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Abstract: This paper presents a chemical-mineralogical characterization of construction materials
from medieval Renaissance buildings of Ferrara (NE Italy) to provide an insight into the nature
and provenance of the raw materials used. Biagio Rossetti was an Italian architect and urbanist
from the city of Ferrara. From 1483, he was the architect of the Duke of Ferrara Ercole I d’Este
who in 1492 assigned him the project of enlarging the city of Ferrara. Biagio Rossetti is still famous
because he designed and built many notable palaces and churches in Ferrara, e.g., the Palazzo
Roverella, the monastery of Santa Maria delle Grazie and the renovation of the church of San
Andrea. To date, only the first two historic buildings are still in use and consequently restored, while
the church of San Andrea has been abandoned over the years and the remains have been subject
to decay. Different kinds of samples (bricks, cotto, plaster and mortars) were collected from the
three sampling sites and analyzed in X-ray fluorescence and X-ray diffractometer to investigate the
construction materials through the evaluation of their chemical composition, historic building activity
and degradation degree. These investigations should provide knowledge useful for restoration and
conservation processes.

Keywords: medieval Renaissance period; geochemical characterization; mineralogical analysis;
archaeological samples

1. Introduction

Ferrara was the first Renaissance city to be developed according to a complex urban
plan that gave precedence to the harmonious arrangement of urban perspectives rather
than to the beauty of the individual buildings and for this reason, declared a World Heritage
Site by UNESCO in 1995 [1]. The city reached the top of Renaissance architecture and
prestige with the dominion of the Estense family [2,3]. The Estense family considered the
urban layout inside the first defensive walls inappropriate to represent their greatness and
their dominance over the territory. This was the reason they decided to radically modify
the city’s layout [4,5], changing its structure and appearance. Thanks to this, different
urban projects never before realized arose in the city, the most important of which was
the Addizione Erculea by the architect and urbanist Biagio Rossetti, at the end of the 15th
century [6,7].

Biagio Rossetti (1447−1516) was considered the first architect in the history of urban-
ism to use the advantages of modern methods: balancing humanistic principles and local
traditions in the architecture [8–10]. In the beginning of 1492, he projected and directed the
construction of the defense walls around the city of Ferrara, still well preserved today [11].
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After Duke Ercole’s death in 1505, Biagio Rossetti worked for the Cardinal Ippolito d’Este,
in which role he was responsible for the creation and restoration of many notable build-
ings and churches [10,12,13], including Palazzo Roverella, the monastery of Santa Maria
delle Grazie and the church of San Andrea, which were the sampling sites chosen for this
research work.

Palazzo Magnanini, known as Roverella, is located in the historic center of the city of
Ferrara and is characterized by a wonderful façade adorned with precious “cotto”. It was
built in the early 1500s in favor of the owner Magnanini until 1700, when it was sold to
Countess Teresa Locatelli, widow of Count Pietro Roverella. It remained the property of
the Roverella family until 1869 when it was sold to the Zamorani family who assigned the
historical building to the Circolo dei Negozianti, who still own it [14].

The first probable reference to the monastery of Santa Maria delle Grazie was in a
document dated 17 September 1546, which testified to the beginning of the construction
on land owned by Bassano da Lodi [15–17]. The construction of the monastery lasted
many years, following continuous changes to the original project by the architect Biagio
Rossetti. The structure of the building was very simple with on the first floor the cells for
the nuns, common and work rooms and the church. The total lack of marble or precious
stones could be a sign of the scarcity of money that duke Ercole I d’Este provided for this
female religious community. Following the Napoleonic suppressions of 2 August 1799,
the monastery was transformed first into a military barracks and then into a shelter for
victims. After the end of the Napoleonic wars, it was definitively sold to the University of
Ferrara [17].

Historians wrote about the construction of the church of San Andrea around the year
1000, built to the east of the Byzantine Castrum, which was the first medieval fortress of
the city of Ferrara [4]. At the beginning, the church was a very modest oratory both in
size and in architecture until 1256, the year in which Azzo VII, one of the most important
members of the Estense family, reigned over Ferrara. The daughter of Azzo, Beata Beatrice
II, obtained from her father permission to consecrate herself to God: first of all, in the
convent of San Antonio in Polesine (in Ferrara) and then in the church of San Andrea where
she died on 18 January 1262. In 1438, the church of San Andrea was solemnly consecrated
by Pope Eugene IV, who was in Ferrara during the Ecumenical Council for the union of the
Latin and Greek church. Thanks to this, the church became a center for the faithful [18].
There were numerous burials of illustrious personalities both in the church and in the
cloister, for example the architect Biagio Rossetti [19]. In 1796, following the invasion of
Napoleon and with the edict of 8 May 1798, the religious orders were suppressed and
convents and nonparish churches expropriated. Because of this, San Andrea appeared
destroyed [20], until in 1886 it was closed to worship and left to decay. Between 1975 and
1977, the Superintendence for Architectural Heritage in Emilia Romagna designed some
requalification: consolidate the apse area and the reconstruction of some walls. To date,
the inaccessible ruins of the church of San Andrea are overgrown with trees and climbing
plants. Of the ancient splendor only the aisle with small semicircular apses and a small
portion of the apse remain.

