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The present work is focused on the study of forty-two mortars used in the construction of both Roman buildings,
old Pisa’s Cathedral and Modern structures in the Miracles Square (Italy). This area, included since 1987 in the
World Heritage List of the UNESCO, is famous for the presence of an important historical complex built in the
Middle Ages (the Cathedral, the Baptistery, the Leaning Tower and the Monumental Cemetery). The archae-
ologists discovered some structures related to more ancient periods: the Roman domus (1st-5th centuries) and
the older cathedral with its foundations and crypt (10th century). Based on OM, XRF, XRPD, TG-DSC and SEM-

EDS analyses, the main characteristics of binder and aggregate of the mortars have been determined, and some
raw materials used for the production of the analysed binding materials have been identified.

1. Introduction

The study of ancient mortars has an important role in the knowledge
of complex archeological sites, providing essential information about
building technologies used in the past [1-5], construction phases [6-9]
building materials features [10-12] provenance issues [13-15], eva-
luation of binder/aggregate ratio [16] as well composition for re-
storation aims [17-19]. The use of mortars in architecture was carried
out since prehistoric time until the present days [20-24]. Lime mortars
had a very important key function in Roman architecture; in fact, Ro-
mans used mortars to make the load-bearing walls and partition walls
of rooms, to plaster them for protection purpose or to decorate their
surface with paintings [25,26]. Usually, they used both quick lime and
hydraulic binders, obtained by adding pozzolanic materials character-
ized by hydraulic properties, the latter to increase strength of mortars
[27-29].

Mortars characterization is usually performed by combining mac-
roscopic observations, minero-petrographic [30,31] and micro-che-
mical techniques [32-34]. The preliminary naked-eye analysis of
samples, followed by thin section studies, is useful for acquiring basic
information on the main characteristics and properties of these artificial
materials. Data obtained by X-ray fluorescence, X-ray powder diffrac-
tion (XRPD), scanning electron microscopy with energy-dispersive X-
ray spectroscopy (SEM-EDS) [35-39] and thermogravimetric analysis
(TGA) [40,41] complement a lot the information obtained by pre-
liminary studies, allowing to obtain a full characterization of both
binder and aggregate fractions. In the framework of chemical
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techniques, Rare Earth Elements (REE) measured by ICP-MS [6] and
Micro-Laser-Induced Breakdown Spectroscopy (u-LIBS) analysis [42]
have been successfully applied for identifying construction phases and
for obtaining elemental mapping without sample preparation, respec-
tively.

With these drawbacks, a multi-methodological approach, including
classical minero-petrographic techniques and advanced chemical ana-
lysis, has been applied to characterize Roman and Medieval mortars
from the Roman domus (1st-5th centuries) and the old Pisa’s Cathedral
(dated to the 10th century) [43] (Fig. 1). The structures were dis-
covered during the archaeological excavations carried out in
2003-2009 in Miracles Square (Pisa, Italy), the latter included since
1987 in the World Heritage List of the UNESCO, being characterized by
one of the most important historical complex of the Middle Age, whose
construction started at the second half of the 11th century. The domus
was characterized by walls made up of blocks of calcarenite (Panchina
Livornese) and marble from Monte Pisano [44,45] jointed by mortars,
and by decorations consisting in marbles, mosaics and painted plasters.
These domus were abandoned during the Late Antiquity (5th-6th cen-
turies); in the Early Middle Age (6th-7thcenturies) the area had a
central role in the religious life of Pisa, as testified also by the old
Baptistery, discovered in the first half of the 20th century under the
structures of the Monumental Cemetery. About the old Cathedral, which
foundations passed away the north-west side of the actual cathedral, it
was characterized by three naves and an apse with a crypt, built by
averagely small stones mainly consisting in reused materials (such as
limestones and marble from Monte Pisano, Panchina calcarenite, violet
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Fig. 1. Overview of the excavated area (left) and sketch map with the remaining structures (right).
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Fig. 2. Macroscopic pictures of some selected mortar surfaces. (a) 5004-35; (b) 5285-1; (c) 5068-16; (d) 5033-50.

schists and bricks) jointed by mortars.

The excavation works gave us the opportunity to perform a sam-
pling campaign over the different discovered structures to study the
construction phases, as well on an interesting area probably used to
manufacture mortar mixing, in which many fragments of Panchina
calcarenite were found.

The main aim of this paper is, therefore, to characterize mortars
from the structures of both the Roman domus and the old Pisa’s
Cathedral in the Miracles Square (Italy), with a particular interest in
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determining the provenance of the raw materials and technologies used
in a same area in different constructive periods.

2. Materials and methods

Forty-two mortars were sampled from the remains of both Roman
domus and old Pisa’s Cathedral, along with two samples from Modern
structures.

Macroscopic and microscopic features of the samples were observed
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Macroscopic features of sampled mortars from Roman, Medieval and Modern structures, grouped according to preliminary studies reported in [43].

