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INTRODUCTION

Mortars and plasters are versatile materials whose study can yield important information regarding
the use of raw materials and the development of building techniques in ancient times. Several studies
have applied archacometric approaches to characterize mortars and plasters, most notably lime-based
ones, which were frequently used across various periods in world history (e.g., Lancaster, 2021;
Maravelaki-Kalaitzaki et al., 2003; Schmdlder-Veit et al., 2016). Most of these works focus on the
mineralogical and chemical composition of mortars and plasters, as well as their mechanical proper-
ties (e.g., Genestar et al., 2006; Jackson et al., 2009) and were often tied to restoration projects (e.g.,
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Degryse et al., 2002; Faella et al., 2020). Other publications offer guidelines for their analysis (e.g.,
Artioli et al., 2019; Arizzi & Cultrone, 2021; Cantisani et al., 2022) or focus on raw material prov-
enance and the technology of mortar production (e.g., Caro et al., 2008; Corti et al., 2016; De Luca
etal., 2015; Pavia & Caro, 2008). Recent years have seen the emergence of mortar and plaster studies
dealing with dating and related methodological issues (Daugbjerg et al., 2021; Dietzel & Boch, 2019;
Schon et al., 2019; Toffolo, 2020). However, studies that interpret the results of scientific analy-
sis on these materials within their environmental and archaeological context are still quite limited
(e.g., Barone et al., 2004; Miriello et al., 2010; Montana et al., 2016, 2018, 2019; Schmélder-Veit
et al., 2016; Schon et al., 2019). This study investigates human—environment interactions as well as
building techniques through the analysis of the mortars and plasters from various building phases of
the so-called Ginnasio, a luxurious private house, in the Hellenistic-Roman city of Solunto (fourth
century BCE—-third century CE). Due to their well-dated archaeological contexts and established
building histories the city of Solunto as well as the Ginnasio present ideal conditions for an archae-
ometric study aimed at reconstructing past uses of the landscape. By applying a multipronged analyt-
ical approach combining thin-section petrography, X-ray micro- and powder diffraction as well as
scanning electron microscopy (SEM), the results reconstruct mortar and plaster recipes used by
the builders of this house and explore themes of technological transfer and innovation in one of
the most important contexts for the study of urban development in the Hellenistic—-Roman central
Mediterranean.

Solunto and the so-called Ginnasio

The ancient city of Solunto (Figure 1a) was established by the Phoenicians in the area of Capo Solanto
during the eighth century BCE (de Vincenzo, 2013; Wolf, 2003). Following the destruction of the city
in the fourth century BCE, the settlement was rebuilt at another location, on Monte Catalfano. The
foundation of this new settlement is dated ¢.307 BCE by Diodorus Siculus (Diod. 20.69.3—4), a chro-
nology that is confirmed by the archaeological findings in the region (Wolf, 2003).

The Ginnasio is located at a crossroad, where the Via Cavallari crosses the main street Via
dell'Agora, which connects the entrance of the city and the agora. The Casa con Atrium Tuscanicum
is located north of the Ginnasio. There may be another unexcavated house to the west. The house of
interest, which was excavated c.1865, was erroneously identified as a gymnasium due to the discov-
ery of an inscription of a gymnast on the street in front of the house (Portale, 2006; Sposito, 2014;
Tusa, 1994; Wolf, 2003). It was later realized to be a private house (Wolf, 2003).

Due to the early date of the excavation, no stratigraphic data on the Ginnasio were published.
Subsequently, only a few details, such as the wall painting (e.g., De Vos, 1975), were discussed. A
systematic recording, however, did not take place for a long time. A first detailed architectural record-
ing and reconstruction of the private house was carried out by Markus Wolf in 2003 (Wolf, 2003).
He identified not only the functions of several rooms but also different building phases. These phases
served as a guide for our sample selection. Even though the relative chronology is accepted, the date
of origin for the house is still uncertain today. While Wolf, among others, assumes a first phase in
the third century and a second phase in the second century BCE, others contend a first construction
in the late second century BCE (e.g., Portale, 2006). In the meantime, the dating by Wolf of the third
building phase in the late first century BCE is widely accepted (Wolf, 2003).