The aim of this work was to investigate the construction materials of the three different
historical sites to better understand the materials used for construction of the churches and
historical buildings. Different kinds of samples such as bricks, cotto, plaster and mortars
were collected from the three sampling sites and analyzed by two X-ray techniques: X-ray
fluorescence [21–23] and X-ray powder diffraction [24–26]. Through the use of these
analytical techniques it was possible to better understand the chemical composition of
the samples collected in the three different sampling sites and to evaluate the degree of
degradation [27–29] especially in the samples collected in the church of San Andrea.
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2. Materials and Methods
2.1. Sampling

The city of Ferrara is located in the Emilia Romagna region 50 km from the Adriatic Sea
(in the north east of Italy, Figure 1, left side) and it is characterized by a historic center, rich
in ancient buildings and historic churches. Most of these buildings are continually being
restored, but some of them have been left to decay. For this reason, three different historical
sites (palaces and churches) have been chosen to investigate the construction materials.
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Figure 1. Map of the sampling sites in the city center of Ferrara. Colored in yellow the three different sampling sites: Palazzo
Roverella, the cloister of the monastery of Santa Maria delle Grazie and the church of San Andrea. Colored in white the
Ferrara castle that represents the main center of Ferrara and colored in light blue other historical buildings (the Cathedral,
the church of Santo Stefano, the church of Santa Maria in Vado, the monastery of San Antonio in Polesine and Palazzo
Schifanoia) whose XRF analyses were used for comparison.

Different kinds of samples (bricks, cotto, plaster and mortars) were collected in the
three different sampling sites located in the city center of Ferrara (Figure 1, right side):

• two historical buildings in the center of Ferrara, dating back to around 1500 and
located in the area called Addizione Erculea: Palazzo Roverella (Figure 2a,b) and the
cloister of the monastery of Santa Maria delle Grazie (Figure 2c,d);

• the remains of the church of San Andrea dating back to around the year 1000 (Figure 2e,f).

The samplings in the Palazzo Roverella and in the cloister of the monastery of Santa
Maria delle Grazie were carried out during the restoration phase and the samples (bricks
from Palazzo Roverella and cotto from the cloister of Santa Maria delle Grazie) were
collected by the Superintendence for the Archaeological Heritage of Emilia Romagna.
Table 1 shows the list of the samples analyzed and their description.
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Table 1. List of samples collected and analyzed specifying the type of sample: R represents the
samples from Palazzo Roverella, C: samples from Santa Maria delle Grazie and MM: samples from
San Antonio.

Samples Description

R6 Brick from flower decoration
R7 Brick from flower decoration
R8 Brick from flower decoration

R17 Brick from flower decoration
R21 Brick from flower decoration, visible sulphating process
R22 Brick from flower decoration
R9 Brick from the façade

R12 Brick from the façade
R13 Brick from the façade
R14 Brick from the façade
R15 Brick from the façade
R1 Plaster
R2 Plaster
R4 Plaster

R16 Plaster

C1-1 Cotto, 5th layer from the ground
C1-3c Cotto
C1-4 Cotto
C1-5 Cotto
C4-1 Cotto, 6th layer from the ground
C4-3 Cotto, 7th layer from the ground
C5-3 Cotto, 8th layer from the ground

CS1-1 Cotto, 2nd layer from the ground
CS1-2 Cotto, 7th layer from the ground
CS1-3 Cotto, 8th layer from the ground
C1-6 Cotto with biological degradation, 8th layer from the ground
C1-7 Cotto with efflorescence, 16th layer from the ground
C2-2 Cotto with black crust
C2-3 Cotto degraded, 3rd layer from the ground
C5-1 Cotto disaggregated, 9th layer from the ground
C5-4 Cotto degraded, 6th layer from the ground
C5-5 Cotto disaggregated, 3rd layer from the ground
C1-2 Mortar, 5th layer from the ground
C2-4 Replacing mortar from layer under the external plaster
C4-2 Mortar, 6th−7th layer from the ground
C5-2 Mortar, 9th layer from the ground

CS1-4 Mortar, 8th layer from the ground
C1-3 Saline efflorescence of the sample C1-3c, 5th layer from the ground
C2-1 Black crust
C6-1 Black sulphate crust

MM4 Brick at 50 cm from the ground
MM5 Brick detached
MM3 Plaster at 2 m from the ground, coloured in grey
MM7 Plaster at 2 m from the ground, coloured in brown and grey
MM9 Plaster at 2 m from the ground, coloured in grey

In contrast, samplings at the church of San Andrea were carried out on the basis of the
various layers of plaster and degradations. Using a flat-tipped chisel and a mallet to obtain
suitable fragments, five samples, including both plaster (samples MM3, MM7 and MM9)
and bricks (MM4 and MM5), were collected to determine their nature and composition. In
Figure 3 the sampling zones and photos of the samples can be observed.
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In detail, from the column colored in red on the map in Figure 3, two different kind of
samples were collected:

• a sample of plaster at 2 m from the ground colored in grey (Figure 3a, sample MM3),
collected from a brick of ancient masonry and founded under coatings and subse-
quent plaster;

• a sample of brick at 50 cm from the ground (Figure 3b, sample MM4).

