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Abstract

The topic of this study is the mineralogical and petrographic characterization of lime-based
mortars of Hellenistic-Roman age (3rd century BCE), collected from a residential area
located in the present historical centre of Palermo, near the remains of the Punic-Roman
walls. The collected mortars have been analyzed by optical microscopy, X-ray powder
diffraction analysis and scanning electron microscopy, coupled with energy-dispersive
spectrometry. The aim of the study was the characterization of the mortars as pertaining to
their aggregate and binder composition, aggregate size distribution and aggregate/binder
ratio, so as to establish the provenance of raw materials and acquire information useful in
terms of formulating suitable restoration mortars. The mineralogical and petrographic
investigations allowed to recognize four different recipes used for the formulation of the
studied mortars. The aggregate is made up of different proportions of alluvial calcareous and
siliceous sands or, in some cases, by ‘cocciopesto’ - opus signinum. Aerial lime-based
mortars have been attested for the majority of the wall coatings and decorations subject to
analysis. Furthermore, an unusual mosaic flooring, manufactured with tesserae obtained
from overfired, locally produced limestone scraps, was attested. The sandy aggregate was
quarried from the coastal alluvial deposits of theriver Oreto, whose estuary is situated in the
vicinity of the ancient city walls. The binder was primarily produced by the calcination of
locally available limestones, lacking in magnesium carbonate. It presents a satisfactory
technological similarity with two roughly coeval manufactures, located in western Scily and
relating to the aggregate, as well as the mortars manufactured for the purpose of decorating
the historical palaces of Palermo. This in turn indicates a remarkable continuity regarding
the selection of locally available raw materials, an aspect mainly dictated by their qualitative
characteristics.

Keywords: Lime-based mortars, Roman-Hellenistic period; Mineralogical and petrographic
characterization; Scily, Palermo.

Introduction

Mortars are complex composite building materials employed since Classical Antiquity.
They consist of a mixture of organic and inorganic binders, aggregates, water and a variety of
additives. The relative proportions of the various components should offer suitable workability
and appropriate physical, mechanical and aesthetic characteristics to the finished product [1].
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In recent times, a significant number of studies have focused their attention on the
characterization of historical mortars as a source material for important information, especially
in the fields of archaecology and conservation [2-6]. The combination of mineralogical,
petrographic and chemical investigations with archaeological and historical studies provides
data useful for assessing the provenance of raw materials, ancient production technologies and
different building phases. On this basis, suitable restoration materials compatible with the
original ones can be designed for their respective purposes [7].

In the present work, mineralogical and petrographic investigations were carried out on a
set of lime-based mortars dating back to the 4"-3" century BCE, recovered from a
Punic-Roman residential area in Palermo, Sicily. The characterisation of the sampled mortars
was carried out by means of the combined use of polarized light microscopy (PLM), X-ray
powder diffraction (XRPD) and scanning electron microscopy, coupled with energy-dispersive
spectrometry (SEM- EDS). The aim of such research was to determine the compositional and
textural characteristics of the sampled mortars, the source of raw materials and the utilized
production techniques. It is worth noting that Punic-Roman mortars in Palermo have been never
studied from this perspective. On the contrary, several characterization studies were previously
carried out on historical mortars and plasters from buildings located in the historical centre of
Palermo, mostly manufactured between the 17" century and the 1920°s [8-14]. Therefore, an
additional research objective was the verification of the continuity of local ‘material culture’, by
comparing compositional and textural features of mortars produced in different historical
periods and the criteria followed for the selection of raw materials.

Historical context and archaeological evidences

The city of Palermo, located in Western Sicily, known to the ancients by the name of
Panormos, was founded in the 7" century BC by the Phoenicians. The ancient city lay on an
emerging Pleistocene calcarenite platform, bordered on its northern extremity by the Tyrrhenian
sea, at its southernmost point by a chain of carbonate rock reliefs, approximately 1,000 metres
in height (limestones and dolomites of Mesozoic age) and on both sides by two small
watercourses (the Oreto and Kemonia rivers). These geomorphological features encouraged the
first group of inhabitants to settle in the upmost calcarenite platform (situated approximately 40
metres above sea level), where territorial control was better ensured [15, 16]. The first historical
evidence concerning the effective extension of the city, however, dates back to the 3™ century
BC, at the time of the Roman conquest. In fact, the ancient historians Polybius and Diodorus
described the city as being divided into two different parts, separated from each other by thick
walls: the older core was called ‘Paleopolis’, whereas the relatively more recent city quarters
were named ‘Neapolis’ (Fig. 1A).