Structure Sample Type Macroscopic features
Colour Adhesion Cohesion Lumps

Roman mortars (domus) 5262-30 Bedding mortar Whitish-grey Low Low Present, < 2mm
5278-31 Bedding mortar Whitish-grey Low Low Present, < 2mm
5278-32 Bedding mortar Whitish-grey Low Low Present, < 2mm
5285-1 Aggregate-rich sample Whitish-grey Very low Very low Present, < 2mm
5285-2 Bedding mortar Whitish-grey Low Low Present, < 2mm
5285-3 Bedding mortar Whitish-grey Low Low Present, < 2mm
5329-8 Bedding mortar Whitish-grey Low Low Present, < 2mm
5329-8bis Bedding mortar Whitish-grey Low Low Present, < 2mm
5356-5 Bedding mortar Whitish-grey Low Low Present, < 2mm
5357-4 Bedding mortar Whitish-grey Low Low Present, < 2mm
5462-24 Bedding mortar Whitish-grey Low Low Present, < 2mm
5462-25 Bedding mortar Whitish-grey Low Low Present, < 2mm
5502-19 Bedding mortar Creamy-ligh brown Low Low Present, < 2mm
5356-6 Pavement mortar Dark brown Low Low Rare, < 2mm
5356-7 Pavement mortar Creamy-ligh brown Low Low Present, < 2mm

Medieval mortars (Old Pisa Cathedral) 5017-23 Bedding mortar Creamy-ligh brown Low Low Present, < 10 mm
5067-12 Bedding mortar Creamy-ligh brown Low Low Present, < 10 mm
5068-15 Bedding mortar creamy-ligh brown Low Low Abundant, < 10 mm
5068-16 Bedding mortar Creamy-ligh brown Low Low Abundant, < 10 mm
5068-200 Bedding mortar Creamy-ligh brown Low Low Abundant, < 10 mm
5068-201 Bedding mortar Creamy-ligh brown Low Low Abundant, < 10 mm
5068-202 Bedding mortar Creamy-ligh brown Low Low Abundant, < 10 mm
5068-203 Bedding mortar creamy-ligh brown Low Low Abundant, < 10 mm
5068-300 Bedding mortar creamy-ligh brown Low Low Abundant, < 10 mm
5068-301 Bedding mortar Creamy-ligh brown Low Low Present, < 2mm
5068-302 Bedding mortar Creamy-ligh brown Low Low Abundant, < 10 mm
5068-303 Bedding mortar Creamy-ligh brown Low Low Abundant, < 10 mm
5069-13 Bedding mortar Creamy-ligh brown Low Low Abundant, < 10 mm
5069-14 Bedding mortar Creamy-ligh brown Low Low Abundant, < 10 mm
5070-17 Bedding mortar Creamy-ligh brown Low Low Abundant, < 10 mm
5071-18 Bedding mortar Creamy-ligh brown Low Low Abundant, < 10 mm
5203-33 Bedding mortar Creamy-ligh brown Low Low Abundant, < 10 mm
5203-34 Bedding mortar Creamy-ligh brown Low Low Abundant, < 10 mm
5460-9 Bedding mortar Creamy-ligh brown Low Low Abundant, < 10 mm
5461-21 Bedding mortar Creamy-ligh brown Low Low Rare, < 2mm
5461-22 Bedding mortar Creamy-ligh brown Low Low Rare, < 2mm
5502-20 Bedding mortar Creamy-ligh brown Low Low Rare, < 2mm
5589-10 Bedding mortar Creamy-ligh brown Low Low Abundant, < 10 mm
5589-11 Bedding mortar Creamy-ligh brown Low Low Abundant, < 10 mm
5233-50 Binder-rich sample Creamy Low Low Absent

Modern mortars 5004-35 Bedding mortar Creamy-ligh brown Medium-low High Rare, < 2mm
5004-36 Bedding mortar Creamy-ligh brown Medium-low High Rare, < 2mm

by a stereomicroscope (up to 200 x) and by a polarising microscope
working on polished thin sections. The quantitative mineralogical
composition (vol.%) of the samples was performed through a point-
counter (no less than 200 points) on polished thin sections.

The amounts of major and minor chemical components (Na,O,
MgO, Al,03, SiO,, P50s, K50, CaO, TiO5, MnO, Fe;03) within the stu-
died samples were determined by X-ray fluorescence (XRF) on pressed
powder pellets utilizing an ARL 9400 XP + sequential X-ray spectro-
meter under the instrumental conditions reported by Lezzerini et al.
[46]. Quantitative chemical data were obtained using correction for
matrix effects based on international rock standards. The precision was
monitored by routinely running a well-investigated in-house standards
[47]. The accuracy, evaluated using international standards, ranges
from 20% (MgO) to 1% (CaO), with a mean value of 5% for the other
elements [46].

Thermogravimetric analysis (TGA) was used to evaluate the pre-
sence and the amount of volatile compounds (essentially H,O, CO,) in
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the samples. TGA were conducted in the range 110-1000 °C on about
25 mg of sample, dried (silica gel as drying agent) at room temperature
for at least a week under the following experimental conditions: open
alumina crucibles, heating rate of 10 °C/min and 30 ml/min nitrogen
gas flow. The CO, content was also determined by a gasometric tech-
nique [48].

Qualitative mineralogical compositions of bulk mortar sample were
performed by X-ray powder diffraction (XRPD). The experimental
conditions were: Bragg-Brentano geometry, Ni-filtered CuK, radiation
obtained at 40 kV and 20 mA, 5-60 °26 investigated range, 0.02° step,
2 s counting time per step. To identify the mineralogical phases in the
X-ray spectra, a search/match approach DIFFRACPlus EVA) was used
by comparing experimental peaks with PDF2 reference patterns.

Scanning electron microscope observations and micro-chemical
compositions of both intergranular binder and lumps were performed
using a SEM-EDS with 20 kV acceleration voltage, 0.1 nA beam current,
and 100 s live time.
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The chemical composition (including CO, and H,O") and the
weight percentages of both binder and aggregate were derived by
combining the SEM/EDS data on the binder with modal aggregate
composition and XRF bulk sample analyses as suggested by Franzini
et al. [32].