Geological background
The immediate surrounding of Solunto (Figure 2) is characterized by the lower Jurassic Fanusi

Formation (Hettangium and Sinemurium) containing dolomitized breccias and dolorudites as well
as doloarenites and dolosiltites of which comprise Monte Catalfano (Basilone, 2018). Part of these
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FIGURE 1 (a) Map of western Sicily (left) with a detail of the region around Solunto (right); and (b) plan of the
phases of the Ginnasio with the indication of the sampling site and mortar/plaster types

formations is also the area between Monte Catalfano and Capo Zafferano, also called Cala dell'Osta,
where calcite veins can be observed (Catalano et al., 2013). The wider area is also marked by the pres-
ence of Lower—Medium Pleistocene calcarenites intercalated with fossiliferous clays. These are part
of the Marsala Synthem, which can be found along north-western Sicily. This formation is composed
of whitish or yellowish calcarenites that are rich in mollusc fauna (gastropods and bivalves), but also
corals alternate with carbonate marls and sandy marls with minor quantity of quartz and intercalations
of thin pebbly conglomerates horizons. Furthermore, between Capo Zafferano and Capo Solanto,
along the coastal area Upper Triassic cherty limestones of grey colour with radiolarites of the Scil-
lato formation, can be found. Further in the inland pelites with manganesiferous nodules and silty
clays, which are alternating with siltstone and fine-grained sandstone belonging to the Oligo-Miocene
Numidian Flysch formation can be also observed. Finally other formations of Quaternary period rich
in clays and sands are also marking the area around Monte Catalfano and the coastline (Catalano
etal., 2013).
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FIGURE 2 Simplified geological map (after Catalano et al., 2013) with the locations of the analysed outcrops of the
Fanusi formation and Marsala Synthem. For the colour image, see wileyonlinelibrary.com

MATERIALS AND METHODS

A selection of mortar and plaster samples were collected in 2017 from three private houses of the
Hellenistic—-Roman city (Schon et al., 2019): the Ginnasio, the Casa di Arpocrate and the Casa del
Deposito a Volta (Table 1; and additional supporting information S5). Sampling was carried out
according to the building phases identified by Wolf (2003). The present study focuses on the Ginna-
sio, where 37 samples were selected to represent the first three building phases along with building
materials of different functions—wall and floor plasters, and mortars such as pipe beddings. After a
macroscopic evaluation, 16 (Figure 1b) partly multilayered specimens from the most secure contexts,
in terms of relative chronology and function, were chosen to be further analysed using a multipronged
approach. Although all samples were subject to thin-section petrography, a few representative samples
were chosen for a more highly resolved mineralogical analysis via X-ray diffraction (XRD) as well as
morphological and microstructural analysis using scanning electron microscope with energy disper-
sive spectroscopy (SEM-EDS).

In addition, four geological samples (three from the Marsala Synthem and one from the
Fanusi Formation) were collected from the region of Solunto to characterize the raw materials that
could be available for producing aggregates or binders. These geological samples were subject to
petrographic analysis and X-ray powder diffraction (XRPD).
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Thin-section petrographic characterization

The 16 thin-sections were prepared and then analysed with a polarized light microscopy (PLM)
using a Leica DM 2500P microscope at the Competence Center Archacometry—Baden-Wuerttem-
berg (CCA-BW, University of Tiibingen, Tiibingen, Germany). This type of analysis allows for the
characterization of primary components in mortars and plasters namely the aggregates and binders
(Blacuer & Kueng, 2007; Cantisani et al., 2022; Pavia & Caro, 2008; Pecchioni et al., 2020; Weber
et al., 2009).

Observation of mortar and plaster thin sections reveals the composition of aggregates and therefore
their likely provenance. In addition, the mean grain size, grain size distribution of aggregate, shape
and the binder-to-aggregate ratio can give information about the processing (e.g., sieving and crush-
ing) of raw materials as well as mortars and plasters preparation techniques (Pecchioni et al., 2020).

The study of binder in thin sections includes the characterization of the binder itself and of
the lumps. The latter are described as whitish sometimes inconsistent grains (Bakolas et al., 1995;
Bruni et al., 1997; Hughes et al., 2001). Their occurrence in lime-based mortars can be due to
under- or over-burning of carbonate rocks during the firing process, lack of water during slaking and
non-homogenous mixing of the binder materials with the aggregates (Cantisani et al., 2022; Leslie
& Hughes, 2002). On the one hand, the observation of lumps related to under-burnt carbonate rocks
in thin section identifies the type of carbonate rock burnt to prepare the lime. On the other hand, the
observation of the binder itself provides information on its composition and texture (e.g., micritic,
microsparitic) as well as structure (homogeneous, with lumps, in plagues), and the interaction with
the aggregate. For example, the presence of reaction rims due to the addition of materials providing
hydraulic characteristics such as pozzolana or ceramic (cocciopesto) (Arizzi & Cultrone, 2021).