The place whence the mortar subject to analysis within the present paper was collected is
located in the heart of ancient Palermo, in the area of the Monastero del Gran Cancelliere (also
known by the name of Santa Maria de Latinis), founded in 1171 by Matteo Ajello, Chancellor
of the Kingdom under William II, King of Normandy at the time. According to the
reconstruction realized by archaeologists during the preliminary excavation work carried out in
the 1950’s in the respective area, different wall structures have been discovered and interpreted
as part of the ancient fortification system. A few years previously, after the restoration works
that involved the monumental complex of the Monastero del Gran Cancelliere, a huge portion
of a defence wall, composed of large local biocalcarenite blocks, was brought to light (Fig. 1B
and 1C). The wall in question appears to have been part of the network of ancient walls
surrounding the Phoenician town on its northern side [17]. Adjacent to a portion of the defense
wall, a residential environment, characterized by a peristyle with columns and some remnants
of renderings and floorings, was also discovered (Fig. 2A). The archaeological stratigraphical
study allowed for its being dated to the middle of the 3™ century BCE. This residential
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environment appears to have been abandoned, once it became necessary to reinforce the
structure of the wall and draw back the fortified line, owing to the attacks conducted against the
city by the Romans during the First Punic War, immediately before the final conquest of
Panormos, which took place in 254 BCE.

Oid Town

Fig. 1. Ancient Panormos: (A) A schematic map; (B) The monumental complex of the Monastero del Gran
Cancelliere after recent restoration; (C) A portion of the defense wall, composed of large local biocalcarenite blocks.

Description of studied materials and analytical methods
The archacometric investigations were carried out on a set of representative samples,

made up of 11 lime-based mortars recovered from the aforementioned Roman-Punic residential
environment and thus dating back to the 4th-3rd century BCE (Fig. 2A).
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Fig. 2. Archaeological excavations area: (A) The residential environment discovered during the archaeological
excavations; (B-H) The macroscopic appearance of analysed samples.
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The archaeological findings in this site also included other classes of natural and
artificial building materials, such as calcarenites, unfired clay bricks and a number of ceramic
shards, the study of which could constitute a pertinent objective regarding the continuation of
our research. The lime-based mortars subject to sampling have different utilizations, as
specified in Table 1, in which a list of all the considered specimens with the indication of
sampling points may be found. Most of the samples are represented by fragments of rendering
mortars (7 samples, out of a total of 11) covering the partition walls of the residential
environments (Figs. 2B, 2C and 2D). The rest of the samples are represented by bedding
mortars used for the decoration of floors with white tesserae (samples A2, A9 and subsamples
A2-T and A9-T, Figs. 2E and 2F), or with cocciopesto - opus signinum (sample A17, Fig. 2G)
and by a high-relief frame with aesthetic functions (sample Al, Fig. 2H). All the wall mortars
are placed on blocks made of local calcarenite. This building stone, well studied in previous
works, is characterized by a secondary calcite cement, which offers a compressive strength of
10-30 mPa, as well as open porosity values ranging between 10-15% [18].

A first macroscopic description of the analysed samples was carried out according to the
UNI 11176-2006 norm. The majority of them are made up of a single layer, with the exception
of samples A10, A15 and A31, which are characterized by two or more layers (Table 1).
Colours vary from white to pink and have been assessed by means of Munsell charts (Table 1).

Table 1. Sampling point, utilization and macroscopic description of the analysed mortars.

Sample End-use Samphng Number Thickness Ter_nper Colour Bond
code point of layers size strength
Al highreliel B sU4I 1 15-20mm medium SYR8/1 high
frame sand
A2 floor ~ SUB84inSU 1 15mm medium 10YR 8/1 high
81 sand
A2-T tesserae SU Sg lln Su 1 up to lcm - 10YR 8/1 high
A4 pf;:ir Area B, SU 41 1 15-20mm m:;‘é‘(‘lm SYR 8/2 low
wall South side of coarse
A8 plaster SU 41 1 20mm sand 2.5Y8/3 low
A9 floor  ArcaF,SU 81 1 15-20mm msg;‘ém 10Y 8/1 low
A9-T tesserae Area F, SU 81 1 up to lem - 10Y 8/1 high
15-20mm medium
A10 p;’:";gr Area F, SU 81 2 (Z‘Effnmé;zﬁg sand 10Y 8/1 high
fine sand
layer)
10-15mm very coarse
Al5 ;’Vail Area B, SU 41 2 (internal layer) sand 5YR 82 low
plaster 8mm (external medium
layer) sand
very 5YR 8/1
Al7 floor Area B, SU 41 1 10-20mm coarse (Binder) 2.5YR low
sand 4/6 (Temper)
wall Area D, USR medium
A20 plaster 91 and USR 1 15mm sand 7.5YR 7/2 low
92
wall West side of medium
A23 plaster USR 46 1 12mm sand 7.5YR7/2 low
8mm (internal medium
A3 wall Colu.mn of 2 layer) sand SYR 8/2 low
plaster Peristyle 0.5mm
fine sand