On the other side, from the column colored in blue in Figure 3, two further samples
were collected, both at 2 m from the ground:

• the sample MM7 represented a layer of plaster colored in brown and grey (Figure 3c);
• the sample MM9 was plaster colored in grey with black and yellow painting (Figure 3d).

In addition, to better investigate the ancient bricks, a detached brick from the masonry
was collected in order not to damage the structure of the archaeological area (Figure 3e,
sample MM5).

2.2. Chemical Analysis

The preparation of all the samples and the following analyses were carried out in the
laboratories of the Department of Physics and Earth Sciences of the University of Ferrara.

All the samples collected in the three different sampling sites were pulverized using
an agate pestle until a powder with a particle size less than 2 µm was obtained.

Part of the powder from all the samples was used for LOI (loss on ignition) calculation
and expressed in Table 2 as weight oxide percentage. The sample powders were first dried
in an oven at 110 ◦C then placed in the ceramic crucibles and subjected to a temperature of
1000 ◦C for one day.
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Table 2. XRF data of the major oxides present in the samples analyzed and expressed in weight (%) and the data of the trace elements expressed in ppm (n.d. = not detected).

Palazzo Roverella Santa Maria delle Grazie San Andrea

R6 R9 R12 R15 R17 R21 R22 C1-1 C1-7 C2-3 C4-1 C4-3 C5-5 CS1-1 CS1-2 MM3 MM4 MM5 MM7 MM9

SiO2 50.60 51.86 54.99 53.88 50.71 53.15 54.47 49.84 46.12 48.72 49.90 49.60 48.71 52.02 51.94 43.67 41.15 51.01 30.59 38.22
TiO2 0.65 0.70 0.71 0.71 0.69 0.72 0.70 0.64 0.61 0.62 0.63 0.64 0.63 0.68 0.66 0.25 0.55 0.64 0.21 0.28

Al2O3 13.63 14.43 14.79 15.20 14.67 15.10 14.08 12.73 12.42 12.84 13.45 12.89 12.68 13.85 13.73 6.26 11.23 13.09 5.04 5.34
Fe2O3 5.66 6.11 6.26 6.29 6.29 6.34 6.20 5.73 5.25 5.53 5.56 5.55 5.67 5.94 5.75 2.66 5.14 5.51 2.44 2.43
MnO 0.12 0.15 0.14 0.14 0.14 0.15 0.14 0.12 0.14 0.14 0.13 0.12 0.15 0.15 0.13 0.12 0.12 0.13 0.08 0.09
MgO 4.96 4.58 4.32 4.63 4.61 5.13 4.52 4.37 2.62 2.70 4.67 5.43 4.32 5.07 4.54 2.32 3.71 4.87 2.34 2.49
CaO 9.26 10.04 7.32 6.26 9.42 10.80 9.39 10.41 12.24 11.49 9.83 9.25 12.04 8.36 9.81 24.84 16.66 12.45 32.26 29.18

Na2O 0.96 0.78 0.98 0.85 1.08 0.86 1.65 2.22 2.74 2.99 2.13 2.12 2.16 1.94 1.92 0.70 0.72 0.77 0.37 0.74
K2O 2.26 2.23 2.27 2.56 2.33 2.47 2.12 2.80 2.37 2.94 2.59 2.84 2.54 2.64 2.38 1.80 2.54 2.97 1.00 1.50
P2O5 0.13 0.15 0.17 0.15 0.14 0.14 0.16 0.12 0.14 0.11 0.12 0.15 0.13 0.21 0.14 0.12 0.18 0.18 0.09 0.11
LOI 11.77 8.99 8.05 9.34 9.89 5.14 6.56 11.00 15.37 11.92 10.97 11.41 10.96 9.14 9.00 17.27 18.00 8.83 25.58 19.62
Tot 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
V 97 100 105 105 104 100 88 86 72 89 86 88 84 99 102 34 73 94 19 125
Cr 201 203 190 171 185 193 205 169 74 95 172 159 143 165 184 69 111 204 43 115
Ni 141 145 148 149 145 153 139 133 61 74 136 135 115 137 142 58 108 118 41 61
Cu 44 42 41 39 50 44 44 35 38 40 29 36 47 43 39 21 34 39 11 23
Zn 99 110 125 126 122 111 101 87 76 88 101 186 90 108 89 29 48 63 13 17
Ga 18 21 17 19 19 21 18 17 14 19 16 18 17 18 18 6 11 13 6 6
Rb 104 106 64 125 91 82 87 110 98 108 99 98 101 118 115 40 57 78 25 27
Sr 233 264 130 226 206 199 203 322 330 344 231 226 321 277 286 424 246 285 421 327
Zr 156 173 93 160 137 125 133 142 141 105 140 148 151 214 158 41 83 133 32 38
Ba 408 398 399 381 422 409 380 345 306 355 358 327 409 363 378 240 237 419 101 322
La 24 29 34 30 29 23 28 20 20 34 27 29 28 26 32 14 26 23 10 19
Ce 51 48 68 54 48 61 66 51 49 47 59 57 71 56 51 n.d. 13 22 n.d. 28
Pb 44 58 96 62 40 32 33 18 22 23 12 15 21 30 23 32 14 17 17 534
Sc 24 22 26 22 25 25 22 23 17 23 21 18 22 21 23 6 8 13 2 6
Co 21 17 22 21 23 21 18 16 14 15 19 16 16 19 16 9 13 19 3 8
Th 11 7 9 7 5 10 12 9 5 1 9 11 7 10 5 1 5 7 1 n.d.
Y 25 28 15 23 22 19 24 29 19 22 27 25 26 31 27 10 15 20 6 5