X-ray diffraction (XRD)

To have a more detailed mineralogical characterization of particles that are not identifiable by the
PLM, XRD was performed on a selection of uncovered thin sections and powdered materials. X-ray
microdiffraction (u-XRD?) was performed on uncovered thin sections for a locally resolved analysis
of the binder using a BRUKER D8 Discover X-ray microdiffractometer equipped with a Co-X-ray
(4=0.179nm) tube running at 30kV/30mA, a HOPG-primary monochromator, a 500 um monocapil-
lary optic with a 300 um exit pinhole and a VANTEC-500 detector covering 40° in °2Theta and Chi
at the CCA-BW in Tiibingen, Germany. Typical measurement time for a diffractogram composed of
two detector frames was 8 min. Samples were not rotated during measurement (Berthold et al., 2017;
Schon et al., 2019). This technique allows highly resolved measurements focusing on small spot sizes
below 1 mm?, therefore making it possible to focus on precise points of the binder where aggregates
from a macroscopic point of view are not visible. Nevertheless, in some cases it was impossible to
analyse the pure binder as a high amount of fine-grained aggregates were presented within these
samples.

Furthermore, X-ray powder diffraction (XRPD) was applied as a means of conducting a bulk
analysis on a selection of representative samples and lumps present in the mortars and plasters. The
latter were identified by using a stereomicroscope. However, for the samples of types E and F, it was
impossible to separate lumps with the stereomicroscope. The analysis was run at the CNR Institute
of Heritage Science (Florence Unit) using a X'Pert Pro PANalytical diffractometer equipped with
an X'Celerator detector with a Cu X-ray tube (A=0.154nm) and using a Ni-filtered Cu-Ka radiation
source. The X-ray tube was operated at 40 kV and 30 mA. The diffraction patterns were collected from
3 to 70° 260 with a step size of 0.02° and total time per pattern of 16 min 27s. For phase identification
of p-XRD? and XRPD results the powder diffraction (PDF) database from the International Center for
Diffraction Data (ICCD) was used.
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Scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS)

Microstructural and semi-quantitative chemical analyses of polished thin sections were obtained by
means of a SEM-EDS (ZEISS EVO MA 15) with W filament equipped with analytical system in
dispersion of energy EDS/SDD, Oxford Ultimax 40 (40 mm? with resolution 127 ¢V at 5.9keV) with
Aztec 5.0 SP1 software.

The measurements were performed on carbon-metallized thin sections of representative portions
of the binder and lumps from each type, to study the microstructural characteristics of the selected
samples and to identify the possible composition of the raw materials used to produce binders. Due to
strong heterogeneity and porosity of the binder, for type A it was very difficult to identify pure areas
of binder to analyse via SEM-EDS, which is why an investigation of this type was not possible. Both
binders and lumps were analysed with the following operative conditions: an acceleration potential
of 15kV, 500 pA beam current, working distance comprised between 9.0 and 8.5 mm; 20s live time
as acquisition rate useful to archive at least 600.000 cts, on Co standard, process time four for point
analyses; 500 ps pixel dwell time for maps acquisition with 1024 x 768 pixel resolution. EDS analyses
were performed on several single spots of binders. The programme used for the microanalysis was
an Aztec 5.0 SP1 software that employ the XPP matrix correction scheme developed by Pouchou and
Pichoir (1991).

For all analysed types the hydraulicity index (HI) was calculated according to Boynton's formula
(Si0,+Al,0,+Fe,0,)/(CaO+MgO) as ratio (Boynton 1980).

RESULTS
Archaeological materials
Petrographic observation

It was possible to identify seven petrographic types according to the textural and compositional
features of the aggregates observed in the samples analysed. Some of these petrographic types can be
subdivided into subtypes. These petrographic types are later referred to as mortar or plaster types. A
summary of the results is provided in this section and for a detailed petrographic description, see the
additional supporting information S1 and S2:

o Shell-rich petrographic type A (Figure 3a,b) is marked by abundant shells and can be divided in
two subtypes. The first (Figure 3a; subtype A1) is characterized by the occurrence of coarse fossil-
iferous calcarenite fragments and shells, whereas the second (Figure 3b; subtype A2) contains a
medium coarse quartz rich sand as well as shells. This type of material can be associated with wall
plasters as well as floors and can be found in building phases 1 and 3.

» Sand/gravel-rich petrographic type B (Figure 3c) is the most common and it is marked by the addi-
tion of a sand/gravel, rich in quartz, chert and dolomite. This group is divisible into six subtypes
based on variations in the coarseness, grain size distribution, shape, and sorting of the aggregates
and the ratios of individual clasts relative to each other. Most of the samples of type B belong to
wall plasters, only one of which comes from a floor plaster, and they can be found across the differ-
ent building phases. More specifically, subtypes B1-B3 can be found in building phase 1, while
B4-B6 can be related to building phase 3.

