and post-firing dynamics of Mg- and Ca-rich bricks 305

Table 2. Mineralogical associations detected by XRPD analysis of the brick samples. Mineral abbreviations after Warr (2021): quartz (Qz); K-
feldspars (Kfs); albite (Ab); illite (Ilt); calcite (Cal); gehlenite (Gh); diopside (Di); anorthite (An); forsterite (Fo); hematite (Hem); aragonite
(Arg); analcime (Anl); gypsum (Gp). Secondary calcite (Cal (2nd)) was estimated on the basis of microscopic analysis. +: detected; ++:

noticeable; + 4 +: abundant; 4 4 4-4-: very abundant; —: not detected.

Pristine phases | Firing phases | Secondary phases

Qz Kfs Ab JI; Cal (1st)? ‘ Gh® Di An Fo Hem ‘ Cal 2nd)* Arg Anl Gp
Carbonatic bodies (CBs), 10 samples
CB4y, firing temperatures circa of 800 °C
SP_2 +++ - + ++ ++ + - - - - - ++ - -
RW_9 ++++ + ++ ++++ +++ - - - - - - - - -
RW_13  +++ + ++ ++++  ++ - - - - - - - - +++
RW_ 22  ++++ + ++++  ++ +++ - - - - - - - - -
CB., firing temperatures from 900 to over 950 °C
SI_2 ++++ ++++ - - - - - ++ - ++ + - - +
SI_4 + + - - - + +++ o+t - - ++ - - -
SP_1 ++ ++ - - - - +++ - - + - 4+ -
SP_4 ++++ +++ - + - - + ++ - ++ ++ - - -
RW_11¢  +++4++ + ++ - - - - - - +++ | - - - -
RW_20 ++++ - - - - + ++ ++++ - - - + - -
Carbonatic-high carbonatic bodies (CHCBs), 30 samples
CHCB, firing temperatures circa of 800 °C
SI_1 ++++ + - + ++ - + + - - - ++ - +
S1_7 ++++ - + +++ ++++ - - - - - - - - +
SP_5 ++++ - + ++ + - - - - - - ++ - -
RW_l  ++4+++ + + ++ ++ - - - - - - - - +
RW_5 ++++  ++ ++ ++++  ++ - - - - - - - - +
RW_14  ++++ + + +++ + - - - - - - + - +
RW_23  ++4+++ + + +++ ++++ - - - - - - - - +
CHCB3y, firing temperatures from 900 to over 950 °C
SJ_3 ++++ - - - - +++ ++ +++ + - + - + -
SI_S ++ - - - - + ++++ ++++ + - + - +++ +
SI_6 + - - - - +++ ++++ +++ + - +++ - +++ -
SJ_8 ++++ ++ - - - ++++ +++ ++ - - + ++ - -
ET_1°  ++4+++ ++ - - - ++++ ++++ 1+ + - + -+ -
ET_2 ++4++ F++ - - - ++ ++++  ++ - - ++4++ - = -
ET_3 ++++  ++ - + - + + ++ - - ++++ ++ - -
ET_4 +++ - - - - ++++ ++++ +++ + - ++++ - +++ -
SP_3 ++++ - - - - - ++ +++ - - - - - -
RW_2 +++ - - - - ++++ ++++ +++ + - +++ ++  ++ -
RW_3¢ ++++ +++ - + - - ++ ++ - - ++ + - -
RW_4 ++++ +++ - - - +++ ++++ +++ - - ++++ - - -
RW_6 ++++  ++ - - - ++ ++++ +++ + - ++++ - - -
RW_7 ++++ ++ - - - +++ +++ +++ - - ++++ - - -
RW_8  ++++ - - - - + ++++ F+++ + - ++4++ - = -
RW_10  ++4+++ +++ - - - ++ ++4++ +++  + - - + - -
RW_12  ++++ - - - - + ++++ ++++ - - ++ - - -
RW_15 ++++ ++ - - - + ++++ +++ + - +++ - - -
RW_16  ++++ +++ - + - + + + - - ++++ - - -
RW_17 ++++ - - - - +++ ++++ +++ - - ++++ - - -
RW_18  ++++ +++ - - - ++ ++++ +++ + - ++++ ++  ++ -
RW_19  ++++ ++ - - - ++++ + ++ - - ++++ - - -
RW_21 ++++ +++ - - - +++ + ++ - ++++ - - -

@ Although based on mineral assemblage, the assignment of primary or secondary calcite by XRPD should be carefully analyzed. b Corresponding to an intermediate melilitic
compound between the solid-solution end-members dkermanite and gehlenite. © Spinel was also detected in RW_11 and chabazite (zeolite group mineral) in ET_1 (+)
and RW_3 (++4).
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Figure 1. Plotting of the chemical composition of bricks in ternary diagrams. The samples are plotted within the carbonatic body (CB) and
carbonatic-high carbonatic body (CHCB) groups (except RW_11). See Tables 2 and 3 for entire sample numbering. Panels (a) and (b) are
adapted from Gliozzo (2020) and (c) from Trindade et al. (2009). Mineral abbreviations after Warr (2021): dkermanite (Ak), anorthite (An),
diopside (Di), forsterite (Fo), gehlenite (Gh), larnite (Lrn), monticellite (Mtc), mullite (Mul), talc (Tlc), tremolite (Tr) and wollastonite (Wo).

clays, while the higher K;O/Na;O (K/N) ratios (K/N aver-
age is 2.34) indicate a higher illite content.

The high CaO+4+-MgO content (over 13 wt % in almost all
CB samples and over 22 wt % in nearly all the CHCB sam-
ples) could be due to the widespread formation of Ca-/Mg-
rich mineral phases during firing and to the abundance of car-
bonates — from the raw clays and/or in the form of secondary
carbonates. The decomposition of carbonates (of primary
and/or secondary origin) and dihydroxylation of phyllosil-
icates cause an increase in loss-on-ignition (LOI) content.
Both these processes produce highly reactive bodies during
firing. The samples belonging to the CB; and CHCB; sub-
groups had higher overall LOI values (average of 9.42 wt %
and 14.4 wt %, respectively). This seems to be related to the
high content in illite, a mineral that is almost absent in the
CB, and CHCB; samples (Table 2). High CaO and MgO
contents indicate that the clay paste was rich in calcite and
dolomite. However, since the bricks were fired at different
temperatures and part of the calcite detected probably corre-
sponds to secondary calcite, it is rather difficult to establish a
relationship between the CaO 4+ MgO and LOI values.