Nb 14 18 11 15 13 11 13 13 13 13 11 13 14 17 15 4 7 12 2 3
S 10,402 16,718 9628 9779 5816 7724 3483 1257 31,742 3131 1937 5571 8998 1301 4944 7100 22,967 1673 127,516 2394
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After that, 0.5 g of the powder for each sample was prepared by pressing a tablet on
boric acid support for the XRF analysis. The chemical composition of the collected samples
was determined by X-ray fluorescence (XRF) with a wavelength dispersion spectrometer
ARL Advant-XP (Thermo Fisher Scientific, Waltham, MA, USA) [30] and consisted of an
X-ray tube with a Mo target and an SSD Peltier-cooled detector (10 mm2 active area and
resolution of <155 eV at 10 kcps) [31]. The maximum voltage and current of 50 kV and
1500 µA, respectively, were used to excite the secondary fluorescence X-rays. A collimator
with a diameter of 1 mm was used to collect the emitted secondary X-rays from a surface
area of about 0.79 mm2 in air [32].

The XRF technique allowed the major elements to be determined, expressed as a
percentage by oxide weight (SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, P2O5)
and the trace elements reported in ppm (parts per million): V, Cr, Ni, Cu, Zn, Ga, Rb, Sr, Zr,
Ba, La, Ce, Pb, Sc, Co, Th, Y, Nd, S. The accuracy of the instrument, estimated on the basis
of the results obtained on international standards of geological samples, and the precision,
expressed as standard deviation of replicated analyses, were between 2% and 5% for the
major elements, and between 5% and 10% for the trace elements. The detection limit (0.01%
for major oxides) was estimated to be close to ppm for most trace elements, except for
S for which 50 ppm was considered [32]. The processing of the acquired intensities and
the correction of the matrix effect was performed according to the model proposed by
Lachance and Trail [33], Rousseau [34] and Liu [35].

Moreover, the investigation by X-ray diffractometer from powders allows the develop-
ment of the mineralogical compounds of the sample through information on its crystalline
form. The mineralogical characterization of the samples, previously ground using water
and then dried and powdered within an agate mill, was carried out by X-ray powder
diffraction (XRPD) by means of a PW1860/00 diffractometer (Philips, Eindhoven, The
Netherlands) [36], with a graphite filtered and a Cu Kα radiation (1.54 Å) in a 2θ angular
range 5–75◦, with a 5 s/step (0.02◦ 2θ). Diffraction patterns were collected in the 2θ angular
range 3–50◦, with a 5 s/step (0.02 2θ) [30,37].

3. Results

Selected bricks and cotto samples of the three different sampling sites and two of
plaster from the San Andrea site were first prepared for XRF analyses, then each category
of samples was subjected to XRPD characterization.

3.1. XRF Analyses

The chemical composition (major and trace elements) of the selected samples collected
was determined by XRF.

Table 2 shows the data relating to the chemical elements analyzed in the different
samples both for the major elements expressed using oxide concentration in weight % and
trace elements concentration expressed in ppm.

In all the samples, the oxides were characterized by a high value of SiO2, Al2O3 and
CaO, followed by Fe2O3 and MgO. The samples from Palazzo Roverella and Santa Maria
delle Grazie had a homogenous composition characterized by higher aluminosilicates than
the samples of San Andrea, except for the MM5 sample that was a detached brick from
the masonry.

The high value of SiO2 probably depends on the quantity of fusing agent added to
the bricks. However, the low level of TiO2 impurity could be an indicator that a pure SiO2
agent was probably used [30].