»  Ceramic-rich petrographic type C (Figure 3d) is characterized by the presence of big angular
crushed ceramic fragments and can be divided into two subtypes. Only coarse sherds can be
detected in C1, whereas in C2 it is possible to observe both coarse and very fine ceramic frag-
ments. These fragments of ceramics can be divided into two ceramic petrographic types. The
first is dominated by quartz inclusions, while the second is marked by volcanic components (e.g.,

851807 SUOLIIOD SIS0 3|cedt|dde 8Ly Aq peusenob s Ss il YO ‘8SN JO 3N Joj Areiq18UlUO AB|IM UO (SUORIPUOD-pUR-SWLBYLI0D A8 1M Ale.q 1 Ul jUO//Sd1Y) SUORIPUOD pUe SWIB | 8U) 89S *[£202/€0/60] U0 Ateiqi8uluO AB]IM ‘AUewie aueIyo0d Aq £G82T WOR/TTTT OT/I0p/L0Y A8 |IM ARIq 1 UIIUO//SANY WO1) papeojumod ‘0 ‘YSLYSLYT



14754754, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/arcm.12853 by Cochrane Germany, Wiley Online Library on [09/03/2023)]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

— WO 'ATRIQI[OUIUOAD[IM 39S O3B INOJ0D 3} 10,] ‘JX JOpUN Uae) sa3ew] “(9)WO[OpP) UOHBULIOY ISNUB,] (]) PUE {(9JIUSIE[BD SNOIOJI[ISSOF) WAYIUAS
elesie]N (3-1) ‘D 2dKy (y) < 2dKy (3) {(g 2dKy (3) (@ 2dKy (9) <7D pue 1D 2dK (p) ¢g 2dKy (0) v 2dK) (q) (1 odAy () :sojdwes payoafas jo syderSororw uondas-uly, € AA NI A

PN
dwes

,.ﬁpy .

1 92 3

Py 2y awf.; A
| 19Ae] L¢ ajdwes

MORTARS IN CONTEXT: AN INTEGRATED STUDY OF MORTARS AND PLASTERS FROM THE SO-CALLED GINNASIO

IN SOLUNTO (SICILY, ITALY)



10 | BOESE ET AL.

fragments of basalts, pyroxenes and feldspars). Samples of type C are associated with different
architectural elements: two of the samples belong to the peristyle basin, one is part of a wall mortar.
Additionally, one of the specimens belongs to a restoration work; however, it is unclear whether
this is ancient or modern. Only the samples of the peristyle basin can be related to building phase 2.

* Dolomite-rich petrographic type D (Figure 3e) is dominated by the presence of angular crushed
dolomite fragments of different sizes. Only a small amount of other inclusion types can be observed.
This single sample belonging to this petrographic type originates from a floor and cannot be asso-
ciated with any specific building phase.

» Calcite-rich petrographic type E (Figure 3f) is marked by the addition of angular crushed calcite
fragments to the binder. It can be found in two samples. One is a finishing layer of a plaster associ-
ated with building phase 1, the other is a recycled piece of mortar within another plaster type (type
C) and must have been produced before that one.

*  Lump-rich petrographic type F (Figure 3g) is only represented by one sample, and it is dominated
by the presence of abundant lumps. Other inclusions such as quartz, dolomite and calcite can be
observed as well, but less frequently. The sample is part of a finishing layer of a floor (see type D).

* Heterogeneous sand rich petrographic type G (Figure 3h) is marked by the addition of a polymic-
tic poorly sorted sand/gravel. It is represented by three samples, which are all associated with a
bedding for a water pipe and are belonging to building phase 2.

Results of XRD analysis

The p-XRD? results (Figure 4a; and additional supporting information S3) show the presence of
calcite in the binders of all samples. However, the analysis of the pure binder was often not possible
as mentioned above; in addition, quartz was identified in types B, C and G. Aragonite was measured
in types A and C, and dolomite in type D.

XRPD analysis carried out on the homogenized powders confirmed that calcite represents the
main mineral phase in all mortar and plaster types (Figure 4b; and additional supporting informa-
tion S3). This is in reference to both the binder and carbonate aggregates. Quartz was also detected
in all samples, possibly related to the composition of aggregates. The presence of aragonite was also
confirmed in types A and C, possibly stemming from the use of fossiliferous stone fragments (see
below). In type C pyroxenes (augite), feldspars, hematite and micas were detected. These are most
likely related to the ceramic fragments added to the binder. Finally, dolomite was detected, with a
variable relative abundance, in almost all types.

The results of XRPD analyses performed on lumps Figure 4(c) and additional supporting infor-
mation S3 show the presence of calcite and aragonite in types A and C. Dolomite and magnesite were
detected in type D, while Mg compounds such as hydromagnesite and Mg hydroxides were found as
abundant phases in lumps of type G.

Results of SEM-EDS analysis

SEM results complemented petrographic observations, showing the use of heterogeneous binders
in each of the mortar and plaster samples studied. This is due to the presence of numerous lumps,
connected to unmixed lime and under- as well as over-burnt rock fragments.