(external layer)

Key: SU - Stratigraphic Unit, USR - Stratigraphic Unit of Covering
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The average grain size falls roughly within the medium sand class (0.25-0.5).
Intergranular cohesion is mostly lacking, with the exception of samples Al, A2 and A10 which
demonstrated a relatively higher bond strength. Lime lumps, opus signinum fragments and coal
particles were also recognized after visual observation.

Thin-section petrography was carried out on all the samples by a Leica DC 200
polarizing microscope equipped with a digital camera. The relative abundance of sandy
aggregate (expressed in percentages, in terms of area) was determined by conventional
comparative tables [19].

X-ray powder diffraction (XRPD), for the identification of mineral phases was
performed on bulk samples by using a Philips X Pert diffractometer with Cu-Ko radiation
(operating conditions: 40 kV and 40 mA, 2°-60° 26 scan range, graphite monochromator, 2° 20
min_'scan rate and 2s time constant).

Regarding the SEM-EDS analysis, samples were carbon coated and mounted with silver
glue on pure aluminum stubs (10mm in diameter) prior to imaging and analysis. They were
preliminarily observed by secondary electrons imaging mode (SEI), so as to emphasize the
microstructure and particle morphology. Consequently, corresponding specimens were
embedded in epoxy resin and accurately polished with appropriate abrasive paper and diamond
paste (1 and 0.1mm for finishing), in order to allow their being used for the back-scattered
electrons imaging mode (BSEI) and both their quantitative and semiquantitative microchemical
analyses, with a FEI Quanta 200, equipped with an energy-dispersive spectrometer with the
following operating conditions: 20 KV accelerating voltage, 1.2 nA beam current, working
distance equal to 10mm and counting times up to 100s. The standard ZAF correction
procedures, utilized in order to achieve a matrix effect, were applied, and the concentrations of
Na,O, MgO, AlLO;, SiO,, K,O, CaO, and FeO were thus determined. A total of 10
microanalytical runs for each sample were carried out in order to acquire more representative
average binder matrix compositions.

Analytical Results

Polarized light microscopy

The analysis of thin sections under the polarized light microscope (PLM) allowed for the
recognition of the main mineralogical and textural features of all the studied mortar samples
which were schematically resumed in Table 2. On the basis of the results deriving from
microscopic investigation, the samples were clustered into four main distinguishable ‘paste
recipes’.

The first and largest group, inductively named Paste C, brings together six samples: Al,
A2, A4, A9, A10 (internal layer), A31 (both internal and external layers). This kind of paste is
characterized by a manifestly prevalent calcareous aggregate, mainly represented by bioclasts
(various proportions of calcareous algae, bryozoans, echinoderms, macroforaminifera, bivalves,
gastropods) as well as fragments of calcarenite and limestone. The siliciclastic components are
relatively less abundant, being mainly represented by monocrystalline and polycrystalline
quartz, chert and quartzarenite fragments (Fig. 3A). The aggregate/binder ratio, obtained by a
visual estimation through comparative tables, varies from 1:1 to 3:1 and accordingly aggregate
packing ranges from 50% to 75%. The distribution of aggregate grains is moderately
homogeneous. Grain sizes range widely, from very fine sand (0.06-0.125mm) to very coarse
sand (1-2mm), despite its more often being included within medium (0.25-0.5mm) and coarse
(0.5-1mm) sand classes. The roundness of the monomineral granules and rock fragments which
compose the aggregate generally varies from subangular to subrounded. The binder presents a
micritic texture, while also demonstrating a more or less evident aggregate optical activity. Its
structure is heterogeneous, or moderately homogeneous with diffused lime lumps.
Macroporosity is intergranular and intragranular (within bioclasts) as well.
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The second group, named Paste S, is represented by only two samples: A20 and A23.
The mineralogical composition of the sand aggregate is predominantly siliciclastic, composed
of mono and polycrystalline quartz, chert, fragments of radiolarite and quartzarenite,
plagioclase and K-feldspar. The calcareous component, represented by bioclasts (various
proportions of calcareous algae, bryozoans, echinoderms, macroforaminifera, bivalves and
gastropods), biocalcarenite and fragments of limestone, is mostly sporadic (Fig. 3B). The
distribution of aggregate is rather homogeneous, with a prevailing grain size corresponding to
medium sand (0.25-0.5mm). The aggregate packing is comparatively high (up to 75% in area)
and the aggregate/binder ratio was estimated to be approximately equal to 3:1. The roundness of
monomineral granules and rock fragments varies from subrounded to rounded (in the case of
siliciclastic granules, due to their relatively larger size). The binder is composed of
microcrystalline calcite (micrite) and shows a clear aggregate optical activity. Its structure is
quite homogeneous, with sporadic or rare lime lumps. Macroporosity is mainly intergranular.