To better investigate the nature of the samples analyzed, these results were plotted
using bivariate diagrams with SiO2 wt% as a variation index (Figure 4a–d).
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In the binary diagrams, the samples of Palazzo Roverella (in blue) and Santa Maria
delle Grazie (in red) presented similar concentrations characterized by high weight per-
centage of SiO2. Silica concentration was similar in the different kinds of samples (brick,
cottos and plaster).

In contrast, the samples of San Andrea (in green) appeared different from each other.
It was possible to note that the two brick samples showed a similar weight percentage to
the samples collected in Palazzo Roverella and Santa Maria delle Grazie. However, the
three plaster samples were characterized by a low weight percentage of silica oxide and a
low weight percentage of the other oxides too, with respect to the other samples.

In detail, in the binary diagram Al2O3-SiO2 (Figure 4a), the collected samples of
Palazzo Roverella and Santa Maria delle Grazie and the two samples of San Andrea
relating to the bricks were grouped in a small area on the right top of the graph with a
weight percentage of Al2O3 between 11 and 15, while the two plaster samples showed a
very low weight percentage of Al2O3 around 5 and 6.

Figure 4b shows a higher value of CaO (around 30 and 32) of the three plaster samples
collected in San Andrea with respect to bricks and cotto in which the weight percentage of
CaO was between 6 and ~12. In addition, it was possible to note that the samples collected
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in the cloister of Santa Maria delle Grazie showed higher weight percentage of calcium
oxide with respect to the samples collected in Palazzo Roverella. The restricted CaO range
typical of the bricks of Palazzo Roverella and of the cotto of Santa Maria delle Grazie
suggested that carbonate sediments were probably quarried as raw materials for brick
production. This means that the Ferrara brick-makers noticed that CaO-rich clays produced
bricks characterized by better physical-mechanical properties (e.g., higher compressive
strength) because carbonates generally have a positive influence on brick textures by
promoting a higher degree of vitrification [38,39].

The binary diagrams related to the alkalis (Na2O-SiO2 in Figure 4c and K2O-SiO2
in Figure 4d) show that the samples from the cloister of Santa Maria delle Grazie were
generally more enriched in sodium oxide than those of Palazzo Roverella, which, on the
other hand, were potassium-rich. The high values of sodium oxide (between 1.92 and
2.99%) in Santa Maria delle Grazie were probably due to the use of Na-rich flux. In contrast,
high values of potassium oxide in the samples of Palazzo Roverella could indicate the use
of a K-rich flux. In addition, the samples collected in San Andrea showed a similar weight
percentage of Na2O to each other, but a different weight percentage of K2O (the bricks
were more enriched in K2O with respect to the plaster).

The last binary diagram related to Ni-Cr (Figure 4e) shows the high value in ppm
of nickel in the three sampling sites, except for only two samples from Santa Maria delle
Grazie and for the plaster from San Andrea.

3.2. XRPD Analyses

In order not to insert the diffractograms of all the samples, Table 3 summarizes the
results obtained by XRPD analyses, which illustrate the main phases identified in the
spectra of each sample. In Table 3, the samples were subdivided for categories in relation to
the description for each sampling site and Figure 5 shows XRPD spectra from each category,
as examples.
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Table 3. XRPD data of all samples analyzed for the three different sampling sites (R = samples from Palazzo Roverella;
C = samples from cloister of Santa Maria delle Grazie; MM = samples from the church of San Andrea). The symbol *
highlights the samples for which the diffractograms are shown in Figure 5. The abbreviations are as follows as requested by
Whitney [40]: Qz = quartz; Cal = calcite; Gp = gypsum; Fsp = feldspar; Cpx = clinopyroxene; Hem = hematite; Ilm = ilmenite;
Pl = plagioclase; Hl = halite.

Samples Description Qz Cal Gp Fsp Cpx Hem Ilm Pl Hl

R6 * Decoration 35% 10% 10% 15% 15% 15%
R7 Decoration 45% 22% 21% 11% 2%
R8 Decoration 50% 33% 2% 15%

R17 Decoration 45% 20% 2% 20% 5% 8%
R21 Decoration 35% 20% 20% 10% 5% 10%
R22 Decoration 50% 30% 10% 10%
R9 * Brick 40% 20% 15% 13% 2% 10%
R12 Brick 50% 10% 20% 10% 10%
R13 Brick 40% 20% 10% 10% 10% 10%
R14 Brick 45% 12% 11% 10% 10% 10% 2%
R15 Brick 50% 3% 3% 25% 8% 8%
R1 Plaster 30% 30% 30% 10%

R2 * Plaster 40% 50% 10%
R4 Plaster 35% 25% 25% 15%

R16 * Plaster 40% 38% 10% 2% 10%

C1-1 * Cotto 40% 20 20 5% 3% 10 2%
C1-3c Cotto 35% 15% 10% 10% 10% 3% 15% 2%
C1-4 Cotto 35% 10% 15% 10% 10% 20%
C1-5 Cotto 45% 4% 15% 15% 3% 3% 15%
C4-1 Cotto 40% 15% 3% 12% 2% 12% 12% 2%
C4-3 Cotto 40% 15% 5% 15% 5% 10% 10% 1%
C5-3 Cotto 35% 13% 10% 15% 10% 2 15%