The EDS results show a variability in the weight percentage in all types (wt%; in the following all
wt% are only given as numbers) of CaO, SiO,, Al,O, and MgO, probably due to the compositional
heterogeneity of the rocks used to produce binders.

For type B, microchemical analyses of the binder in subtypes B3, B4 and B6 revealed a relatively
high variability in the concentration of MgO (from 2.04 to 10.06), CaO (from 72.86 to 90.72), SiO,
(from 2.25 to 8.54) and Al,O; (from 1.07 to 1.63) (Table 2). In addition, the analysis of an under-burnt
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12 BOESE ET AL.

TABLE 2 Microchemical analysis results and hydraulic index (HI), bdl (below detection limit).

Type (sample)  Spot  SiO, ALO;, Fe,0, MgO CaO Na,0 K,0 S,0, CI° Sum HI

B3 (10-1) 1 6.01 1.07 bdl 522 85.81 bdl bdl 1.34 055 100 0.078
2 6.94 1.34 bdl 10.06  81.65 bdl bdl bdl bdl 100 0.090
3 4.25 bdl bdl 6.47 89.29 bdl bdl bdl bdl 100 0.044
4 8.37 1.29 bdl 9.99 80.36 bdl bdl bdl bdl 100 0.107
B4 (7-2) 1 2.47 bdl bdl 4.74 88.58 bdl bdl 421  bdl 100 0.026
2 3.36 bdl bdl 2.93 90.72 bdl bdl 243 056 100 0.036
3 7.19 bdl bdl 2.04 79.46 1.40 bdl 737 254 100 0.088
4 225 bdl bdl 2.40 92.68 bdl bdl 2.67  bdl 100 0.024
B6 (33) 1 4.03 bdl bdl 5.27 84.93 bdl bdl 503 0.74 100 0.045
2 8.71 bdl bdl 8.79 72.86 bdl bdl 8.40 041 100 0.107
3 422 bdl bdl 4.29 85.68 bdl bdl 498  0.83 100 0.047
4 8.54 1.63 bdl 4.74 76.58 1.18 bdl 6.55 0.78 100 0.125
CI (2-1) 1 2134  3.77 bdl 16.22  54.97 bdl 0.80 2.19 0.71 100 0.353
2 21.75 3.35 bdl 20.62  47.02 1.24 133 375 094 100 0.371
3 12.07  2.62 bdl 10.65  69.82 1.22 bdl 3.62  bdl 100 0.183
4 1043 1.74 bdl 12.13  74.55 bdl 0.62  bdl 0.53 100 0.140
5 18.42  3.00 bdl 16.28  58.12 bdl 0.75 279  0.64 100 0.288
C2(2-2) 1 7.21 1.83 bdl 6.62 82.99 bdl bdl 1.36 bdl 100 0.101
2 20.06 4.72 bdl 11.71  61.68 bdl bdl 1.83  bdl 100 0.338
3 9.88 2.08 bdl 4.04 81.39 bdl bdl 2.59  bdl 100 0.140
4 17.63  5.36 1.78 1241  61.23 bdl bdl 1.59  bdl 100 0.336
5 11.96  3.66 bdl 9.24 73.17 bdl bdl 1.97  bdl 100 0.190
D (12) 1 2.80 bdl bdl 9.23 73.30 bdl bdl 830 637 100 0.034
2 3.12 1.47 bdl 10.74  76.90 bdl bdl 695 0.82 100 0.052
3 3.91 bdl bdl 4.66 82.92 bdl bdl 7.79  0.72 100 0.045
4 2.69 1.35 bdl 2.45 93.51 bdl bdl bdl bdl 100 0.042
E (26-2) 1 bdl bdl bdl bdl 100.00  bdl bdl bdl bdl 100 0.000
2 bdl bdl bdl 4.41 93.03 bdl 2.55  bdl bdl 100 0.000
3 bdl bdl bdl 17.91  80.94 bdl 1.15  bdl bdl 100 0.000
4 bdl bdl bdl 28.09 7191 bdl bdl bdl bdl 100 0.000
F (10-2) 1 6.01 1.07 bdl 522 85.81 bdl bdl 1.33 055 100 0.078
2 6.94 1.34 bdl 10.06  81.65 bdl bdl bdl bdl 100 0.090
3 4.25 bdl bdl 6.47 89.29 bdl bdl bdl bdl 100 0.044

fragment of rock in sample 33 (and see additional supporting information S4, g—i) revealed a mean
concentration of 85.23 of CaO, 3.28 of SiO, and 7.83 of MgO. This implies the use of a carbonate
rock, containing Ca and Mg phases, to produce this binder. Conversely, high variability in the concen-
trations of major elements was recorded in samples belonging to type C (Table 2). It is remarkable that
higher concentrations are detectable for SiO, (for C1: from 10.43 to 21.75; for C2: from 7.21 to 20.06)
and AL,O, (for C1: from 1.74 to 3.77; for C2: from 1.83 to 5.36).