The equation system describing the chemical composition of a
mortar:

I(Ci)m = Xa(Ci)a + Xb(Cl)bI i= 1, ..,n

@

where the subscripts refer to mortar (m), aggregate (a) and binder (b),
the C; are the weight percentages of each chemical component, and Xa
and Xb (with Xb = 1 — Xa) are the weight fractions of aggregate and
binder, respectively, was solved by selecting the subset of equations
relative to the H,0, CO, and CaO components.

CaO(a) and CO4(a) contents were estimated by the modal percen-
tage of carbonates (almost entirely represented by calcite); the small
amount of CaO(a) contained in the plagioclases of the aggregate was
neglected. The H,O(a) content was assumed as 0.5% for all samples (the
only appreciable hydrated minerals in the aggregate are micas and
chlorites, and their total amount is always below 10%.

Real density (ps) was measured through an automatic He-pycn-
ometer on ~ 10 g of very-fine-grained powders, dried at 105 = 5 °C for
24hr, using these experimental conditions: ultrahigh purity compressed
He, target pressure of 100kPa; equilibrium time: automatic; purge
mode: 3 min of continuous flow; maximum runs: 6; number of averaged
runs: the last three. Apparent density (py,) and open porosity (to water),
which has been measured as water absorption at atmospheric pressure
in respect to weight (Ab,,) or volume (Ab,) of the specimens, were
performed on samples with a volume of about 30 cm?, as indicated by
UNI 11060:2003 [49]. In particular, apparent density was calculated as
the ratio between the mass of the dry sample and its volume, measured

S
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Fig. 3. Thin section microphotographs of some selected samples. (a) 5233-50 (lime putty sample); (b) 5068-303; (c) 5068-203; (d) 5203-34.

by means of a hydrostatic balance on water-saturated samples [50].
Total porosity (P) and saturation index (SI) were calculated as follows:
P(%) = 100-(1 — pp/ps) and SI(%) = 100-Ab,/P.

3. Results

Studied samples include thirty-eight bedding mortars, a sample
mainly consisting in sandy aggregate (5285-1), two floor mortars
characterized by limestone fragments (5356-7) and by limestone and
cocciopesto fragments (5356-6), and a hardened lime putty (5233-50)
(Fig. 2). The occurrence of a large amount of residual binder, sampled
from a lime pit in correspondence of medieval structures (see Fig. 1)
must be taken in great account, as its compositional features possible
reflect the raw material employed in the manufacture process of Med-
ieval mortars.

Overall, the adhesion of samples ranges from very low to low, while
the cohesion is generally low; samples are, in fact, mainly friable and
only in rare case tenacious. The aggregate grains range from silt
(sample 5233-50) to gravel sized (samples 5356-6 and 5356-7). Color is
from creamy-light brown (28 samples) to whitish-grey (12 samples),
with the exception of the lime sample, that exhibits a creamy color.
Lumps are widely present, with a grain size ranging from < 2mm
to < 10 mm. Details about macroscopic features of studied samples are
reported in Table 1; mortars are listed according to groups and con-
struction phases identified in a preliminary study by Lezzerini and
Giubbilini reported in [43].

3.1. Mineralogical and petrographic data

The thin section analysis of studied mortars allows describing both
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Table 2

Real density (ps), apparent density (py), water absorption at atmospheric pres-
sure in respect to weight (W,,) and volume (W,), total porosity (P) and sa-
turation index (SI) for the studied mortar samples.

Sample Ps Pb W, W, P SI
5262-30 2.60 1.46 29.40 42.98 43.8 98
5278-31 2.62 1.68 20.69 34.85 35.9 97
5278-32 2.62 1.68 20.84 35.01 35.9 98
5285-1 2.63 2.63 - - - -

5285-2 2.60 1.60 23.33 37.40 38.5 97
5285-3 2.61 1.59 23.97 38.03 39.1 97
5329-8 2.61 1.74 18.54 32.30 33.3 97
5329-8bis 2.62 1.82 15.48 28.14 30.5 92
5356-5 2.62 1.62 21.43 34.79 38.2 91
5357-4 2.61 1.78 16.64 29.65 31.8 93
5462-24 2.61 1.68 19.91 33.51 35.6 94
5462-25 2.62 1.55 25.06 38.93 40.8 95
5502-19 2.62 1.50 26.65 39.87 42.7 93
5356-6 2.65 2.02 10.79 21.75 23.8 91
5356-7 2.66 2.05 9.96 20.41 229 89
5017-23 2.63 1.52 26.26 39.85 42.2 94
5067-12 2.65 1.40 31.74 44.47 47.2 94
5068-15 2.65 1.42 30.35 43.09 46.4 93
5068-16 2.65 1.38 32.62 45.05 47.9 94
5068-200 2.64 1.47 27.64 40.61 44.3 92
5068-201 2.64 1.38 31.95 43.98 47.7 92
5068-202 2.64 1.25 38.88 48.62 52.7 92
5068-203 2.65 1.44 28.90 41.72 45.7 91
5068-300 2.64 1.40 28.94 40.62 47.0 86
5068-301 2.63 1.54 25.94 40.00 41.4 97
5068-302 2.64 1.23 41.94 51.64 53.4 97
5068-303 2.64 1.47 28.81 42.38 44.3 96
5069-13 2.66 1.34 36.28 48.48 49.6 98
5069-14 2.63 1.40 31.50 43.99 46.8 94
5070-17 2.64 1.37 33.97 46.61 48.1 97
5071-18 2.63 1.45 28.77 41.64 449 93
5203-33 2.64 1.31 36.28 47.65 50.4 95
5203-34 2.64 1.18 44.86 53.14 55.3 96
5460-9 2.63 1.41 31.22 44.15 46.4 95
5461-21 2.63 1.38 33.13 45.73 47.5 96
5461-22 2.62 1.42 31.76 45.15 45.8 99
5502-20 2.65 1.59 23.60 37.57 40.0 94
5589-10 2.64 1.42 31.60 44.86 46.20 97
5589-11 2.64 1.32 36.45 48.27 50.00 97
5233-50 2.68 1.33 37.53 49.85 50.40 99
5004-35 2.61 1.59 22.59 35.98 39.10 92
5004-36 2.61 1.64 21.89 35.89 37.20 96