CS1-1 Cotto 40% 20% 10% 20% 10%
CS1-2 Cotto 40% 25% 3% 10% 2% 10% 10%
CS1-3 Cotto 30% 3 10% 16% 10% 8% 16% 8%
C1-6 Cotto degr. 40% 10% 20% 10% 10% 10%

C1-7 * Cotto degr. 35% 10% 20% 10% 10% 15%
C2-2 Cotto degr. 40% 20% 3% 15% 2% 20%
C2-3 Cotto degr. 40% 15% 20% 3% 3% 16% 3%
C5-1 Cotto degr. 45% 20% 12% 8% 12% 3%
C5-4 Cotto degr. 45% 20% 11% 11% 10% 3%
C5-5 Cotto degr. 40% 20% 3% 9% 3% 15% 8% 2%
C1-2 Mortar 40% 30% 15% 3% 2% 10%
C2-4 Mortar 40% 30% 22% 3% 10%
C4-2 Mortar 25% 23% 23% 7% 7% 15%
C5-2 Mortar 50% 30% 10% 3% 7%

CS1-4 * Mortar 50% 30% 10% 3% 7%
C1-3 * Saline effl. 25% 15% 3% 3% 54%
C2-1 * Black crust 30% 55% 15%
C6-1 * Black crust 45% 11% 35% 3% 3% 3%

MM4 * Brick 40% 20% 20% 20%
MM5 Brick 40% 30% 30%
MM3 Plaster 40% 30% 30%

MM7 * Plaster 40% 20% 10% 30%
MM9 Plaster 45% 35% 25% 3% 2%

In all the samples, the phases were characterized by a high value of quartz followed by
calcite and feldspar. In some samples, gypsum was detected. Small peaks of clinopyroxene,
hematite, ilmenite, plagioclase and halite were also observed.

From diffractometric analyses, Figure 5a–c and d show the XRPD data of the samples
collected in Palazzo Roverella. The samples appeared similar to each other, in which quartz
was the major mineralogical phase followed by feldspar and calcite. In the diagram of
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Figure 5a, the sample R6 represented all the samples collected from the flower decoration
of the façade, in which followed by quartz, the brick was enriched by feldspar and a small
value of calcite, as confirmed by the XRF analysis. The opposite was true for the sample R9
(Figure 5b) that represented all the brick samples collected on the façade, in which feldspar
followed the quartz peak and the peak of calcite was very small. Probably the smaller
quantity of feldspar was to be attributed not to a reduced presence of aluminum, but to its
division into several mineralogical phases. Figure 5c shows the diffractogram related to the
sample R16 that represented the plaster samples of Palazzo Roverella. These samples were
characterized by the predominance of calcite phase and quartz too. The last diffractogram
was related to the sample R2 that represented the plaster collected on the façade of the
palace, in which gypsum and quartz phases were prevalent (Figure 5d).

The diffractograms of the samples collected in the cloister of Santa Maria delle Grazie
are shown in Figure 5e–j. In detail, Figure 5e–g illustrate the XRPD results of the samples of
cotto, cotto degraded and mortar, respectively, characterized by a similar pattern in which
quartz was the major mineralogical phase followed by feldspar and calcite. On the other
hand, Figure 5h–j illustrate the degradation phenomena: saline efflorescence (Figure 5h)
with high peaks of halite followed by quartz, and black crusts (Figure 5i,j). The presence of
gypsum in the samples C6-1 (sulfated black crust) probably could be related to a high value
of sulfur [41]. The façade of the cloister of Santa Maria delle Grazie overlooks a narrow
and busy street, this could be one of the reasons to better understand the presence of black
crusts in the samples collected on the cloister façade [42–44].

The samples collected in the church of San Andrea were also characterized by a high
quartz peak, but in a lower concentration than the samples from Palazzo Roverella and
Santa Maria delle Grazie. In detail, in the bricks (as shown in Figure 5k) quartz was the
major mineralogical phase followed by calcite and feldspar. In addition, a gypsum phase
was observed, probably as testimony to the fact that plaster was applied in subsequent
periods to the construction of the church perhaps with a gypsum-based binder that may
have left traces in the samples analyzed [45]. In the plaster, quartz was the major miner-
alogical phase followed by calcite and alkali feldspar (Figure 5l). This could indicate a
standard composition of a mortar, with calcite as a binder and a quartz-feldspar skeleton:
the analysis shows calcite mixed with quartz (silica) that was a popular mix for mortars
before starting to use cement mortars [46]. A gypsum peak was also observed, which could
indicate a binder based not only on lime, but on lime and gypsum.