In contrast, a low concentration of SiO, and Al,O, were detected in the binder of representative
samples of types D and F, with a variable concentration of MgO, ranging from 2.45 to 10.74 for type
D and from 5.22 to 10.06 for type F. For sample 10-2 (type F) the SEM-EDS map of the distribution
of Ca and Mg in an area of 3 x 2 mm is shown (and see additional supporting information S4, a—c).
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A higher amount of CaO and a smaller amount of MgO can be observed, which can be related to the
usage of a carbonate rock for binder production.

For type E in layer 2 in sample 26 (Table 2), only CaO and MgO and small amount of K,O were
detected in the analysed spots of the binder. The MgO amount ranges from 4.41 to 28.09, indicating
once again the use of a carbonate rock containing Ca and Mg phases to produce the binder.

A somewhat different picture can be drawn for type G, where a microstructural and compositional
heterogeneity can be observed. The mapping of an area within sample 14 (and see additional support-
ing information S4, d—f) shows a relatively higher concentration of Mg in the most porous areas of
the binder and in the lumps. These observations are consistent with our XRPD analyses that showed
an abundance of Mg compounds.

The calculation of HI shows that only in the samples of type C, characterized by the addition of
ceramic, is this value, ranging from 0.10 to 0.35, compatible to mortars with low/medium hydraulicity
(Table 2).

Geological materials
Petrographic observations and XRPD results

Three samples of the Marsala Synthem and one of the Fanusi Formation were analysed to determine
the raw materials used for the binder as well as aggregates production of the mortars and plaster.
Although the first three samples belong to the same formation (Marsala Synthem), they differ in their
petrographic and mineralogical compositions.

* SLIGI (Figure 3i) is dominated by partly well-preserved shells and corals within a calcitic matrix.
Quartz and smaller amounts of subrounded chert and dolomite fragments are also present. These
observations were complemented by XRPD analysis that showed the presence of calcite, quartz
and dolomite (Figure 4d; and additional supporting information S3).

e SL2G1 (Figure 3j) is marked by rounded clasts of quartz, shells and coral as well as dolomite
within a calcitic matrix. As in the previous sample, XRPD (Figure 4d; and additional supporting
information S3) analysis showed the presence of calcite, quartz and dolomite.

* SL5G2 (Figure 3k) is characterized by the presence of dolomite fragments with different sizes within a
calcitic matrix. Additionally, shells and corals can be observed. Here, the XRPD analyses (Figure 4d;
and additional supporting information S3) yielded not only calcite but also quartz and dolomite.

e In SLYGI (Figure 31) dolomite could be detected via petrographic observation and XRPD
(Figure 4d; and additional supporting information S3).

DISCUSSION
Aggregates: Source of raw materials

The petrography and mineralogy of both archaeological and geological samples in this study indicates
that most of the raw materials for aggregates can be found in the immediate surrounding of Solunto. The
ancient city is built on top of the Fanusi Formation, which is presumably the origin of the dolomite used
in type D. While the city structures are partly cut into this bedrock, the dolomite debris deriving from
building activities was likely an abundant raw material that became incorporated into mortar and plas-
ter production. The angularity of dolomite grains in thin section implies that it was crushed during the
production process. Calcite fragments in type E may also originate from the Faunsi formation (see above).

Aggregates used for types A2, B and G may originate from sands and gravels that are especially
abundant in the quaternary formations present around Monte Catalfano and in the coastline. Differ-
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ences in the roundness, grain-size distribution, sorting and composition of these sediments could
suggest varied sources and processing techniques (e.g., sieving).

Type A2 shows evidence for the use of fossiliferous calcarenite as an aggregate which is a typi-
cal rock of the Marsala Synthem, as also our analysis showed (see above). The latter outcrops in the
area surrounding Monte Catalfano but is not directly available on the site. It has been already noted
(De Vos, 1975; Wolf, 2003) that this type of rock was used as building material in several structures
of Solunto including the Ginnasio. Calcarenite is advantageous to use as it is a more easily workable
material in comparison to the local dolomite. In this case, calcarenite was likely available in the city
of Solunto as debris from other building activities, or as a material that was intentionally brought to
the city to produce mortars and plasters. It is also possible that the lime production occurred close
to the sources of calcarenite, and that the building materials were transported to the city, as will be
discussed below.