The chemical data obtained indicated that the brickmakers
used silica-rich clays with considerable amounts of Ca car-
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bonate, Mg carbonate and clay minerals. They also suggest
the use of at least two compositionally different raw clays
and/or two different recipes for preparing the ceramic pastes
(mixtures of various different raw clays), one rich in silica
and iron and the other with a high carbonate content.

Even though the yellow (positive b* values) and red (pos-
itive a* values) shades are directly related to the CaO and
Fe>O3 contents, respectively (Klaarenbeek, 1961; Nodari et
al., 2007), the chromatic grouping of the bricks was not
as clearly defined as the classification based on chemical
composition. In fact, when the chromatic coordinates a*
and b* were analyzed, many samples belonging to the CB
and CHCB clusters grouped quite closely together (Fig. 2a,
within the rectangular area). The coordinate a* values for this
joint group (rectangular area, of both CB and CHCB sam-
ples) were between 5 and 17 and the b* values between 17
and 24, and there was more variability in the red component
(a*) than in the yellow one (b*). Nearly all the CHCB sam-
ples were concentrated in this joint group, whereas the CB
samples were more scattered (Fig. 2a).

A clearer distinction between the CB and CHCB groups
can be observed when their chromatic values are compared
with their CaO, CaO + MgO and Fe>O3 contents by means
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Table 3. Chemical composition of the major and minor oxides (in wt %) of CB and CHCB bricks determined by XRF. Maximum, minimum,
average and standard deviation values of the samples belonging to both groups are also shown. Abbreviations: S/A, SiO4/Al,03; K/N,
K70/NayO; R0, K,O + NayO; C+ M, CaO + MgO; LOI, loss on ignition. The total amount also includes small amounts of SO3, TiO;,
CI—, P,O5 and MnO oxides (wt %), which were also calculated but were not included in Table 3.

Si0, CaO ALO3; MgO Fe03 KO NaO S/A K/N RO C+M LOI Total

Carbonatic bodies (CBs): sub-group CB

SP_2 358 187 150 542 6.61 3.13 1.14 238 275 427 241 12,6 984
RW_9 422 895 178  6.11 6.89  4.09 1.06 237 384 5.5 151 114 985
RW_13 425 112 177 6.55 752 393 <0.01 240 - 393 177 779 973
RW_22 50.8 9.44 169 377 6.66 3.27 1.79 301 1.83 5.05 132 588 985
Average 428 121 169 546 6.92  3.61 1.33 254 281 4.60 17.5 942
SD 6.15 4.52 1.30 122 042 048 0.40 031 1.01 0.60 476 3.12

Carbonatic bodies (CBs): sub-group CB»

SI_2 50.0 9.52 177 4.10 632 331 172 283 193 5.03 13.6 459 972
SI_4 412 19.6 162 490 6.12  3.36 1.41 254 237 477 245 577 985
SP_1 43.1 156 17.6  4.67 7.05 331 210 246 158 541 203 473 982
SP_4 476 9.19 19.0 529 6.86  3.90 142 251 275 532 145 5.64 989
RW_11 56.0 443 190 4.13 741 434 1.67 294 259 6.01 857 175 988
RW_20 527 121 13.8  7.68 523 262 1.85 3.81 142 447 198 279 989
Average 484  11.7 172 513 6.50 3.47 170 285 211 5.17 169 4.21
SD 5.15 4.86 1.80 1.21 0.71  0.54 024 046 050 049 522 147
Average CB 462 119 17.1 5.26 6.67 3.53 1.57 272 234 494 17.1  6.30
SD CB 6.22 4.7 1.64 123 0.67 0.52 034 045 0.75 0.60 5.09 345

Si0, CaO ALO3; MgO Fe03 KrO NaO S/A K/N RO C+M  LOI Total

Carbonatic-high carbonatic bodies (CHCBs): sub-group CHCB|

SI_1 322 189 1.5 712 457 271 1.15 279 236 3.86 26.0 18.1 96.3
SI_7 346 179 137 6.25 531 285 099 253 289 3.73 242 177 993
SP_5 374 15.6 135 6.79 523 296 138 277 216 4.13 224 141 970
RW_1 37.8 154 145 675 570 3.10 1.03 261 3.03 413 22.1 147 988
RW_5 39.4 154 143 7.37 6.08 2.95 1.05 276 280 4.27 227 122 987
RW_14 37.8  17.1 15.1 7.44 6.34  3.38 1.25 250 269 449 245 104 988
RW_23 360 174 150 6.73 632  2.90 095 241 3.05 5.50 241 137 99.0
Average 36.5 16.8 139 692 565 298 .11 262 271 430 237 144