aggregate and binder features. Detailing, the aggregates exhibits a
ranging grain size from medium (2-0.5mm) to very fine
(0.25-0.125 mm); they exhibit a medium-high sphericity, from sub-
angular to sub-rounded shape. From the mineralogical point of view,
the aggregate consists of quartz, feldspars, rock fragments including
also limestones and Panchina calcarenite, calcite fragments, phyllosili-
cates e rare garnet, epidote, tourmaline and zircon. The binder shows
an overall non-homogeneous texture, due to the presence of lumps and
underburned fragments attributable to Panchina calcarenite. Lumps
range from present to rare, with dimension from 2 to 10 mm.
Microphotographs of some representative samples are reported in
Fig. 3. Overall, despite slight differences in term of binder/aggregate
ratio, the binder characteristics and the mineralogical composition of
aggregates are quite similar in all studied samples.

3.2. Physical proprieties

In Table 2, the measured and calculated main physical proprieties of
the studied mortars are reported. The collected data reveals a quite
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homogeneous value in real density (on average 2.63 + 0.02g/cm®),
with the exception of the binder-rich sample 5233-50, characterized by
very low content of aggregate. The highest value of apparent density is
reported for sample 5285-1, due to mainly aggregate fraction present.
Overall, all the studied mortar samples exhibit a wide range of values
for water absorption (W,,, W,), porosity (P) and saturation index (SI),
with the exception of floor mortars (5356-6 and 5356-7), for which the
lower values of the measured parameters were calculated. Noteworthy,
no correlation between construction phases and physical proprieties
can be highlighted.

3.3. Chemical data

The chemical composition of the studied mortars obtained through
XRF analysis on the whole sample is reported in Table 3. Based on the
obtained data, a slightly different composition can be assessed for
mortars sampled from Roman and Medieval structures, as well from
Modern ones.

Detailing, Roman mortars, along with the two specimens sampled
from modern structures, exhibit the highest content in SiO, (on average
47 = 19wt% and 46 * 4wt%, respectively), Al,O; (on average
6 + 2wt% and 6.9 *+ 0.6 wt%) and Fe,O5 (on average 2.4 = 0.6 wt%
and 2.1 *= 0.1 wt%), and the lowest levels in CaO (on average
23 + 12wt% and 24 + 3wt%). On the contrary, mortars sampled
from Medieval structures exhibit the highest content in CaO (on
average 39 *= 4wt%), and the lowest content in SiO, (on average
22 += 5wt%), Al,O3 (on average 4.0 = 0.8 wt%), and Fe,O3; (on
average 1.5 = 0.3 wt%).

Finally, as regard water, the high content computed from the ana-
lyses (on average about 4 wt%) cannot be attribute to the solely ag-
gregate, so that has to be assumed that the greater contribute is due to
the binder fraction.

It has to be noticed that chemical data by XRF are referred to the
whole samples, accounting the contribution of both aggregates and
binder. In this prospective, a better discrimination between the possible
different features in mortars manufacture can be reached by in-deep
analysis on the solely binder fraction.

3.4. The binder

Chemical data collected by SEM-EDS on both intergranular binder
and lumps (Table 4) reveal, an overall, the employment of a hydraulic
lime (Fig. 4). However, the elemental composition indicates a slightly
change in receipt over the different construction phases.

In detail, mortar samples from Roman and Modern structures report
a low percentage of binder (on average 34 + 9% and 47 *= 5%, re-
spectively), while in the Medieval mortars a high percentage of binder
was calculated (63 = 11%). The binder composition reflects data ob-
tained on the whole samples by XRF analysis, revealing a calcium-rich
composition in Medieval mortars, which also however exhibit the
higher level in SiO, in the binder fraction (5.0 = 1.5 wt%) than Roman
and Modern ones (3.4 += 1.0wt% and 4.5 = 1.0 wt%). Of course, ex-
ceptions are represented by samples 5285-1 and 5233-50, consisting
quite exclusively of aggregate and binder fraction, respectively.

This result could appear in contrast with chemical data obtained on
the whole samples by XRF, indicating the Roman mortars as enriched in
SiOZ, A1203 and F8203.

However, a carefully inspection of the graph CaO-H,0O-
(SiO, + Al,O3 + Fe;03), in which the stability field of CSH systems
proposed by Taylor [51] were also reported (Fig. 5), indicates that in
Medieval mortars the non-carbonate amorphous phase is quite ex-
clusively due to CSH (I) phases, thus attributable to the binder fraction.
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Chemical composition (Wt%) obtained by XRF analysis and CaO excess to form calcite (ACaO). Volatile compounds (H,O and CO,) were determined by thermo-

gravimetric analysis (TGA).