4. Discussion

The city of Ferrara is situated in the alluvial plain of the Po River at the junction
between the internal part the Po River delta plain and the alluvial plain of the Reno
River [47].

To investigate the nature of the raw materials, the XRF results were compared with
XRF data of two natural sediments from the Po alluvial plain around Ferrara: clays from
the Reno river that flows to the south part of Ferrara and comes from the Apennines, and
sand and clays from the Po river which flows in the northern area of Ferrara and comes
from the Western Alps (Figure 6) [48]. One or both of these sediments may have been used
as raw material for the construction of bricks, plaster and/or mortars.
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of Ferrara (in red).

In all the binary diagrams, the Reno clays appeared more homogeneous, while those
of the Po river were more dispersive to each other but even so always centered in a single
area of the graphs. In addition, clays and sands from the Po river differed from each other
in the concentration of silica, of which the sand sediments were enriched with respect to
the clays.

In the binary diagram Al2O3-SiO2 of Figure 7a, the collected samples from Palazzo
Roverella and Santa Maria delle Grazie were grouped in a small area of the graph repre-
sented by high weight percentage of Al2O3 as for the clay samples, both from the Reno
river and the Po river. The samples of both historical buildings showed a lower weight
percentage of aluminum oxide than that of the local clays, while the samples from the
church of San Andrea appeared different with respect to the two clays analyzed, with a
lower weight percentage of silica oxide and aluminum oxide. Only the two bricks from
San Andrea appeared similar in aluminum oxide concentration to the sand of the Po river.

The opposite was true for the binary diagram CaO-SiO2, in which all five samples
from San Andrea showed a higher weight percentage of CaO with respect to the two types
of clays. Instead, the samples collected in Palazzo Roverella and Santa Maria delle Grazie
showed a similar weight percentage of CaO and SiO2 as the two type of clays and a similar
weight percentage of CaO to the sand of the Po river (Figure 7b).

As regards the alkalis (binary diagram Na2O-SiO2 in Figure 7c and K2O-SiO2 in Figure
7d), all the samples from Palazzo Roverella and Santa Maria delle Grazie had high sodium
oxide weight percentage compared to the two types of clays. The excess of Na2O, especially
in the samples from Santa Maria delle Grazie, cannot be ascribed to the introduction of
clay in the starting material. This could be induced by soluble salts precipitated from
Na-bearing aqueous solutions [49–51]. As a matter of fact, the cotto samples from Santa
Maria delle Grazie were collected not far from the floor, in positions probably accessible
to capillary rise of ground water [52,53]. On the other hand, the samples from Palazzo
Roverella were collected in a position not accessible to rain and/or ground water, so we
could hypothesize an addition of a Na-rich component (maybe vegetable ash) as a fluxing
agent incorporated during the firing phase [54]. On the opposite side, the samples collected
in the church of San Andrea showed a similar weight percentage of sodium oxide of the
two type of clays. However, the majority part of the samples from Santa Maria delle Grazie
showed a similar weight percentage of Na2O to the sand from the Po river, in fact the sand
evidenced a higher weight percentage of Na2O with respect to the clay. In addition, the
similar potassium oxide values between the clays and the samples analyzed (except for
the three plasters from San Andrea) could suggest that the raw materials were probably
mixed to obtain a suitable composition. The three plasters from San Andrea could be
due to subsequent restoration. As for the comparison with the sand, all the samples from
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Palazzo Roverella and also the majority of samples of the Po clay showed a similar weight
percentage of K2O.
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In accordance with Bianchini et al. 2002 [48] to address the provenance of the materials
used, trace elements such as Ni and Cr (expressed in ppm) indicated that the clay sediments
around Ferrara could be separated into two groups characterized by high (Cr >180 ppm
and Ni >100 ppm; high-Cr) and low (Cr <180 ppm and Ni <100 ppm; low-Cr) contents.
The low-Cr sediments were characterized by a higher proportion of clay minerals in which
smectite + mixed layers were more abundant than chlorite. The high-Cr sediments were
characterized by a coarser grain size and a lower abundance of clay minerals, with chlorite
predominating over smectite + mixed layers. In the binary diagram related to Ni-Cr
(Figure 7e), the Cr concentration discriminated the clays from the Reno river (low Cr value)
with respect to the clays from Po river (high Cr value). Clays from the Reno river had a
low concentration of Ni too. This means a difference between the concentration of metals
(Ni-Cr) in the fine fraction of the sediments of the two rivers. Most of the samples showed
similar values to the clays from Po river, characterized with high-Cr, except for the two
samples of Santa Maria delle Grazie (sample C1-7 and C2-3) and all the samples from San
Andrea, that were characterized by clays with low-Cr similar to clays from the Reno river.
In the graph of Figure 7e the concentrations of Ni and Cr in the sands from the Po river
were similar to clays from the Reno river and lower with respect to the clays from Po river,
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could be explained considering that if present, Cr and Ni were usually concentrated in the
clay fraction.