Fig. 3. Thin section microphotographs of some representative mortar’ samples (crossed polars): (A) sample A1, Paste

C, scale bar - 0.5mm; (B) sample A20, Paste S, scale bar - 0.5mm; (C) sample A8, Paste C/S, scale bar - 0.5mm; (D)

sample A 17, Paste CP, scale bar - 0.5mm; (E) microscopic features of whitish tesserae, sample A2-T, scale bar - 0.2
mm; (F) external layer of sample A10 (marmorino finishing), scale bar - 0.2mm.

The third group, here named Paste C/S, includes samples A8 and A15 (external layers).
It is characterized by an aggregate consisting of approximately equivalent proportions of
calcareous and siliciclastic components. Calcareous grains are mainly composed of bioclasts,
limestone and calcarenite fragments (angular to sub-rounded grains). The siliciclastic
components consist of quartz (both monocrystalline and polycrystalline), chert, quartzarenite
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and radiolarite fragments, and, in less frequent cases, also plagioclase (Fig. 3C). Radiolarite

fragments are often represented by well-rounded granules, which are attributed to the class of

very coarse sand or even fine gravel. The aggregate grain distribution is rather homogeneous,
with the class of coarse sand (0.5-1mm) being, generally speaking, the most abundant. The

aggregate packing is highly variable, ranging from a surface area of 35% (sample A15) to 75%

(sample AS8), with the aggregate/binder ratio thus corresponding to 1:2 and 3:1, respectively.

The binder presents a micritic texture, as well as showing aggregate optical activity. The
structure is moderately homogeneous, with common lime lumps. Macroporosity is intergranular

and subordinately intragranular.
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The fourth group, called Paste CP, is represented by samples Al5 (internal layer) and
A17. The main characteristic of this paste is the prevalence of opus signinum with in the
aggregate (Fig. 3D). The fragments of opus signinum demonstrated both textural and
mineralogical characteristics, a fact which allowed for the recognition of their local provenance
[20, 21]. Quartz and biocalcarenite fragments are only sporadic to rare constituents. The
aggregate grains show a moderately homogeneous distribution, coupled with prevailing sizes
ranging from extremely coarse sand (1-2mm) to very fine gravel (3-4mm). The binder presents
a microcrystalline texture, as well as slight aggregate optical activity. It should also be noted
that some limited areas at the interface between the binder and the fragments of opus signinum
do not demonstrate any optical activity and, accordingly, may present evidence of a pozzolanic
reaction, therefore resulting in the formation of amorphous calcium silicate hydrates (C-S-H).
The binder’s structure is, in general, moderately homogeneous, with common lime lumps.
Macroporosity is mainly intergranular.

The samples coded A2 and A9 (both mortars grouped in Paste C) are the floor bedding
mortars which incorporate the white tesserae, respectively coded A2-T and A9-T. The latter,
once subject to the polarizing microscope, revealed itself to be composed of entirely
recarbonated overfired calcium oxide. No variety of sand aggregate could therefore be
observed, their microstructure being rather heterogeneous, with diffused lumps (Fig. 3E). The
local use of tesserae, realized by cutting the residual blocks of the overfired limestone utilized
for the production of calcium oxide has been previously attested in the manufacture of floor
mosaics in Palermo, during the Middle Ages and the Baroque period [18, 22]. This therefore
could be the oldest known attestation of the aforementioned practice, which has continued until
the present day.