Structure Sample H,O0 CO, Na,0 MgO Al,03 SiO, P,Os K0 CaOo TiO, MnO Fe,O3 SiO, + CaO  ACaO
Roman mortars (domus) 5262-30 3.19 1071 117 1.49 8.18 48.85 0.13 1.53 22.47 0.15 0.07 2.06 71.32 8.84
5278-31 277 1298 1.09 1.32  6.08 48.70 0.22 098 2320 0.21 0.08 237 71.90 6.68
5278-32 221 11.86 1.22 1.41 6.76 50.72 0.21 1.14 21.70 0.22 0.03 252 72.42 6.61
5285-1 1.90 0.31 2.23 0.80 8.77 8155 0.03 170 1.11 029 0.01 1.30 82.66 0.72
5285-2 262 1078 1.12 1.48 6.30 50.74 0.23 1.21 22.07 0.25 0.12 3.08 72.81 8.35
5285-3 2.72 8.46 1.23 1.42  6.97 58.40 0.20 1.19 16.14 0.24 0.10 293 74.54 5.37
5329-8 322 1196 1.02 191 6.38 49.52 020 099 2149 0.25 0.09 297 71.01 6.27
5329-8bis  3.46 11.97 1.04 228 6.19 49.35 0.19 096 21.43 0.24 0.08 281 70.78 6.20
5356-5 2,56 10.28 1.30 1.33  6.62 55.36 0.22 1.10 18.03 0.23 0.10 2.87 73.39 4.95
5357-4 218 11.66 1.01 1.47  6.50 49.41 0.27 112 2298 0.25 0.09 3.06 72.39 8.14
5462-24 3.01 16.61 0.83 1.65 5.99 40.33 045 091 2760 0.20 0.08 234 67.93 6.46
5462-25 5.28 9.61 1.13 2.03 6.94 5510 0.25 0.99 15.84 0.23 0.08 252 70.94 3.61
5502-19 473 11.79 1.44 1.75 7.87 50.65 0.19 1.38 18.03 0.18 0.05 1.94 68.68 3.02
5356-6 5,57 3353 0.15 0.70  3.41 7.55 0.44 0.47 46.20 0.14 0.05 179 53.75 3.54
5356-7 270  36.29 0.10 0.59 227 5.80 0.32 0.49 50.11 0.09 0.04 1.20 55.91 3.93
Medieval mortars (Old Pisa Cathedral) 5017-23 3.32 2427 0.40 318 435 21.62 0.19 0.69 40.07 0.12 0.06 1.73 61.69 9.19
5067-12 512 2445 0.29 6.64 4.08 21.87 0.00 0.54 3537 0.10 0.06 1.48 57.24 4.26
5068-15 5.80 2547 0.25 4.24  3.60 22.05 0.13 047 36.48 0.09 0.05 1.37 58.53 4.07
5068-16 499 2584 0.27 4.90 3.70 2116 0.09 044 3711 0.09 0.06 1.35 58.27 4.22
5068-200 5.11 23.82 0.25 5.67 4.42 22,77 016 052 3556 0.10 0.06 1.56 58.33 5.24
5068-201 4.92 2290 0.33 4.69 4.45 26.71 0.16 0.60 33.49 0.11 0.06 1.58 60.20 4.34
5068-202 5.48 25.31 0.36 1.35 413 2395 0.15 0.57 37.02 0.10 0.06 1.52 60.97 4.82
5068-203 6.66 25.18 0.16 6.24  3.60 21.37 010 036 3492 0.08 0.05 1.28 56.29 2.86
5068-300 6.69 24.77 0.19 5.09 3.80 22.09 0.13 044 3532 0.08 0.06 1.34 57.41 3.78
5068-301 4.28 21.70 0.44 4.08 4.85 28.44 021 0.69 3333 0.12 0.07 1.79 61.77 5.71
5068-302 4.03 24.64 0.44 290 4.13 2411 019 061 3726 0.10 0.05 1.54 61.37 5.90
5068-303 4.20 24.51 0.34 3.93 4.47 2299 0.15 055 3711 0.10 0.06 1.59 60.10 5.90
5069-13 2.35 3056 0.37 1.43 289 15.90 0.03 0.54 44.65 0.08 0.04 1.16 60.55 5.76
5069-14 4.84 2497 0.30 249 431 2097 0.05 056 39.65 0.11 0.06 1.69 60.62 7.88
5070-17 456 26.67 0.32 3.34 3.69 1868 0.04 052 4039 0.10 0.06 1.63 59.07 6.46
5071-18 4.57 24.03 0.35 391 4.21 20.68 0.04 0.64 39.56 0.12 0.07 1.82 60.24 8.99
5203-33 549 2643 0.24 1.37 3.93 21.59 0.02 036 3892 0.09 0.05 1.51 60.51 5.28
5203-34 5.01 27.20 0.14 1.30 3.67 1858 0.03 0.34 4215 0.09 0.05 1.44 60.73 7.54
5460-9 410 23.90 0.35 1.68 5.22 2519 0.06 071 36.99 0.11 0.06 1.63 62.18 6.57
5461-21 224 2385 0.67 1.08 4.23 2510 0.16 0.84 3997 0.11 0.07 1.68 65.07 9.63
5461-22 248 2389 0.54 1.08 4.03 2261 019 0.81 4224 0.11 0.07 1.95 64.85 11.84
5502-20 3.64 26.57 0.30 1.73  4.37 2365 0.17 057 3729 0.13 0.05 1.53 60.94 3.48
5589-10 3.17 26.85 0.52 1.14 3.85 19.80 0.14 0.73 4215 0.10 0.05 1.50 61.95 8.00
5589-11 5.10 25.02 0.48 1.29 448 2495 0.14 0.71 36.12 0.10 0.06 1.55 61.07 4.28
5233-50 540 3892 0.04 0.94 0.58 2.62 0.09 0.09 5092 0.02 0.02 0.36 53.54 1.40
Modern mortars 5004-35 497 13.89 0.67 216 6.42 43.07 0.10 1.06 2545 0.14 0.08 1.99 68.52 7.77
5004-36 3.00 1212 1.11 1.64 7.33 49.02 0.12 142 21.86 0.15 0.08 215 70.88 6.43

On the contrary, the other mortars seem to exhibit a water deficit in
respect to CSH phases. The computed normative analysis reporting the
chemical composition of carbonate and non-carbonate amorphous
fraction of the binder calculated according to Franzini et al. [32] is
reported in Table 5.