To better characterize the materials used in the construction of the historical buildings
analyzed, a comparison between the XRF data of the samples collected and analyzed in this
work and the samples collected in similar historical buildings in the city center of Ferrara
was carried out.

The historical buildings used for the comparison were shown in Figure 1 colored in
light blue; as you can see all the buildings were located in the city center and they were
built in the same periods as the Palazzo Roverella and Santa Maria delle Grazie: monastery
of san Antonio in Polesine (XII−XVI century), church of Santa Maria in Vado (XV−XVI
century), church of Santo Stefano (XV−XVI century), Palazzo Schifanoia (XV−XVI century)
and the Cathedral (XV−XVI century).

The XRF data of these other historical buildings were available in Bianchini, et al. [55].
The binary diagrams related to Al2O3-SiO2 (Figure 8a), CaO-SiO2 (Figure 8b) and the

alkalis (binary diagrams Na2O-SiO2 in Figure 8c and K2O-SiO2 in Figure 8d) show that the
samples of Palazzo Roverella and of the cloister of Santa Maria delle Grazie had values
comparable to those collected in the other historical buildings. The samples collected in
the church of San Andrea were separate from the group, probably because three samples
were plaster, instead of bricks and cotto.
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Figure 8. Binary diagrams on the XRF data compared to the data of other important historical buildings located in the city
center of Ferrara [55]: (a) Al2O3-SiO2; (b) CaO-SiO2; (c) Na2O-SiO2; (d) K2O-SiO2; (e) Ni-Cr.
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Figure 8e shows the binary diagram Ni-Cr, in which there was no evident correlation
between the different samples.

In addition, following the results obtained by XRPD bulk analyses (Table 3), ac-
cording to the mineralogical phases found and in accordance with Bianchini et al. and
Duminuco et al. [55,56], we could propose that the presence of carbonates and/or clinopirox-
ens, recorded in several samples, suggests that an equilibrium condition of the mixtures was
not attained. This could be related to the inhomogeneity of the original starting materials,
consisting of microdomains of different composition and indicating a limited mobility of
the chemical species during the firing processes [55,56]. Moreover, XRPD bulk analyses can-
not be considered completely reliable for the estimation of firing temperatures [55,56], this
is clear considering some samples characterized by “ambiguous parageneses” containing
carbonate minerals (an indicator of low firing temperature, i.e., <850 ◦C) and clinopyroxene
and/or plagioclase (usually considered high-temperature products, i.e., >950 ◦C).

5. Conclusions

In this paper, the chemical and mineralogical characterization of bricks, cotto, mortars
and plaster from historical buildings in Ferrara allowed the nature of the original raw
materials (i.e., clay-rich sediments of local provenance) to be evaluated and the technolog-
ical information regarding the manufacture (i.e., firing temperatures between c. 800 ◦C
and 1000 ◦C) to be defined. This information could be a useful investigation tool and
provide guidelines for the production and use of new bricks, and terracotta elements,
durable and compatible with historical materials. The preservation of ancient architectural
heritage is extremely important and should be taken into account during the restoration
and conservation of damaged historical masonry.

The samples collected in Palazzo Roverella and in the cloister of Santa Maria delle
Grazie show the same chemical composition correlating to other historical buildings of the
city center and built in the same periods. All these samples came from different extraction
sites but always within the basin of the Po delta in the Ferrara area. The differences
found in the major elements were probably due to possible corrections of the original
clayey mixture with locally sourced quartz-feldspar sand. These results provide important
information for the production and use of bricks, cotto and plaster that are compatible with
the historical materials.

Data obtained defined some technological information regarding the manufacture
and some information regarding the different provenance of the raw materials. Most of
the medieval Renaissance bricks and cotto materials studied seem to have been prepared
starting from high-Cr sediments, as these clays show a chemical affinity with the present-
day Po river sediments. The low-Cr compositions (recorded in only a few samples) were
analogous to the sediments of rivers flowing from the Bolognese Apennines. In accordance
with Bianchini et al. [55], this probably means that low-Cr clays were not available in
the Ferrara area at that time. It is plausible to assume that low-Cr clays were introduced
in the area only after important hydraulic works in the 14th–16th centuries [57] resulted
in the diversion of some Apennine torrent rivers (e.g., the Reno river) into the southern
branches of the Po river (which was flowing south of Ferrara at that time). Thanks to this
information, it was possible to establish that the samples collected in Palazzo Roverella
and in the cloister of Santa Maria delle Grazie were built with materials with similar
chemical and mineralogical characteristics compared with other historical buildings of
the city. However, the samples collected in the church of San Andrea showed different
characteristics from the other two buildings.

This study shows that characterizing the old construction materials used and estab-
lishing the causes of the decay, if possible, could be useful for the planning of suitable
restoration treatment and to identify and characterize the materials that were used to
make these architectural elements [58,59]. This gives the restorer adequate information
for choosing suitable new materials when replacement is necessary and to avoid incorrect
restoration materials.
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