SD 241 138 123 042 0.65 0.21 0.15 0.15 034 0.58 1.39  2.77

Carbonatic-high carbonatic bodies (CHCBs): sub-group CHCB,

SJ_3 432 165 140 722 6.17 298 1.30 3.10 230 3.58 237 759 989
SI_5 420 203 131 642 516 1.55 279 320 056 3.61 267 693 982
SI_6 394 209 13.1 6.83 494 1.88 228 3.00 082 3.61 277 891 982
SJ_8 385 193 13.6 822 529 277 145 284 192 384 275 9.66 988
ET_1 419 19.6 141 945 575 274 1.83 298 149 385 29.0 3.67 99.0
ET_2 42,8 16.1 142 8.00 544 291 1.47 3.02 198 3.96 241 814 99.0
ET_3 36.1 16.8 135 774 543 3.87 1.63 268 237 4.00 245 141 99.1
ET_4 38.6 210 120 9.04 534 212 201 322 105 4.07 30.1  8.65 988
SP_3 450 121 17.8 633 6.88 3.49 1.61 252 217 4.09 185 559 988
RW_2 382 209 11.8  9.21 530 1.99 1.63 322 122 415 30.1 970 988
RW_3 40.0 153 146  6.77 583 3.28 079 274 414 422 221 121 987
RW_4 429 171 140 734 527 240 1.56  3.07 154 424 244 825 988
RW_6 426 173 140 728 547 293 1.57 3.05 187 429 246 794 99.0
RW_7 41.8 175 145 672 595 282 147 288 191 434 242 8.01 988
RW_8 442 169 13.1  8.11 544  2.66 1.59 337 1.68 4.34 25.1 6.82 988
RW_10 426 178 139 855 570  2.85 1.69 3.06 1.68 4.35 264 6.11 992
RW_12 47.8 15.0 149  6.86 6.41  2.85 1.64 321 174 438 21.9 336 988
RW_15 422 163 16.6  7.07 6.45 298 1.60 254 186 4.50 234 576 989
RW_16 403  17.6 136 721 543 227 1.34 298 170 454 248 11.0 988
RW_17 423 169 162 6.90 6.75 2.83 1.51 2,62 187 457 238 556  99.0
RW_18 40.8 185 148  6.55 543  2.63 146 275 181 458 25.0 891 99.0
RW_19 392 18.0 16.1 592 590 257 1.17 244 220 4.63 239 102  99.1
RW_21 404 18.1 133 7.40 527 233 125 3.04 186 5.09 255 10.8 989
Average 414 176 142 744 570  2.68 1.59 294 181 421 25.1 8.16

SD 254 2.11 1.41 0.95 052 052 039 025 067 037 2.66 2.58

Average CHCB 403 174 141 732 568 275 148 286 202 423 248  9.63

SD CHCB 326 197 1.35 0.88 0.54 048 040 027 072 042 248 372
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of principal component analysis (PCA; Fig. 2b). In this case,
the CHCB samples are more closely concentrated together
than the CB samples and there is almost no overlap between
the two groups. This suggests that the red and yellow colors
of these bricks depend above all on their CaO, CaO + MgO
and Fe, O3 contents, although the color-based grouping was
not as clearly defined as that based on chemical composi-
tion, as mentioned earlier. In fact, when the results reported
in Tables 1 and 3 are compared, it is observed that the yel-
low, beige and orange bricks belonged mainly to the CHCB
group, while the red and brown ones belonged to the CB
group. A higher chromatic variability was found in the lat-
ter group, in line with its higher chemical variability.

The mineral phases identified by XRPD (Table 2) provide
information on the firing dynamics. This shows for example
that the chemical reaction of illite/muscovite dehydroxyla-
tion (Reaction R1) occurs between 450 and 780 °C (Wang
et al., 2017), and the dehydroxylated phase remains almost
unchanged up to 850-950°C (Aras, 2004; Khalfaoui et al.,
2009) as follows:

KAl (Si3Al)O19(OH);, muscovite —
H>0 + KAI>(Si3Al)O1; dehydroxylated phase
(AH =371kImol™!). (R1)

In pure systems and/or if pure crystals of calcite and dolomite
are considered, carbonate decomposition begins quite early,
at about 500°C for dolomite (Rodriguez-Navarro et al.,
2009, 2012). Thermal decomposition of calcite is completed
at around 800-850 °C (Iordanidis et al., 2009), and dolomite
decomposition yields calcite and periclase (Reaction R2).
Lime is released from calcite decarbonation up to 900 °C
(Reaction R3), and the end products are basically MgO and
CaO, both of which are highly active. In addition, as lime
recarbonates faster than periclase (Webb, 1952), lime recar-
bonates during firing, only to decompose again as the tem-
perature increases. This occurs as follows:

CaMg(CO3); dolomite —
CaCOs calcite +MgO periclase + CO»

(AH? = 122kImol ™), (R2)
CaCOs3 calcite — CaO lime + CO,
(AH® = 179k mol ™ 1). (R3)

Gehlenite is formed at about 800-850°C (Cultrone et al.,
2001) from two different main reactions — (i) when lime re-
acts with free silica and alumina derived from the dehydrox-
ylation of illite (Reaction R4) and (ii) when K-feldspar reacts
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with calcite (Reaction R5) — as follows:

2K Al, (Si3Al)O10(OH); illite + 6CaCOj calcite —
3CayAl»SiO7 gehlenite 4+ 3SiO, + KO
+ 2H,0 + 6COy (AH® =518kImol™!), (R4)
2KAISi30g K-feldspar + 2CaCOj3 calcite —
CapAl,Si07 gehlenite + 5Si0; + K,0 + 2CO;
(AH? = 1041 kImol™"). (R5)

The gehlenite detected corresponds to an intermediate
compound of the solid-solution end-members. It falls some-
where between Mg-rich (dkermanite, CaMgSi;O7) and Al-
rich (gehlenite, CapAl>Si0O7), with a general formula of
Cary(Mg,AD(ALSi)SiO7 (melilite). Gehlenite normally be-
haves as an intermediate phase that reacts with quartz and
alumina, thus giving rise to anorthite (Reaction R6) around
900°C (Traoré et al., 2000; Riccardi et al., 1999). Anor-
thite may also be formed by the reaction of calcite both with
quartz and K-feldspar (Reaction R7) (Elias and Cultrone,
2019) and with quartz and alumina (Reaction R8). Substan-
tial anorthite contents suggest a firing temperature > 900 °C
(Daghmehchi et al., 2016), although the fine grain of the raw
materials may enhance its crystallization at lower tempera-
tures (Rathossi and Pontikes, 2010) as follows:

CayAl;SiO7 gehlenite + 3Si0; + Al O3 —
2CaAl;Si; Og anorthite (ArH0 =—75kImol™!), (R6)
CaCOs calcite + 2510, + 2KAISi30g K-feldspar —
CaAl,SipOg anorthite + K>O + 6SiO; + CO;
(AH® = 527KImol ™), (R7)
2Al1,03 alumina + 4SiO, + 2CaCO3 calcite —
2CaAl,SirOg anorthite + 2CO»
(AH? = 153kImol™1). (R8)

At around 900 °C, diopside may be formed through the reac-
tion between silica and dolomite (Reaction R9) (Cultrone et
al., 2001):

CaMg(CO3), dolomite + 2SiO; quartz —
CaMgSi,O¢ diopside 4 2CO,
(AH? =215kImol™). (R9)

It is important to bear in mind that it is difficult to identify
the specific clinopyroxene on the basis of the XRPD peaks
(Dondi et al., 1998) and that although ceramic pyroxenes
are generally referred to in the literature as diopside (Peters
and Iberg, 1978; Shoval, 1988), in compositional terms the
clinopyroxene could also correspond, for instance, to a fas-
saite (Dondi et al., 1998).