Sample A10 (external layer) is representative of Marmorino lime-based plaster. It is
composed of angular fragments of calcite, derived from the mechanical crushing of white
marble. The prevailing size of calcite fragments ranges from 0.2mm to 0.5mm (Fig. 3F).
Aggregate packing was estimated as being approximately 45%, thus corresponding to an
aggregate/binder ratio of around 1:1. The binder is composed of microcrystalline calcite
(micrite) and shows a clear optical activity. Macroporosity is above all intergranular.

X-ray powder diffraction

X-ray powder diffraction (XRPD) allowed corroborating and integrating the results
obtained by means of optical microscopy, with special reference to the finest components of the
aggregate (< 0.04mm) and, additionally, to the microcrystalline and/or cryptocrystalline binder
matrix. A semi-quantitative estimation of the abundance of the recognized mineral phases is
offered within Table 3.

Considering the results of the XRPD patterns in fine detail, a first interpretative
consideration can be realized, regarding the white tesserae utilized in the building of mosaics
(samples A2-T and A9-T). It may be noted that the only detected crystalline phase was calcite.
Therefore, given that the petrographic observations suggest both that the tesserae are constituted
by overfired/recarbonated limestone, and that the peaks characteristic of magnesite or
hydromagnesite went unrevealed, it is reasonable to infer that the raw material utilized in the
production of quicklime has been, in the present case, a variety of limestone lacking in
magnesium.

Generally speaking, calcite is the predominant mineral phase in all samples relating to
Paste C, while in the samples classified within Paste S and Paste CP, quartz appears to be
relatively more abundant (Fig. 4). In the remaining cases (samples belonging to Paste C/S), the
two phases (calcite and quartz) are present in roughly comparable amounts. K-feldspar also
being detected in small quantities in the samples belonging to Paste CP (characterized by
significant amounts of opus signinum being found within the composition of the aggregate) and
the trace in the sample demonstrating a prevalence of siliciclastic aggregate (Paste S, samples
A20 and A23). On the contrary, dolomite is a common phase in samples in which the
calcareous aggregate is predominant or even well-represented (Paste C and Paste C/S). It is
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reasonable to assume that the presence of quartz and feldspar (K-feldspar and plagioclase)
peaks existent within the XRPD patterns can be attributed to the monomineralic grains and to
the siliciclastic rock fragments composing the aggregate of the studied mortars. However, other
abundant or relatively common crystalline phases, such as calcite and dolomite, are constituents
which can theoretically be representative of both sand aggregate (where bioclasts and
calcareous rocks are abundant or common) and binder.

Table 3. Semi-quantitative mineralogical composition after XRPD analysis

Sample code Qtz Cal Kfs Dol Mg-calcite Arg
Al + +++ B T T n
A2 - N - i M .
A2-T - -t ] _ ! !
Ad tr I . ] i )
A8 =+ -+ tr + + r
A9 - +++ - tr ir o
A9-T - +++ - - B 3
Al0
(internal layer) + =+ tr + + 4
A10
(external layer) B tH - - - -
(internal layer) Aad a + - - _
T A - + tr +hr
(external layer)
Al7 +++ ++ + _ ) )
A20 +++ ++/+ tr tr - -
A23 +++ +++ tr tr - -
A3l
(internal layer) + +++ - + i .
A3l tr +++ - + r .

(external layer)

Key: Qtz = quartz; Cal = calcite; Kfs = K-feldspar; Dol = dolomite; Mg-calcite = magnesian calcite;
Arg = aragonite; +++ = abundant; ++ = common; + = subordinate; tr = trace; - = not detected.

Small amounts or traces of aragonite and magnesium-calcite were detected in several
samples, namely those belonging to Pastes C and C/S, and characterized by the abundance of
bioclasts within the aggregate (samples Al, A2, A8, A9, A10, A15 external layer, A31). The
XRPD pattern shown in Figure 5 allows for one to appreciate a distinct shoulder on the (104)
peak of calcite, which can constitute a diagnosis for the presence of magnesium calcite [23].
The occurrence of both these mineralogical phases can thus be related to the presence of
gastropods and bivalve shells [24, 25].

SEM/EDS

SEM observations, by SE (secondary electron) and BSE (back-scattered electron)
imaging modes, allowed for the highlighting of certain structural and textural aspects of the
binder matrix, not resolvable through the level of magnification achieved with the optical
microscope. Furthermore, the technique allows for one to assess the level of adhesion of the
aggregate grains to the binder and, simultaneously, certain features of the porous network.