3.5. The aggregate

The preliminary minero-petrographic analysis of the studied sam-
ples allowed obtaining valuable information of aggregate fraction,
mainly due to quartz, feldspars and rock fragments, including also
limestones, calcarenites (mainly Panchina fragments), and small
amount of marbles. To go deeper inside the composition of aggregates
and try to obtain provenance information on raw materials employed in
mortar manufacture, chemical composition of aggregates and aggregate
percentage (%) were also calculated as suggested by Franzini et al. [32]
for the aggregate fractions. The obtained results, reported in Table 6,
are quite in accordance with previous data obtained on both whole

sample and binder fraction. In fact, Roman and Modern mortars reveal
the highest percentage of aggregate (66 *+ 9% and 53 * 5%, respec-
tively, on average), while in the Medieval mortars the lowest percen-
tage of aggregate was calculated (average value 38 = 11%). As regard
composition, effectively, the aggregate fraction in Roman mortars ex-
hibit a slightly SiO-rich composition (43 = 19 wt%), matching the
results obtained by both XRF analysis and recalculated normative
composition of binder (see Fig. 4).

4. Discussion and conclusions

Following the aims of this study, finalized to characterize mortars
from the Pisa’s Cathedral Square, and in particular from structures
oldest than the well-known Medieval complex, the following con-
sideration can be provided.

The most relevant observation regards the presence of Panchina
calcarenite, occurring in almost all samples as underburned fragments;
this evidence suggests interesting implication in the evaluation of
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Table 4
Chemical composition of binders and binder percentage (%), calculated as
suggested by Franzini et al. [32].

Sample H,0 CO, MgO Al,0O; SiO, CaO Fe,O;  Binder%
5262-30 2.89 7.62 0.74  4.19 517 1854 0.89 40.04
5278-31 2.45 8.77 0.29 245 353 17.84 1.41 36.74
5278-32 1.89 8.44 0.43  3.06 3.68 17.33 1.86 36.69
5285-1 1.44 0.31 0.29 3.28 0.54 1.11 1.07 8.04
5285-2 2.33 10.30 0.24 2.39 4.38 21.46 1.44 42.54
5285-3 239 7.79 0.52 241 294 1528 228 33.61
5329-8 292 1032 0.67 2.08 355 19.40 1.84 40.78
5329-8bis 3.17 10.49 0.83 2.32 3.71 19.54 1.69 41.75
5356-5 2.25 9.45 0.59  2.90 291 1698 225 37.33
5357-4 1.88 9.27 0.04 2.63 4.05 19.93 1.78 39.58
5462-24 2.65 4.83 0.02  2.62 3.49 1259 0.86 27.06
5462-25 4.91 3.71 1.32 3.14 286 833 1.69 25.96
5502-19 436 3.36 1.34 5.01 323 7.29 1.75 26.34
5356-6 527 9.83 0.22  3.16 315 16.01 1.78 39.42
5356-7 2.39 11.06 0.08 1.79 3.49 17.98 1.05 37.84
5017-23 313 16.03 267 260 7.26 29.58 0.74 62.01
5067-12 498 2025 6.62 212 7.62 30.02 1.11 72.72
5068-15 5.62 18.17 4.15 2.88 6.17 27.18 0.44 64.61
5068-16 4.80 18.32 4.13 1.47 5.59 27.53 0.19 62.03
5068-200 490 15.15 4.34 255 6.00 2450 0.61 58.05
5068-201 4.75 19.29 4.04 2.44 553 28.89 0.90 65.84
5068-202 5.29 19.97 0.57 2.55 3.48 30.23 0.12 62.21
5068-203 6.38 10.89 4.07 1.61 465 16.70 0.09 44.39
5068-300 6.51 17.66 4.37 2.04 591 26.24 0.45 63.18
5068-301 3.99 10.85 2.42 0.54 3.91 19.51 0.64 41.86
5068-302 3.88 21.51 2.44 243 522 3327 0.98 69.73
5068-303 4.02 17.88 3.34 298 595 28.64 1.24 64.05
5069-13 2.13 18.29 0.77 1.12 3.40 29.01 0.52 55.24
5069-14 470 2019 2.09 3.07 6.08 3357 1.26 70.96
5070-17 436 1710 3.06 0.46 5.88 2820 0.29 59.35
5071-18 434 1243 321 235 6.86 2479 0.88 54.86
5203-33 531 21.11 0.00 2.16 3.32 3214 0.27 64.31
5203-34 483 19.48 0.27 232 455 3232 0.42 64.19
5460-9 3.85 1318 1.31 3.24 4.04 2333 1.24 50.19
5461-21 2.04 17.04 0.95 2.22 5.84 31.30 1.22 60.61
5461-22 235 21.57 0.47 1.84 6.38 39.29 1.48 73.38
5502-20 3.45 21.21 0.92 266 2.77 30.47 0.58 62.06
5589-10 2.95 16.58 0.63 1.70 4.18 29.08 0.93 56.05
5589-11 492 2077 1.02 256 3.22 3070 0.75 63.94
5233-50 539 3869 0.86 0.29 1.74 50.64 0.28 97.89
5004-35 4.72 11.71 1.72 3.12 5.20 22.67 1.26 50.40
5004-36 2.71 10.89 0.76 3.29 3.84 20.29 1.28 43.06
Ca0