As the reactivity of lime is higher than that of periclase,
the former is consumed faster. From the excess of periclase,
Mg silicates like forsterite can nucleate as firing temperature
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Figure 2. Chromatics of the CB and CHCB samples compared with their CaO, CaO + MgO and Fe, O3 contents. (a) Plotting of the chro-
matic coordinates a* and b* — many samples are closely grouped together within the rectangular area; (b) score plot of the principal
component analysis (PCA). PC1, PC2 and PC3 were determined by taking into consideration the chromatic coordinates a* and b* and the

Ca0, CaO + MgO and Fe, O3 content, respectively.

rises, both at the expense of Ca—Mg silicates (Reaction R10)
(Trindade et al., 2009) and by the reaction of periclase with
silica (Reaction R11). These transformations occur via the
following reactions:

CaMgSi,Og diopside 4 3MgO periclase —
2Mg,Si0y4 forsterite + CaO lime

(AH? =29KkImol 1), (R10)
SiO7 + 2MgO periclase — Mg,SiO4 forsterite
(AH? = —59kITmol ™). (R11)

As periclase may also be formed after the decomposition of
other Mg-rich minerals such as diopside, monticellite, aker-
manite and/or forsterite (Trindade et al., 2009), there is an
available supply of MgO almost throughout the whole firing
process. Magnesium therefore seems to be the most widely
involved element in the formation of the new phases in Mg-
rich base clays, as was observed in previous research (Khal-
faoui et al., 2006).

Well-crystallized hematite is a significant component only
after heating at 900°C (Trindade et al., 2009), although
the firing of calcareous clays may lead to the formation of
hematite at around 750-850°C (Nodari et al., 2007; Ten-
coni et al., 2013). Hematite may also be generated by the
dehydration of the pristine iron oxyhydroxides and the re-
crystallization of iron released during the breakdown of the
phyllosilicates (Vedder and Wilkins, 1969). The entrapment
of iron within the structure of gehlenite and Ca pyroxenes
inhibits the formation of hematite, thereby reducing the red
component of the ceramic pastes (Klaarenbeek, 1961). This
suggests that hematite was only detected in the CB, samples
because of the high firing temperatures and the lower carbon-
ate content of the raw clays, which resulted in turn in lesser
development of Ca-rich silicates that entrapped less iron, thus
leaving more available to form hematite.

For the reactions reported above, the standard enthalpy of
reaction (A;H") was calculated using the molar enthalpies
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for the formation of each phase (AfH®) provided in the liter-
ature (Holland and Powel, 1998; Kiseleva et al., 1996; Madi-
vate et al., 2004) as follows:

0 0 0
AH = Yproducts, pVp AfH p — Lreactants, reVre AtH re

where v, and v are the stoichiometric coefficients of each
product p and reactant re. Although the reactions took place
at higher temperatures than the standard conditions (values
were not recalculated), ArHO allowed us to define whether
a reaction was endothermic (positive value) or exothermic
(negative value). In most cases, the enthalpy of reaction was
positive, i.e., endothermic, thus indicating that the reactions
occurred after a sufficient amount of energy had been sup-
plied by heating during firing. Exothermic reactions were
only observed in two cases (Reactions R6 and R11).

The mineral assemblages detected point to the use of
Ca- and Mg-rich (calcareous) clays and Fe content in illitic
clays, in concordance with the general composition of the
base clays obtained from the chemical data. On the basis of
the presence — and quantity — of phyllosilicates and newly
formed phases, it is possible to estimate the approximate tem-
peratures at which the samples were fired. The higher the il-
lite concentrations — in line with the lower amounts of newly
formed phases — the lower the firing temperatures. The sam-
ples with the largest amounts of illite were fired at less than
850 °C, while those containing anorthite and diopside were
fired at over 900 °C. In the CB and CHB| samples, the quite
significant presence of illite and the almost complete absence
of high-temperature phases suggest firing temperatures of
around 800 °C. Despite the homogeneous scenario observed
in the CHCB; samples, these must have been fired at differ-
ent temperatures in line with the relative abundance of the
newly formed silicates. Therefore, when abundant amounts
of gehlenite are detected, this indicates firing temperatures
of around 900 °C, whereas large amounts of diopside and
anorthite indicate higher firing temperatures of over 950 °C.
Even though CB, and CHCB,; samples displayed very simi-
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lar mineral assemblages, they must have been produced with
different raw clays, given that some CB, samples had quite a
significant hematite content, while it was not detected in any
of the CHCB, samples.

Analcime (a zeolite group mineral) and calcite secondary
phases were also detected in significant amounts. In pre-
vious research, zeolite was detected by XRPD as a sec-
ondary hydration product in other ancient bricks used in
Padua, probably due to the city’s high humidity and the use
of calcite-rich clays (Pérez-Monserrat et al., 2021, 2022).
The hydration of the abundant amorphous phase yielded by
highly fired calcareous clays may foster the formation of
zeolites (Buxeda et al., 2002; Schwedt et al., 2006; Mari-
tan, 2020), as may the presence of alkaline fluids (Pacheco-
Torgal et al., 2008). The glassy phase is unstable under
certain weathering conditions, and, over time, its alteration
yields to the leaching of potassium, which in turn can pro-
duce leucite (KAISi»Og) precipitation. For its part, analcime
(Na(SioAD)Og « H20)) may crystallize from the altered amor-
phous phase and through reaction with free silica, via the
uptake of sodium from the environment (Buxeda i Garrigos
et al., 2002). Nevertheless, the noteworthy presence of alu-
minum and calcium in the brick samples suggests the for-
mation of zeolites such as wairakite (CaAl;Si4O1, < 2H,0),
which has a similar XRPD pattern to that of analcime, and
chabazite-Ca ((Cag 5,Na,K)4[Al4SigOo4] * 12H50). Further-
more, the Ca-rich micro-sites in the calcite inclusions could
promote the nucleation of gehlenite (Heimann and Maggetti,
1981), and this phase might be transformed into wairakite
(Reaction R12) by the leaching action of water over a long
period of time (Fabbri et al., 2014) according to the following
reaction:

4CayAl,Si07 + 18H,0 —

CaAl;Si4012+2H,0 + 7Ca(OH);, + 6AI(OH)3 . (R12)

As pristine carbonates and newly formed silicates cannot
theoretically appear together (Fabbri et al., 2014), the cal-
cite detected in CB, and CHCB, samples must be of sec-
ondary origin. Nevertheless, the classification of calcite as
primary or secondary on the basis of XRPD (Table 2) anal-
ysis should be confirmed by microstructural observations,
as already stated. This is because pristine calcite may per-
sist at over 900 °C within calcite-rich systems if the cal-
cite grains are coarse and crystalline, under rapid heating
rates, or if the soaking time is short (Shoval et al., 1993;
Maggetti et al., 2011; Maritan et al., 2006). Consequently,
relict calcite and newly formed phases may occur simulta-
neously if these kinetic and thermodynamic conditions ap-
ply. Moreover, the increase in the CO; partial pressure that
takes place inside the kiln during the firing of calcareous-rich
clays slows the reactions down and may result in the incom-
plete decomposition of carbonates, even at high temperatures
(Garcia-Labiano et al., 2002; Cultrone, 2022). Aragonite nu-
cleation could be due to the samples having quite significant
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magnesium contents, which could lead to the crystallization
of Mg calcite and aragonite (Sondi and Slovenec, 2003). It
could also be formed due to the presence of surrounding hu-
mic acids (Sondi and Juracic, 2010; Maritan, 2020) after the
bricks were laid.

3.2 Microstructure and microchemical composition

Considering that more than half of the bricks studied be-
longed to the CHCB, sub-group, a detailed microstruc-
tural and microchemical analysis of the CHCB, samples
using the POM and high-resolution scanning electron mi-
croscopy (HRSEM) techniques was performed. The samples
had a fine-grained microstructure in which inclusions were
dispersed in a matrix with incipient vitrification (Fig. 3a),
largely owing to the fact that carbonates hamper the sinter-
ing of bricks at high temperatures as silica, alumina, lime
and periclase are involved in the newly formed phases (Ever-
hart, 1957; Alia et al., 1999). This incipient level of vitrifica-
tion created quite porous bricks. This higher level of porosity
was itself due to the decarbonization of the high carbonate
content in the pristine clay pastes (Toledo et al., 2004; Issi,
2012) and/or partially to the air bubbles that might have been
trapped in the pastes during shaping (Fabbri et al., 2014).

The particles are represented mostly by pristine Ca-
and/or Mg-rich microcrystalline clayey lumps (Fig. 3a), Ca-
plagioclase crystals, phyllosilicate pseudomorphs, and Mg-
rich dark particles with bright reaction rims (Fig. 3b), formed
by the reaction between the partially decomposed grain and
the surrounding silicate groundmass (Heimann and Maggetti,
1981). Although Reactions (R6), (R7) and (R8) express the
formation of anorthite as firing temperature increases, these
Ca-plagioclase crystals mainly correspond to pristine plagio-
clase that acquired an anorthite-like composition during fir-
ing (Cultrone et al., 2014). In fact, plagioclases, with com-
positions from albite to andesite, are very abundant mineral
components of the sands from the Brenta and Bacchiglione
rivers, and the calcium terms are rare (Jobstraibitzer and
Malesani, 1973). Quartz and K-feldspar relict grains with
phase transformations at the edges can also be observed. It
is suggested the formation of intermediate members of the
akermanite—gehlenite series from illite (Cultrone and Car-
rillo, 2020), and the open oval-shaped mica pseudomorphs
with vesicles indicate that high temperatures were reached
(Fig. 3c and EDS results).

As regards the mineralogical and microstructural changes
that took place during the firing of the CHCB, bricks,
the main features observed are the nucleation of pyroxene-
type crystals within a Ca-aluminosilicate amorphous phase
(Fig. 3d-f) and the formation of magnesium-silicate crys-
tals within the Mg-rich clayey grains (Fig. 4d—i). In addition,
zeolite hydration products formed within the coarse calcite
grains (Fig. 5d—f). Significant amounts of secondary calcite,
both recarbonated through the matrix (Fig. 3b, g and h) and
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precipitated both through the matrix (Fig. 3i) and within the
porosity (Fig. 5g—m), were also observed.

3.3 Crystallization of pyroxenes from a
Ca-aluminosilicate amorphous phase

High-magnification imaging analysis by HRSEM shows that,
in many areas, inclusions are bound by an amorphous phase
(Fig. 3d) observed under POM as compact and optically inac-
tive portions (Fig. 3g). This phase largely consists of the in-
termediate compound of the solid solution between the aker-
manite and gehlenite end-members detected by XRPD, and it
has been described as a melilitic composition matrix in other
yellow bricks from monuments in the city of Padua studied
in previous research (Pérez-Monserrat et al., 2022). Within
this phase, which has a Ca-aluminosilicate (and K-rich) com-
position, very abundant pyroxene-type crystals with highly
sharp edges crystallized, chiefly prism-shaped and hollow
skeletal crystals of diopside (Fig. 3e and f). The larger crys-
tals seem to have grown suddenly following self-organization
and spiral growth with slight misorientation at the inter-
face. The crystals share a common crystallographic orien-
tation, in line with the “imperfect oriented attachment” de-
scribed by Penn and Banfield (1998). As a result, larger
crystals appear to have grown out of smaller crystallites,
thus depleting the calcium and magnesium from the matrix.
Fe-rich bright crystals were also detected and may corre-
spond to a fassaite-type pyroxene (Fig. 4j), i.e., a calcium—
magnesium silicate with abundant aluminum and ferric iron,
which could also be referred to as a “ceramic pyroxene”
(Dondi et al., 1998). This generic clinopyroxene is formed
between 800 and 1000°C, and its chemical composition
shows analogies with the synthetic fassaitic clinopyroxene,
formed by diopside (CaMgSi>Og), Ca tschermakite or kushi-
roite (CaAl,SiOg), and esseneite (CaFe3T AlSiOg) compo-
nents (Sakata, 1957; Akasaka and Onuma, 1980). The detec-
tion of fassaite may suggest the presence of chloritic clays
in that chlorite is a typical clay mineral occurring alongside
illite in the clayey materials found in the Veneto Valley (Mar-
itan, 2004). Chlorite may therefore enhance fassaite forma-
tion because iron and aluminum are released during its break-
down (Yardley, 1993). Fassaite could also be formed from
an amorphous phase rich in iron and magnesium (Grapes,
2006).