For the majority of samples placed under consideration, the binder matrix consists of sub
micrometric particles, which demonstrate a good adhesion towards the aggregate granules.
Numerous mesopores (with a radius ranging between 0.002 - 0.05um, according to the [IUPAC
classification) and macropores (with a radius of 0.05um or higher) characterize the binder
matrix (Fig. 6A). Samples A2-T and A9-T, both representative of the tesserae decorating the
corresponding flooring mortars, are, on the contrary, characterized by the absence of any variety
of aggregate granules, as well as demonstrating a remarkable degree of uniformity and
compactness of the binder, which in turn results in a relatively low macroporosity (Fig. 6B).
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The images of sample A4, which is representative of Paste C (calcareous), placed in a proper
light show an optimal adhesion of the binder to the bioclasts, which largely compose the sand
aggregate (Fig. 6C). The EDS qualitative microanalysis allowed for it to be stated that the mass
of the binder consists essentially of CaCO;. Small amounts of different elements (Si, Al, Mg)
were also discovered, likely representing the effects of a partial contamination of the mortar
during the extended phase of burial (Fig. 6D). A more than acceptable adhesion of the binder to
the aggregate grains has also been observed in the case of the samples belonging to Paste S
(which presents a prevalence of quartz and siliciclastic aggregate) and Paste C/S (Fig. 6E). On
the contrary, the analysis conducted on the samples with the aggregate consisting of opus
signinum (Paste CP, samples Al5 internal layer and A17) portrayed a relatively weaker
adhesion of the binder to the fragments of crushed pottery by comparison, as well as clear
evidence of biodeterioration (Figs. 6F and 6G).
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Fig. 4. XRPD diffraction patterns of representative samples of each petrographic paste. Key: Qtz - quartz;
Cal - calcite; Fs - feldspars; Dol - dolomite; Arg - aragonite.
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Fig. 5. The particularity of the XRPD pattern with a distinct shoulder on the (104) peak of calcite, which can be used for
diagnosing the presence of magnesium calcite.

Fig. 6. SEM images of representative mortar samples: (A) SE image of binder matrix of sample Al; (B) SE image of
binder matrix of sample A2-T; (C) BSE image of sample A4 portraying intergranular and intragranular porosity; (D)
EDS spectrum of binder matrix of sample A4; (E) BSE image of sample A8, Paste C/S; SE images of sample A17,
Paste CP, showing a relatively weaker binder adhesion to the fragments of opus signinum (F), as well as evidence of
biodeterioration (G).

The use of quantitative EDS provided information regarding the elemental chemical
composition of the binder, while also allowing for the quantification of Vicat’s ‘hydraulicity
index’. Results of the micro-chemical analysis carried out upon the binder matrix (averaging
values of 10 microanalytical runs for each sample) are shown in Table 5. The quantitative
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analysis of the binder confirmed what was previously highlighted by XRPD-i.e. the binder is
composed mainly of calcite, and can thus be classified as an aerial lime.

Table 4. Chemical analysis of the binder matrix by quantitative EDS
(average values of 10 microanalytical runs for each sample).

Sample code Na,0O MgO AlLO; SiO, P,Os K,O CaO TiO, MnO FeO HI

Al 051 094 184 216 037 LDL 9330 022 040 025 0.05
A2 058 LDL 240 1.14 035 LDL 95.00 0.47 0.06 LDL 0.04
A4 058 026 121 184 074 0.18 93.79 052 LDL 0.87 0.04
A8 099 033 487 170 036 0.06 91.23 039 0.09 LDL 0.07
A9 LDL 034 040 2.63 080 0.01 9582 LDL LDL LDL 0.03
Al10 046 1.15 253 238 1.01 LDL 91.76 034 0.33 0.04 0.05
AlS5 085 0.64 414 191 1.19 0.00 9046 LDL 0.64 0.17 0.07
Al7 053 063 549 180 043 LDL 89.59 0.65 043 044 0.09
A20 136 047 8.19 411 047 024 8457 032 027 LDL 0.14
A23 091 055 7.12 097 0.64 0.14 89.26 0.15 0.20 0.06 0.09
A3l 054 066 239 223 1.04 0.04 92.06 022 025 0.58 0.06

Key: LDL - Lower than Detection Limit; HI - Hydraulicity Index
Discussion

The analyses carried out by the utilization of the PLM, XRPD and SEM-EDS
technologies allowed highlighting different "recipes", utilized for the formulation of the studied
mortars.