M Roman mortars

¢ Roman cocciopesto mortars
Medieval mortars

® Modern mortars

Al,O, Sio,

Fig. 4. Triangular diagram CaO-Al,03-SiO, describing the binder composition
based on computed normative analysis.
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Ca0

B Roman mortars
¢ Roman cocciopesto mortars

Medieval mortars
® Modern mortars

CSH (II) \/

CSH (I)

H,O SiO,+Al,0,+Fe, 0,

Fig. 5. Triangular diagram CaO-H,O-(SiO, + Al,O3 + Fe;03) in which the
chemical composition of the binder amorphous phase calculated on the basis of
SEM-EDS data are plotted. CSH (I) and CSH (II) compositional variation fields
are from [51].

manufacture process employed to realize the studied mortars, as well
on the technological level of artisans working on the construction of
both Roman domus and the successive old Pisa’s Cathedral. Despite the
slight differences highlighted between Roman and Medieval mortars, an
overall homogenous composition can be attributed to all the studied
samples, with a variability mainly regarding the aggregate/binder ratio
(namely higher binder% in Medieval mortars than in Roman ones, and
more quartz-rich aggregates in Roman mortars).

Going to inspect raw materials provenance issues, by comparing the
calculated chemical composition obtained on the binder fraction with
possible calcite-based materials available to manufacture mortars
(Fig. 6), studied samples are plotted in the compositional range of
Panchina calcarenite; outliers respect to the defined trend are samples
5285-1 and 5233-50, consisting respectively in an aggregate-rich and a
lime-rich specimen. It is interesting to note that sample 5233-50 shows
a good compositional match with Monte Pisano marble, a building
material that will be largely quarried and employed for both buildings
and mortars manufacture up to the 11th century, during the construc-
tion of the Medieval Pisa Cathedral and the entire complex in Miracle
Square [44]. Thus, in the aforementioned structures, high quality hy-
draulic mortars were obtained by burning Monte Pisano marble and
adding diatomite to the mixture [2]. However, the low technical pro-
prieties of studied mortars (low adhesion and cohesion, medium hy-
draulicity), as well the occurrence of Panchina calcarenite fragments
and the relatively low exploitation of Monte Pisano marble during
Roman and early Medieval Age, lead to exclude a similar manufacture
recipe. A possible hypothesis encompasses the use of mixed carbonate
source, obtained by burning sporadic marble blocks (obtained as
building scraps) and Panchina calcarenite; effectively, has to be noticed
that before the 11th century this stone was largely employed in civil
and religious structures, as well in the structures from which mortars
were sampled.

Finally, as regard aggregates, by comparing the mineralogical data
obtained by optical microscopy observations of thin sections with
Serchio and Arno River sands along with Panchina calcarenite (Fig. 7),
the obtained results clearly show that all the studied samples are
plotted in a compositional range consisting of the all reference
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Table 5

Measurement 126 (2018) 322-331

Average computed normative analysis of the intergranular binder and lumps, and chemical composition of amorphous phases for each identified group of studied

mortars, calculated as suggested by Franzini et al. [32].

Group Normative analysis Composition (wt%) of amorphous phase
Calcite Magnesite Amorphous phase H,0 Al,03 Si0, CaO Fe,03

Group 1 - Roman mortars Average 43.54 3.6 52.86 17.21 18.04 19.56 35.55 9.65

St.dev. 17.9 3.44 15.24 5.87 8.01 4.42 8.93 2.98
Group 2 - Medieval mortars Average 56.9 8.14 34.96 21.64 9.88 23.16 42.03 3.29

St.dev. 13.64 5.97 8.74 8.97 4 2.71 6.74 1.67
Group 3 - Modern mortars Average 48.75 5.42 45.84 16.96 15.23 20.95 40.84 6.03

St.dev. 6.22 2.45 3.77 3.34 3.49 0.44 0.95 1.24

Table 6
Chemical composition of aggregates and aggregate percentage (%), calculated as suggested by Franzini et al. [32].