Moving to type C, which is marked by the occurrence of ceramic fragments, and representing
mortar and plaster known as cocciopesto. The sherds used as aggregates show different petrographic
characteristics that point to various origins. One ceramic petrographic type is rich in quartz and marked
by the presence of thermally altered microfossils and may therefore be of local or ‘intra-island’ origin
(Montana et al., 2009). The second type, with volcanic inclusions, could be associated with imports,
potentially the Campana A, as it was already suggested in the study of a similar type of mortar from
the Casa di Arpocrate (Schon et al., 2019), based on the ceramic studies carried out by Montana
et al. (2009). It is therefore possible that broken sherds of pottery used in Solunto were recycled
to produce a reddish coloured and/or slightly hydraulic mortar. This is indicated by the calculated
hydraulic index which shows an increased Si/Al/Fe-content relative to the other binders.

Finally, type F deserves a separate discussion. Here it is not clear if rare inclusions, such as quartz,
dolomite and arenite, were intentionally added or if they derived from the binder production process.
It is possible that a doloarenite or dolosiltite, which are also of local origin, were used to produce a
binder of this plaster type and that the inclusions are remnants from the binder production process.

Binder: Source of raw materials

The results suggest that various types of raw materials were used to produce binders. Those in types B
and C may have been produced by using calcarenite. This is indicated by the detection of calcite in the
lumps of samples 2 (type C1), 33 (type B6) and 38 (type B5). This mineral is also the main component
of the locally available calcarenite.

These types, as well as type A, featured a weak peak of aragonite along with calcite, for example, in
samples 7 (types A2 and B4) and 3 (type C1). Since aragonite was not detected in the XRPD analysis of
neither geological samples nor the fossilized shells of calcarenite, its presence in the binders requires
an alternative explanation. Our results showed that three samples of calcarenite analysed contain a
variable amount of dolomite. The presence of Mg ions such as in dolomite can lead to the formation
of aragonite alongside calcite during the mortar and plaster hardening process (Lippmann, 1973; for
the detection of aragonite and calcite in dolomitic mortars, see Diekamp et al., 2008, 2009). It is also
possible that crushed shells from the coastline were used to produce these types of binders in addition
to the use of fossiliferous calcarenite. The former are normally composed of aragonite, and they were
surely abundant in a city placed near the sea. When used as raw material for binders, it is possible that
they are not completely transformed to quick lime during the burning process, which means aragonite
is still detectable. The use of shells to produce lime is also a well-known practice in ancient times
(Artioli et al., 2019).

The binder in type D could have been produced from a fossiliferous calcarenite as well. The
presence of dolomite and magnesite, in addition to calcite, may also be related to the use of sources
containing Mg-rich rocks, which is supported by our observations of geological samples (see above).
Similar observations have been made in binders of types E and F where MgO has been detected in
addition to a high concentration of CaO (Table 2).
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Finally, type G may have been produced by firing a Mg-rich rock, such as dolomite (Diekamp
et al., 2008; Kitamura, 2001), or a fossiliferous calcarenite with a much higher amount of Mg-rich
rocks. This is suggested by the detection of mineral phases such as brucite within sample 14 (type G),
and hydromagnesite in samples 19 and 21 (type G). Generally, well-preserved Mg lime binders can
be observed in several ancient buildings in terrestrial and marine conditions (Cantisani et al., 2021;
Diekamp et al., 2009; Mannoni et al., 2006; Moropoulou et al., 1993; Pavia et al., 2005; Schork, 2012).

The firing of a Mg-rich rock in lime production often yields both CaO and MgO. During the slak-
ing process through the addition of water, portlandite and brucite form from highly reactive CaO and
the less soluble MgO, respectively. While portlandite converts back to CaCO, during the hardening
process, brucite is poorly soluble. This leads to a delayed formation of hydrocarbonates such as hydro-
magnesite, nesoqueonite and artinite. These hydro phases can also hinder the formation of magne-
site (Atzeni et al., 1996; Beruto et al., 1998; Chever et al., 2010; Diekamp et al., 2009; Pecchioni
et al., 2020).

The lumps of type G show a clear segregation of Mg phases, such as hydromagnesite and Mg
oxides, which can be explained by the formation of Ca carbonate and Mg carbonate crystals (Cantisani
et al., 2022; Diekamp et al., 2009). The poorly soluble brucite in sample 14 may be the result of expo-
sure under water or high humidity (Cantisani et al., 2022). This sample was part of a bedding for a
water channel, where during heavy rainfall the water is still nowadays stored and transported.

The use of calcarenite and dolomite in binder production is consistent with our observations in
the study of aggregates at Solunto. Both types of rocks have different advantages in their material
properties and availability. As mentioned above, dolomite is immediately available in Solunto and, in
addition, it is a relatively hard material, which, according to Vitruvius, is an ideal feature for making
mortars (Vitr., De arch. 2.5.1). Interestingly, in Solunto dolomitic binders seem to be associated with
mortars rather than plasters. The latter seem to be made generally from calcarenite, that has the advan-
tage of being a much softer and porous material that is, according to Vitruvius, more suitable for
plaster production (Vitr., De arch. 2.5.1).