Firstly, judging by the mineralogical and chemical compositions, it was possible to
establish that the binder was constantly obtained by the calcination of local carbonate rock
lacking in magnesium and relatively free from other impurities (clayey residue, quartz or other
substances of a similar nature). However, the classification carried out on the basis of the
compositional and textural aspects of the sandy aggregate appears to be much more distinctive.
To be perfectly exact, four such ‘recipes’ have been recognized as being essentially
differentiable, on the basis of the mineralogical composition and/or relative abundance of
specific components of the aggregate and, indirectly, in terms of the aggregate/binder ratio.

Generally speaking, the results obtained from the mineralogical and petrographic
analyses allowed for it to be stated that, in order for the manufacture of the Hellenistic-Roman
mortars subject to the present study and brought to light at Palermo to be carried out, local
alluvial sands were used, most likely extracted from the coastal area adjacent to the mouth of
the River Oreto (situated within the vicinity of the ancient ‘Paleopolis’). This assumption is
documented primarily by the numerous references found in archived documents and historical
texts relating to the old building of Palermo [26, 27]. Only in the case of constructions aided by
the use of crushed white marble (sample A10), flooring made up of tesserae derived from
overfired calcium oxide (as confirmed by samples A2-T and A9-T) or opus signinum (as proven
by sample A15’s internal layer and also sample A17), the intentional technological choices can
be clearly highlighted (such as the addition of aggregate obtained using natural or artificial raw
materials) with the aim of achieving specific technical and/or aesthetic performances.
Therefore, in the vast majority of cases, the composition of the aggregate fully reflects the
lithotypes cropping out in the plain of Palermo and eroded by the Oreto River on its way from
the spring to the mouth [28], as can be observed even by thin section observation of recent
alluvial sand (Fig. 7). The different proportions between the carbonate and the siliciclastic
fractions, documented after the thin-section observation at the polarizing microscope, can
reasonably be interpreted as an effect caused by the choice of different supply points from time
to time, otherwise as a reflection of natural variability of the alluvial deposits of the
aforementioned river. In fact, none of the recipes classified with Paste C, Paste S and Paste C/S
would seem explicitly functional to a specific use.
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Fig. 7. Microphotograph at the polarizing microscope of the alluvial sand of the Oreto River
(crossed polars, scale bar - 1 mm). Clearly recognizable bioclasts, limestones fragments, monocrystalline and
polycrystalline quartz, as well as quartzarenite fragments are all clearly recognizable.

The so-called ‘battuto a cocciopesto’ (Paste CP) - the mixture of opus signinum -
represents a paving technique frequently used in Roman times. Flooring made in this way, still
well preserved after more than two thousand years, testifies to the great efficiency of a method
of this nature (i.e. a mixture of aerial lime-based mortars and opus signinum, or, in several
cases, also with the addition of pozzolanic ash). Once it has been well adjusted and smoothed
out, this variety of mortar was able to ensure an excellent mechanical resistance and, at the
same time, a good level of elasticity and insulation performance, as well as being aesthetically
pleasing.

As unusual as agreeable to the eye, the flooring made up of white tesserae (samples
A2/A2-T and A9/A9-T) was obtained in an economical manner, through the profiling of
overfired limestone (waste), likely in the same furnaces that supplied the calcium oxide, with
the intention of substituting a far more precious material, such as white marble.

As previously stated, Punic-Roman mortars in Palermo have never been studied from a
mineralogical and petrographical perspective, while historical mortars and plasters, mostly
manufactured in the Baroque and Neoclassic periods, were quite recently characterized in terms
of their compositional and textural features. It is therefore interesting to compare the analysed
mortars with virtually coeval materials recovered from archaeological sites in western Sicily, as
well as the mortars utilized in the construction of the noble buildings of Palermo (dating back to
the 17"-19" centuries AD) in order to compare the raw materials used, as well as their specific
formulations.

A first comparison was made with the mortars of Hellenistic-Roman age (II-I century
BCE) sampled in the Casa di Navarca at the archaeological site of Segesta (western Sicily,
between Palermo and Trapani), which was a residential building with decorations of great
value. These materials were analysed only by optical microscopy, more than a decade ago [29].
Although they have shown slightly different textural characteristics, as compared to the mortars
subject to analysis within the present study, (i.e containing approximately 50% of the total area
and possessing an aggregate/binder ratio of 1:1), a certain similarity is found, regarding that
which concerns the composition of the sandy aggregate. To be exact, they are mainly
characterized by a siliciclastic component (mono and polycrystalline quartz, fragments of
quartzarenites or chert), which is relatively more widespread than the carbonate equivalent
(which essentially consists of calcilutite fragments, rich in planktonic foraminifera). Another
similarity is the use of crushed white marble or spathic calcite as an aggregate within certain
finishing layers, a fact which was also highlighted in the case of sample A10, as pertaining to
the residential environment subject to the present study. In this case, however, the packing of
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calcite crystals appears somewhat higher, averaging approximately 60% of the total area,
whereas the binder matrix is composed in both cases of high calcium aerial limestone.