Wollastonite crystals were occasionally formed around
rounded quartz grains, which suggests that firing tempera-
tures of over 950 °C must have been reached in some parts
of the bodies. In many samples in which the pyroxene-
type crystals nucleated from the Ca-aluminosilicate phase are
abundant, large prism-shaped pores can be observed within
the Si-rich amorphous phase formed from the reaction with
the quartz grains (1 in Fig. 4a—c). As the shape of these
pores resembles that of the diopside crystals, it is possible
that pyroxene phases could have formed there during firing
and then “dissolved”. Given that silicates can dissolve in al-
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kaline environments, this may have been caused by the ac-
tion of Ca-rich solutions after the bricks had been laid in the
walls. These polygonal pores observed in the Si-rich portion
around the quartz grains could confirm this process. The dis-
solution process might be encouraged by the composition of
the pyroxene-type crystals that might be hosted there and/or
of the Si-rich amorphous phase. It might also be enhanced
by the fact that the contact area with the quartz grains is
closely related to the open porosity, in communication with
the surrounding environment. As a result, the pyroxene-type
crystals formed within the Si-rich portion dissolved, while
those formed within the Ca-aluminosilicate phase were not
affected.

3.3.1 Transformation of the Mg-rich clayey grains to
Mg-silicate mineral phases

The Ca- and/or Mg-rich microcrystalline clayey
grains/lumps are probably related to the reprecipitation
of carbonates within the pristine clayey sediments (Cucato et
al., 2008) that were differentially transformed during firing,
mainly depending on the original magnesium and calcium
contents, the particle size, and the firing temperatures
reached.

Different transformations of the Mg clayey grains can be
observed: (i) early melilite rims and rings of Mg-rich crystals
at the grain edges, with the pristine microcrystalline texture
being quite well preserved at lower temperatures (Fig. 4d);
(i1) varying degrees of nucleation achieved by the Mg-silicate
crystals as the firing temperature increased (Fig. 4e); and
(iii) inclusions transformed into Mg-silicate mineral phases
with fully developed melilite reaction rims (Fig. 4f) at the
highest temperatures. The higher the firing temperatures, the
more transformed the pristine grains are. The formation of
Mg-silicate crystals represents the highest degree of trans-
formation as firing temperatures increase. As stated by Pérez-
Monserrat et al. (2021), this differential transformation could
be used as marker of both the firing temperatures and the base
clay composition and provenance.

The microchemical analysis of these crystals indicates that
the early Mg-rich silicate crystals have a composition sim-
ilar to that of a monticellite (Ca(Mg,Fe)SiO4) (Ca-olivine
phase) (Fig. 4d). Their composition progressively changes to
that of a Mg-pyroxene-type enstatite (MgSiO3) and/or a Mg-
olivine-phase forsterite (Mg>SiO4) (Fig. 4e and f). As firing
temperature increases, the Mg and Si content rise and they
become better ordered. Although the structure of monticellite
and enstatite may host iron, the Fe-rich crystals occasionally
detected (Fig. 4g) suggest that Mg?* has been replaced by
FeT within the structure of the forsterite crystals. The occur-
rence of elements that are not normally components of these
phases and/or the higher mobility of ions at such high tem-
peratures should also be considered (Cultrone and Carrillo,
2020). Secondary electron images enabled us to observe the
change in the morphology of the Mg-rich crystals as temper-
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Figure 3. POM and HRSEM BSE images and associated EDS spectra showing some features of the CHCB, ceramic samples. (a) General
view of the compact areas of the matrix where a coarse Mg-/Ca-rich clayey microcrystalline grain is observed; (b) oriented crystals of
anorthite and phyllosilicate pseudomorphs and recarbonated calcite; (c¢) melilite member formed after the partial melting of phyllosilicate
and Mg-rich silicate grains with bright reaction rims; (d) components of the brick sample bound by a Ca-aluminosilicate amorphous phase;
(e, f) basal and longitudinal sections of prism-shaped and hollow skeletal crystals of diopside — with very sharp edges — nucleated from the
amorphous phase, with a Ca-aluminosilicate composition; (g) sample observed by POM (cross-polarized light), in which the optically inactive
portions correspond to the amorphous phase and the highly active areas mainly to clusters of recarbonated calcite crystals; (h) recarbonated

calcite and (i) calcite precipitated, both through the groundmass.

ature increased, from plate- to glomerulus-shaped (Fig. 4h
and 1).

The Ca-rich clayey grains/lumps show a different decom-
position path in which porous areas appear, mainly due to
CO; release with increasing temperature (Fig. 4j). The orig-
inal fine particles of calcite were completely consumed at
high temperatures, thus leaving voids — calcite ghosts — oc-
casionally with rhombohedral shapes (Fig. 4k).