Even if calcarenite was not directly available in the city, the advantages that this material offers
could be the reason that it was brought to Solunto. On the other hand, it is not possible to rule out
that the actual calcarenite-based lime was brought to the city with amphorae from production areas
located in the hinterland of Solunto (De Luca et al., 2015; Schon, 2015). Unfortunately, in absence of
identified production installations, both in Solunto and the countryside, it is not possible to confirm
this hypothesis and both scenarios should be considered.

Binders made from calcarenite can also be observed in Palermo, a city that was also founded by
the Phoenicians. However, this nearby city is built over the Marsala Synthem and therefore it is not
surprising that the directly available rock was also used here to produce mortars and plasters (Montana
etal., 2016). Nevertheless, it is not possible to exclude that the use of calcarenite as an ideal source for
buildings materials was a well-known practice in the wider area of its occurrence.

Mortar and plaster recipe development

Changes in recipe, pointing to technological advances and a continuous development, become
particularly visible through the combination of the petrographic results and the relative chronol-
ogy of the archaeological context.

Type B, which was applied in various building phases as a wall plaster, is particularly interesting
in terms of recipe development. Samples generally show a decrease in the size of inclusions and an
increase in the abundance of inclusions over time. Where earlier phases are marked by medium-
to large-sized inclusions and later phases show a decrease in the size of individual grains, but an
increase in their frequency. This leads to a shift in the binder-to-aggregate ratio. Diachronic changes
are particularly noticeable in room HGS5. Here, sample 8 was used to investigate the first wall painting
phase and sample 7 to investigate the second phase. While sample 8 shows medium-sized aggregates,
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only smaller ones can be found in sample 7. The systems for applying these mortars and plasters also
differ. The first phase shows the use of a single-layer system, whereas the second phase a multilayer
system. A single-layer systems consists of one type of mortar and plaster that is applied in one or
several layers. A multilayer system uses at least two different types of mortars and plasters in one
building phase. These layers can be associated with each other via inclusions or by a diffuse contact
zone (Schon, 2015). Since the latter method can achieve the same layer thickness as the single-layer
system, it is not surprising that smaller aggregates were used here. However, in other samples that
can be assigned to a later phase (e.g., samples 33, 38) and do not show a multilayer system, the maxi-
mum grain size is significantly smaller, and the proportion of aggregates is increased compared to
the samples of the earlier phase. In conclusion, it seems that the grain sizes within plasters decreases,
while the number of aggregates increase, which results in a lower proportion of binder. Consequently,
these results show a change in the recipe over a longer period. This has not yet been demonstrated
to occur in other locations (Genestar et al., 2006; Ricca et al., 2019; Schmdlder-Veit et al., 2016). It
is possible that the reduction of the amount of binder also served to lower the manufacturing costs.
As the production of the lime needs a lot of resources (time, wood, manpower), it will also have
accounted to the largest proportion of the costs (Gotti et al., 2008; Lancaster, 2021).

CONCLUSIONS

The results of this combined study on the mortar and plaster samples of the Ginnasio in Solunto shed
new light on the building technology of this city. Based on the aggregates it could be shown that seven
different types of mortars and plasters were used in this private house. In addition, our results suggest
that a variety of raw materials were used to produce the binders too. Nevertheless, all necessary raw
materials for the mortars and plasters have their origin in the area around Solunto. Only some pottery
fragments do not have a local origin, but they were most certainly recycled within the mortars and
plasters and were not imported to be used as aggregates. The use of raw materials marked by different
properties demonstrates a good knowledge of local sources by the ancient builders of Solunto and
highlights a variety of technological choices whose meaning should be explored in a more extensive
study. It is interesting to note that, apart from type G, which was used exclusively as embedding
material for a water pipe, there no strict correlation between these mortar and plaster types to their
function. However, there seems to be a tendency for type B (sand/gravel-rich petrographic type) to be
associated with plasters. This means that at this stage we cannot produce a functional explanation for
the variability in natural resources and technology. Due to our sampling being conducted in accord-
ance with the well-documented building phases, it was also possible to identify recipe changes within
plaster type B. The change can may be related to a reduction in production costs, as discussed above.

The microchemical, mineralogical and petrographic analyses of well contextualized mortars and
plasters are useful tools for understanding the choice and evolution of strategies of raw materials
procurement, technologies used for the preparation of building materials as well as their applica-
tion. Ultimately this helps us to evaluate the knowledge and use of the resources in the surrounding
landscape, and to trace different forms of cultural expression of ancient civilisations.
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