Sample H,0 CO, Na,O MgO Al,05 SiO, P,0s5 K,0 CaO TiO, MnO Fe,03 Aggregate%
5262-30 0.30 3.09 1.17 0.75 3.99 43.68 0.13 1.53 3.93 0.15 0.07 1.17 59.96
5278-31 0.32 4.21 1.09 1.03 3.63 45.17 0.22 0.98 5.36 0.21 0.08 0.96 63.26
5278-32 0.32 3.42 1.22 0.98 3.70 47.04 0.21 1.14 4.37 0.22 0.03 0.66 63.31
5285-1 0.46 - 2.23 0.51 5.49 81.01 0.03 1.70 - 0.29 0.01 0.23 91.96
5285-2 0.29 0.48 1.12 1.24 3.91 46.36 0.23 1.21 0.61 0.25 0.12 1.64 57.46
5285-3 0.33 0.67 1.23 0.90 4.56 55.46 0.20 1.19 0.86 0.24 0.10 0.65 66.39
5329-8 0.30 1.64 1.02 1.24 4.30 45.97 0.20 0.99 2.09 0.25 0.09 1.13 59.22
5329-8bis 0.29 1.48 1.04 1.45 3.87 45.64 0.19 0.96 1.89 0.24 0.08 1.12 58.25
5356-5 0.31 0.83 1.30 0.74 3.72 52.45 0.22 1.10 1.05 0.23 0.10 0.62 62.67
5357-4 0.30 2.39 1.01 1.43 3.87 45.36 0.27 1.12 3.05 0.25 0.09 1.28 60.42
5462-24 0.36 11.78 0.83 1.63 3.37 36.84 0.45 0.91 15.01 0.20 0.08 1.48 72.94
5462-25 0.37 5.90 1.13 0.71 3.80 52.24 0.25 0.99 7.51 0.23 0.08 0.83 74.04
5502-19 0.37 8.43 1.44 0.41 2.86 47.42 0.19 1.38 10.74 0.18 0.05 0.19 73.66
5356-6 0.30 23.70 0.15 0.48 0.25 4.40 0.44 0.47 30.19 0.14 0.05 0.01 60.58
5356-7 0.31 25.23 0.10 0.51 0.48 231 0.32 0.49 32.13 0.09 0.04 0.15 62.16
5017-23 0.19 8.24 0.40 0.51 1.75 14.36 0.19 0.69 10.49 0.12 0.06 0.99 37.99
5067-12 0.14 4.20 0.29 0.02 1.96 14.25 0.00 0.54 5.35 0.10 0.06 0.37 27.28
5068-15 0.18 7.30 0.25 0.09 0.72 15.88 0.13 0.47 9.30 0.09 0.05 0.93 35.39
5068-16 0.19 7.52 0.27 0.77 2.23 15.57 0.09 0.44 9.58 0.09 0.06 1.16 37.97
5068-200 0.21 8.67 0.25 1.33 1.87 16.77 0.16 0.52 11.06 0.10 0.06 0.95 41.95
5068-201 0.17 3.61 0.33 0.65 2.01 21.18 0.16 0.60 4.60 0.11 0.06 0.68 34.16
5068-202 0.19 5.34 0.36 0.78 1.58 20.47 0.15 0.57 6.79 0.10 0.06 1.40 37.79
5068-203 0.28 14.29 0.16 2.17 1.99 16.72 0.10 0.36 18.22 0.08 0.05 1.19 55.61
5068-300 0.18 7.11 0.19 0.72 1.76 16.18 0.13 0.44 9.08 0.08 0.06 0.89 36.82
5068-301 0.29 10.85 0.44 1.66 4.31 24.53 0.21 0.69 13.82 0.12 0.07 1.15 58.14
5068-302 0.15 3.13 0.44 0.46 1.70 18.89 0.19 0.61 3.99 0.10 0.05 0.56 30.27
5068-303 0.18 6.63 0.34 0.59 1.49 17.04 0.15 0.55 8.47 0.10 0.06 0.35 35.95
5069-13 0.22 12.27 0.37 0.66 1.77 12.50 0.03 0.54 15.64 0.08 0.04 0.64 44.76
5069-14 0.14 4.78 0.30 0.40 1.24 14.89 0.05 0.56 6.08 0.11 0.06 0.43 29.04
5070-17 0.20 9.57 0.32 0.28 3.23 12.80 0.04 0.52 12.19 0.10 0.06 1.34 40.65
5071-18 0.23 11.60 0.35 0.70 1.86 13.82 0.04 0.64 14.77 0.12 0.07 0.94 45.14
5203-33 0.18 5.32 0.24 1.37 1.77 18.27 0.02 0.36 6.78 0.09 0.05 1.24 35.69
5203-34 0.18 7.72 0.14 1.03 1.35 14.03 0.03 0.34 9.83 0.09 0.05 1.02 35.81
5460-9 0.25 10.72 0.35 0.37 1.98 21.15 0.06 0.71 13.66 0.11 0.06 0.39 49.81
5461-21 0.20 6.81 0.67 0.13 2.01 19.26 0.16 0.84 8.67 0.11 0.07 0.46 39.39
5461-22 0.13 2.32 0.54 0.61 2.19 16.23 0.19 0.81 2.95 0.11 0.07 0.47 26.62
5502-20 0.19 5.36 0.30 0.81 1.71 20.88 0.17 0.57 6.82 0.13 0.05 0.95 37.94
5589-10 0.22 10.27 0.52 0.51 2.15 15.62 0.14 0.73 13.07 0.10 0.05 0.57 43.95
5589-11 0.18 4.25 0.48 0.27 1.92 21.73 0.14 0.71 5.42 0.10 0.06 0.80 36.06
5233-50 0.01 0.23 0.04 0.08 0.29 0.88 0.09 0.09 0.28 0.02 0.02 0.08 211
5004-35 0.25 2.18 0.67 0.44 3.30 37.87 0.10 1.06 2.78 0.14 0.08 0.73 49.60
5004-36 0.29 1.23 1.11 0.88 4.04 45.18 0.12 1.42 1.57 0.15 0.08 0.87 56.94

materials. This result should not surprise; in fact, in ancient time,
Serchio was an Arno tributary, so that the possible availability of mixed
alluvium has to be considered. Effectively, excluding the occurrence of
Panchina calcarenite, quite similar results were obtained in studies
performed on mortars from Pisa’s Tower.

With these drawbacks, we can speculate that before 11th century,
namely the construction of Miracle square complex, Monte Pisano
marble was scarcely exploited so that only few blocks were available as
building material; on the contrary, Panchina calcarenite was widely
diffused in urban architecture. Thus, both Romans and artisans working

329

on the construction of old Cathedral possibly employed this stone to
produce lime for mortar manufacture, with a slight change in techno-
logical level over the time. This is evidenced by the differences in ag-
gregate/binder ratio and binder features between Roman and Medieval
mortars, even if a quite homogeneity in raw materials use can be as-
sessed.

Only after the massive marble exploitation from Monte Pisano since
11th century, the local marble will be used to produce lime, by the
addition of diatomite, and Arno and Serchio River sands, the latter ones
already employed in mortars since Roman age.
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Fig. 6. Chemical composition of the whole binder compared with materials
probably employed for its preparation (wt%).
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Fig. 7. Mineralogy of the aggregates compared with materials probably em-
ployed for mortar preparation (wt%).
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