Eur. J. Mineral., 34, 301-319, 2022

3.3.2 Zeolite and calcite secondary-phase formation

Coarse and subrounded inclusions of calcite with a dark
corona-like microstructure (developed during firing) were
observed in many samples (Fig. 5a and b). These correspond
to primary calcite from the base clays, as the local sands are
rich in limestones (Jobstraibitzer and Malesani, 1973). These
inclusions were largely preserved during firing, only reacting
along the borders with the surrounding groundmass. There-
fore, the initial decomposition of the calcite grains yielded
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Figure 4. HRSEM BSE/SE images and associated EDS spectra of specific features observed in the ceramic bodies. (a) Pores within the
silicate amorphous phase produced by quartz boundary transformation (1), next to the Ca-aluminosilicate phase where diopside crystals
nucleated; (b, c¢) detail of the pores and quartz edge; these pores have the same shape as the pyroxene-type crystals they may once have
hosted — note the large polygonal pores maybe due to the dissolution of the silicate phase (1) by Ca-rich solutions once the bricks were laid,
as suggested; (d) early melilite rim and ring of Mg-rich crystals at the Mg clayey grain boundary; (e) differential nucleation of the Mg-silicate
mineral phases; (f) heavily reacted Mg clayey grain, which was totally transformed into Mg-silicate crystals, and a well-developed melilite
reaction rim; (g) Fe-rich crystals probably corresponding to an intermediate member of the forsterite—fayalite solid solution; (h, i) SE images
of the Mg-silicate phases, with plate shapes evolving to rounded morphologies with the increase in temperature; (j) partially decomposed
Ca-rich clayey particle and development of fassaite-type pyroxenes; (k) rhombohedral shape void formed due to the total consumption of a
pristine carbonate grain.
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dark rims at temperatures of 700-750 °C (Fabbri et al., 2014)
and light melilite reaction rims at higher temperatures (800—
850°C). These were the first- and second-stage reaction do-
mains, respectively (Tschegg et al., 2009).

Within the most altered areas of these coarse carbon-
atic grains, cubic and fan-shaped crystals of CaK zeo-
lite were formed (Fig. 5c). Even though the presence of
wairakite and/or chabazite-Ca as secondary hydration prod-
ucts has been previously suggested, the substantial potas-
sium and calcium contents point more towards the formation
of phillipsite-K ((K,Na,Ca);.2(S1,Al)sO1¢ * 6H,0), enhanced
by both the highly humid conditions and the circulation of
alkaline solutions in the constructions where the bricks are
laid. In fact, zeolites can be synthetized by alkali activation
(Palomo et al., 2019) and fan-shaped phillipsite crystals with
pozzolanic behavior and cementitious properties crystallized
in situ at earth surface temperatures in alkaline aqueous envi-
ronments as alkali-activated mineral cements in Roman ma-
rine concretes (Jackson et al., 2017).

Secondary calcite was significantly developed. Some re-
carbonated through the micromass, but most precipitated
within the pores. The recarbonated calcite appears above
all as clusters of sparitic and/or micro-sparitic crystals scat-
tered through the groundmass (Fig. 3g and h) and is probably
the result of carbonate and calcium transported by rainwater
from the lime binder mortars commonly used in the city’s
historic buildings (Secco et al., 2018; Addis et al., 2019).
The precipitated calcite partially fills the pores (Fig. 5g and
h), the needle-shaped crystals indicating that they likely cor-
respond to aragonite, and occasionally causes internal frac-
tures in the carbonatic microcrystalline grains. The sealing
of the shrinkage rims and the growth of calcite crystals on
transformed carbonate grains (Fig. 5i and j) can also be ob-
served. Another interesting finding was the precipitation in
many samples of a calcite with a highly even texture (Fig. 31).
Besides being spread widely through the matrix, this smooth
calcite completely sealed the shrinkage rims (Figs. 4g and
5k) and even filled the spaces left between the exfoliated
basal planes of the phyllosilicates due to dihydroxylation.
Abundant scalenohedral crystals were formed, mainly inside
the pores (Fig. 51 and m). These morphologies, known as
dogtooth spar, highlight the fast growth of the calcite crys-
tals along the ¢ axis and indicate an excess of Ca®™ ions,
being the scalenohedral-to-rhombohedral transformation ki-
netically fostered with the increase in the carbonate content
(Cizer et al., 2012).

It is possible that the precipitated calcite was formed both
when the bricks were soaked in water and/or due to the circu-
lation of Ca-rich solutions when the bricks were laid. During
the firing, the CaO released by the decomposition of the car-
bonatic particles reacted with the silicate matrix to form the
Ca-rich silicates. Although the free lime was almost elimi-
nated due to the high temperatures reached, given the very
high calcareous content of the pastes, it seems likely that the
bricks were soaked in water just after firing. This practice
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considerably reduced the hydration of free lime (portlandite)
and the further carbonation that takes place if bricks are ex-
posed to the air after firing. In this way it helps prevent the
formation of cracks due to the increase in volume caused by
the formation of portlandite (Elert et al., 2003), defect known
as “lime blowing”. Soaking the bricks in water removes the
CaO, which is very reactive and has poor consistency. The
CaO precipitates as calcite on the surface of the water and/or
within the pores of the bricks, thus minimizing the risk of
lime blowing (Saenz et al., 2019). In addition, the unifor-
mity of the even-textured calcite that was widely extended
through some of the samples suggests that it formed quickly,
at almost the same time as the soluble lime was removed (or
redistributed within the pores of the brick, where it crystal-
lizes as a secondary phase). Given that the waters that flow
through the city of Padua (in rivers, canals, underground wa-
ters, etc.) are Ca-rich, it seems likely that the calcite also pre-
cipitates from aqueous solutions often in direct contact with
the buildings of which the bricks form a part.

4 Discussion

The quite uniform chemical and mineralogical composition
of the CHCB, samples points out that similar raw clays (very
calcareous and particularly rich in Mg) and firing tempera-
tures (from 900 to over 950 °C) were used in the brickmak-
ing process. These yellow- and beige-colored bricks were
sampled from diverse buildings from different periods in the
city’s construction history. This indicates that for many cen-
turies bricks of this kind were produced using similar geo-
resources (clayey material) and manufacturing technologies.
However, the variability in the compositional range (Fig. 1
and Table 3), the different quantities of the mineral phases
(Table 2), and the diverse intensity and irregular distribution
of the microstructural transformations accomplished during
firing (Figs. 3-5) indicate heterogeneities in the produc-
tion processes. It is possible that the composition and tex-
ture of the raw clays varied to some extent, with silicate
and calcite inclusions as well as Ca- and/or Mg-rich clayey
grains that are heterogeneous in size and shape. Although
the appearance of these carbonate clay lumps indicates that
the raw clays were not sufficiently kneaded and/or left to
rest before shaping (Maritan, 2004; Fabbri et al., 2014), it
is also important to bear in mind that the silica, alumina,
lime and/or periclase released via the decomposition of these
lumps contributed significantly to the formation of the high-
temperature phases. Other possible heterogeneities in the
production processes could include the irregular distribution
and dispersion of the heat inside the kiln and/or the varying
duration of the firing process. As a result of these inconsis-
tent firing procedures, it is possible that the bricks were fired
at different temperatures according to their position inside
the kilns and even that micro-domains appeared, with diverse
transformation phases taking place within the same brick.
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Figure 5. POM and HRSEM BSE/SE images and some EDS spectra on secondary zeolite and calcite. (a, b) Coarse calcite grain with dark
corona-like microstructure observed by POM and HRSEM and EDS spectra of the first-stage (dark, a) and second-stage (light, b) reaction
domains; (c) zeolite crystals formed within the more altered areas of the coarse calcite grains; (d, e, f) detailed images of the cubic and
fan-shaped CaK-zeolite crystals, probably corresponding to phillipsite-K; (g, h) needle-shaped crystals of precipitated calcite partially filling
the pores (sample belonging to CHCB); (i, j) precipitated calcite crystals filling shrinkage rims (sample belonging to CHCB ) and/or grown
over a slightly decomposed carbonate grain; (k) smooth precipitated calcite filling shrinkage rims; (I, m) scalenohedral crystals of calcite —