A second comparison can be made with mortars dating back to the 1st century BC,
collected from the area of the Valle dei Templi and also from the medieval church of San
Nicola in the city of Agrigento [30]. Also, in this case, the comparison allows one to establish
similarities with the almost coeval manufactures of Palermo. The binder consists of calcium
limestone (with only slight traces of magnesium), whereas the aggregate consists of mixed
siliciclastic and carbonate sand, likely exploited from the alluvial deposits of the River Platani,
situated a few kilometers west of Agrigento, or from bioclastic sands belonging to the
Agrigento Formation (Lower Pleistocene), also outcropping in the Valle dei Templi. Both the
packing and aggregate/binder ratio (with values of 60-75%, 2: 1 and 3: 1, respectively) roughly
conform with Palermo’ mortars. The predominant particle size distribution (0.25-2mm) and
sorting (which is sparse in terms of its development) are similarly comparable.

A third comparison was made with the historical mortars of Palermo, manufactured in
the post-Baroque period in order to verify the continuity of local ‘material culture’ and the
criteria of selection of raw materials [8-11, 18]. They can be divided into three main
formulations: 1) carbonate component prevails over silicoclastic; 2) carbonate and silicoclastic
components are roughly equivalent; 3) silicoclastic component prevails over carbonate. It seems
clear that a categorization of this nature has been found even in the mortars analysed within the
present study. Even from a compositional and mineralogical perspective, the aggregate grains
are represented by the same material categories, i.e. mono and polycrystalline quartz, chert,
quartzarenites and radiolarites in the silicoclastic segment, and bioclasts, fragments of
biocalcarenites, limestone and dolomitic limestone in carbonate components. However,
important differences can be highlighted within the binder matrix, which is composed of
magnesium calcite, due to the successive use of different raw materials for calcination
procedures. Otherwise stated, dolomite and dolomitic limestones which are part of the Fanusi
Formation and quarried from the slopes of Monte Cuccio and Monte Caputo are both located to
the south of the city of Palermo [9].

Therefore, regarding the aforementioned results, it may be stated that, at a regional scale
(consisting, in the present case, of western Sicily), there is a significant correlation between the
coeval mortars, as concerns the manufacturing sites of Agrigento and Segesta. This correlation,
which exists in terms of aggregate composition and also the relative proportion between the
studied Punic-Roman mortars and the more recent historical mortars of Palermo presents a
similar degree of interest. The obtained results showed that, in terms of the selection criteria of
raw materials (sandy aggregate), there is a continuity dictated by the qualitative characteristics
of locally available geomaterials.

Conclusions

Mineralogical and petrographic investigations have led to a complete and comprehensive
characterization of the mortars from the excavation operated by the Soprintendenza BB.CC.AA.
of Palermo at the Monastero del Gran Cancelliere.

The obtained results have allowed us to discover, for the first time, the “recipes” utilized
within Palermo for the formulation of lime-based mortars with different functionalities, during
the Hellenistic-Roman age. In particular, diversifiable formulations in relation to the quality
and/or relative proportions of the sandy aggregate constituents have been highlighted. Generally
speaking, the different proportions of calcareous sand (bioclasts and various lithic fragments)
and siliciclastic sand (monocrystalline and polycrystalline quartz, sandstones, chert,
radiolarites), mixed with an aerial binder, establish a link with the more or less
contemporaneous productions of Agrigento and Segesta (which constitute an object of previous
studies). Equally remarkable is the technological association existent between the relatively
more modern formulations attested in the mortars’ process of manufacture in the noble
buildings of Palermo dating back to the 17™ -19™ centuries and the mortars studied in this paper.
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In conclusion, these results also allowed for the deduction of the fact that, regarding the
centuries-old formulation of mortars at Palermo and, additionally, the subsequent selection of
the corresponding raw materials (sand for the aggregate and carbonate rocks for the production
of quicklime), there is a more than satisfactory continuity. It is reasonably dictated both from
the qualitative characteristics of the local geomaterials and their easy availability.

Finally, in the light of the achieved results, suitable restoration mortars manufactured
with raw materials compatible with the original ones can be purposefully designed.
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