dogtooth growth — preferably oriented in line with the ¢ axis.

The profuse nucleation of the pyroxene-type crystals in-
dicates that a firing technique involving rapid heating and/or
soaking was used. It seems that the heating rate was faster
than the nucleation and growth of the phases (Grapes, 2006)
and/or that some reactions remained incomplete due to the
bricks being removed from the kiln too early. It must have
been a highly reactive, supersaturated system (Ca-rich and
also rich in Mg and Al), which was enhanced in turn by the
fine grain of carbonate inclusions, where small pyroxene-
type crystals grew fast and early by direct nucleation from

https://doi.org/10.5194/ejm-34-301-2022

the melt (the Ca-aluminosilicate amorphous phase). Like-
wise, the reactivity of the system was increased by the fact
that the crystals were very small, in turn giving rise to very
intensive nucleation. Although within a meta-stable system
like raw clays under firing, reactions can be delayed. How-
ever, in this highly reactive, supersaturated system, some
reactions may have taken place earlier. The occurrence of
prism-shaped crystals, which had enough time to grow prop-
erly, and skeletal-shaped crystals, which did not, indicates
that heat inputs of irregular intensity might have taken place
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inside the kiln. Uneven conditions like these were also re-
flected in the occurrence (and the quantity) of different min-
eral phases (Table 2). Therefore, low quantities of newly
formed silicates may be due to a fast heating rate and/or ex-
cessively short heating time, whereas higher quantities indi-
cate more accurate, better-quality firing, in which the reac-
tions between lime and periclase and the silicate matrix were
completed (Fabbri et al., 2014).

Despite this variability in the production process, it is clear
that the bricks are in a good state of conservation, a situation
that can largely be attributed to the base clays. The firing
of the calcareous-rich clays caused the development of an
extensive Ca-aluminosilicate amorphous phase during firing,
which enhanced the binding action inside the bricks. In fact,
the loss of this phase was observed in other similar bricks in
the city, prompting the granular disaggregation of the bodies
(Pérez-Monserrat et al., 2022). The presence of magnesium
can increase the strength of ceramic products (Lagzdina et
al., 1998), which is also improved by the copious nucleation
of the diopside-type crystals.

The decarbonization of the calcareous-rich clays and the
incipient vitrification achieved produced quite porous bricks.
This highly porous texture made them ideal for use in ar-
eas with high levels of humidity (such as those in the city of
Padua). It could also be beneficial for brick conservation as it
facilitates the uptake and movement of water inside them. In
addition, due to the surrounding humidity, it is possible that
the moisture gradient between the surface of the bricks and
the nearby environment was quite low, thus enabling the hu-
midity conditions within the bricks to remain fairly constant.
Furthermore, this high porosity yielded plenty of spaces that
were suitable for precipitation, almost all of which were filled
by secondary calcite, which significantly increased the ce-
mentation of the bricks. The Ca-rich waters of the city and
the lime mortars used to bind the bricks together played an
essential role in the precipitation of this secondary calcite.

5 Conclusions

This research centered around a multi-analytical study of
fired bricks from four emblematic heritage constructions in
the city of Padua (northeastern Italy). More than half the
bricks studied are yellow or beige in color and are well pre-
served. These bricks, corresponding to CHCB, ceramic bod-
ies, were made out of Mg-rich calcareous illitic clays and
were fired at high temperatures (from 900 to over 950 °C), at
which incipient vitrification was achieved. These findings are
in concordance with the data provided by Pérez-Monserrat et
al. (2021, 2022), who found that these are the most represen-
tative type of brick in Padua and have shaped much of the
city’s built heritage.

The results suggest that the CHCB, ceramic bodies were
manufactured under non-standard, often irregular conditions.
Two main processes occurred during firing: (i) the develop-
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ment of a Ca-aluminosilicate amorphous phase where very
abundant pyroxene-type crystals nucleated and (ii) the trans-
formation of the pristine Mg-rich clayey grains into Mg-
silicate phases. While the high carbonate content obstructed
the sintering process, the heterogeneous firing dynamics hin-
dered more uniform transformations within the bricks. It is
worth highlighting the formation of a phillipsite-K (zeolite)
secondary phase within the coarse calcite grains, which was
chiefly enhanced by the high calcium content of the bodies
and the high levels of humidity in some areas of the construc-
tions of which the bricks formed a part. Another interesting
finding was the uniform secondary calcite that widely pre-
cipitated through the groundmass.

The information obtained in this multi-analytical study has
increased the knowledge of (i) the mineralogical and mi-
crostructural transformations that take place when very cal-
careous — especially rich in magnesium — and highly un-
evenly textured clays are fired at over 900 °C and (ii) the for-
mation of secondary phases within highly calcareous bricks
laid in highly humid environments in an area with Ca-rich
waters. These bricks are very representative of those used in
Padua’s historic monuments and have played a key role in
shaping the city. Their high quality has also enhanced the
preservation of this built heritage, due largely to the specific
base raw clays that were used and the high firing tempera-
tures that were reached, which yielded high-quality bricks in
spite of an often irregular production process. The durabil-
ity of the bricks was also enhanced post-firing by processes
involving the high levels of humidity in the city and the cal-
careous waters that run through it.
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