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ABSTRACT

This study presents an archaeometric investigation of 18 hydraulic rendering and bedding mortars from Punic and Hellenistic—

Roman Solunto (NW Sicily). The research aimed to characterize raw materials, reconstruct manufacturing sequences, and eval-

uate technological proficiency through mineralogical and petrochemical analyses. X-ray powder diffraction (XRPD), polarized
light microscopy (PLM), and scanning electron microscopy with energy-dispersive spectroscopy (SEM-EDS) reveal the consist-
ent use of magnesian aerial lime derived from local dolostones. Aggregates consist of cocciopesto (crushed pottery/brick) or local

geological materials. The results clarify production techniques for hydraulic mortars made without natural pozzolans, showing

that magnesium-rich binders combined with cocciopesto or dolomite yield mortars with good hydraulic performance. A key

finding is the presence of hydrotalcite, a rare crystalline phase indicating advanced empirical knowledge in producing durable,

water-resistant mortars. These insights enhance our understanding of ancient construction practices and support the develop-

ment of compatible conservation materials.

1 | Introduction and Aims

Since Prehistory, mortars with aerial binders have demonstrated
human ingenuity in transforming natural geomaterials into
durable construction composites (Singer et al. 1954). In recent
decades, archaeometric research on ancient and historical mor-
tars—both in Italy and internationally—has expanded signifi-
cantly, supported by increasingly refined analytical protocols
(e.g., Siddall 2000; Pavia and Caro 2008; Belfiore et al. 2015,
2016; de Luca et al. 2015; Jackson et al. 2017; Lezzerini et al. 2017;
Rispoli et al. 2021). Detailed characterization of raw materials
not only informs restoration strategies but also provides insights
into the material culture of past societies, their knowledge of
local resources, and the technological skills used to enhance
the performance and durability of architectural products.
Reconstructing historic mortar “recipes” therefore contributes
both to understanding ancient building practices and to develop-
ing compatible, sustainable conservation methods.

Despite this progress, Roman mortars from Sicily remain com-
paratively understudied, especially regarding their composi-
tional and textural features, which are essential for assessing
raw material provenance, technological choices, and expected
performance. This contrasts with the extensive work on later
historical mortars, plasters, and stuccoes from Sicily (16th-19th
centuries; Montana 1997; Alaimo, di Franco, et al. 1997; Alaimo,
Giarrusso, et al. 1997; Montana and Ronca 2002; Montana
et al. 2008; Randazzo et al. 2015). In archaeologically significant
Sicilian contexts, earlier scholarship focused mainly on stylistic
aspects of wall and floor decorations (Portale et al. 2020). Only
recently have archaeometric approaches gained momentum.
The first such study addressed waterproof Roman mortars from
the Cornelio Aqueduct at Termini Imerese (Rizzo et al. 2008),
followed by analyses of bedding mortars and plasters from
Palermo (Montana et al. 2016, 2018, 2019), Megara Hyblaea,
and Selinunte (Biicherl et al. 2019; Mége 2021; McLennan and
Keenan-Jones 2026).
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FIGURE1 | (A) Solunto: overview from the North-East; (B) Solunto: zenithal view of the public-sacred area.

The present study aims to characterize the composition and
provenance of raw materials used in mortar production at the
Hellenistic-Roman site of Solunto, located about 20 km east of
Palermo (Figure 1A), now the focus of renewed archaeometric

interest (Boese et al. 2023). It also seeks to reconstruct the
manufacturing sequence, with particular attention to techno-
logical sophistication and functional performance. The result-
ing data may support the formulation of restoration mortars
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compatible with original Roman materials, which have de-
teriorated due to groundwater exposure and postexcavation
weathering.

A previous study at Solunto was limited to a single residential
context and relied mainly on indirect information about the raw
materials used for lime production. Recent excavations in the
northern sector (Figure 1B) now allow a more comprehensive
archaeometric investigation of locally produced mortars and
plasters, anchored to more precise chronological phases (Portale
et al. 2023).

This study employs established mineralogical and petrographic
techniques. A representative set of 18 mortar samples from
Solunto was analyzed using X-ray powder diffraction (XRPD),
polarized light microscopy (PLM), and scanning electron mi-
croscopy with energy-dispersive spectroscopy (SEM-EDS), pro-
viding complementary insights into mineralogical composition,
microstructure, and elemental distribution.

2 | Archaeological Background

The Hellenistic-Roman town of Solunto was founded in the
4th century BC on Mount Catalfano, although recent research
shows that the orthogonal urban layout visible today dates to the
3rd-2nd centuries BC (Portale et al. 2023). Although the earliest
appearance of the settlement remains partly unclear, studies on
the water supply system (Polizzi 2024) indicate at least two main
phases of cistern construction across the site. The earliest cis-
terns (4th-3rd centuries BC) are small, irregular, and lined with
lime-based mortars; from the late 3rd century BC onward, larger
and more regular cisterns appear, coated with cocciopesto mor-
tars. Their construction sometimes reused earlier structures, a
pattern especially evident in the northern public area examined
in this study (Figure S2).

More precise chronological distinctions among mortar types
are now possible thanks to recent archaeometric data from a
private house (Boese et al. 2023) and ongoing excavations by
the University of Palermo in the sacred area and public baths
(Portale et al. 2023). These investigations have identified several
building phases from the late 4th century BC to the early 2nd
century AD.

Phase 1 (4th-3rd centuries BC) corresponds to a predominantly
Punic occupation, with dwellings beneath the theater compa-
rable to those at Kerkouane and Selinunte (Wiegand 1997). In
this area, Tusa's 1960s excavations uncovered two Punic-type
bathrooms with masonry bathtubs (Polizzi 2024). In Phase 2
(late 3rd-early 2nd century BC), the street grid and insulae were
reoriented and terraced. Phase 3 (mid-2nd century BC onward)
saw increased building activity and monumentalization in both
public and private architecture.

The first public bathing facility and its connection to the large
agora cistern date to these later phases, supported by the discov-
ery of a conduit made of Punic amphorae installed around the
mid-2nd century BC (Polizzi 2024). Additional phases, identified
through stratigraphy and architectural analysis, include reno-
vations and reconfigurations of the baths (Portale et al. 2023).

The public baths (Figure S3) were built over an earlier late 4th-
century BC structure of uncertain function. The complex follows
a typical late Hellenistic plan, with a sequence of rooms aligned
south-north. All rooms have white tessellated mosaic floors ex-
cept the entrance, paved in cocciopesto. North of the building
lies the service area for heating and water management; on the
west side are three tanks (a—c) fed by a large public cistern, and
to the east of Room 4 are the remains of a hypocaust.

Further north is a large open area with communal-sacral func-
tions (campus? Heroon?), containing two cisterns. This sector
had not been systematically studied before, apart from a prelim-
inary overview (Greco 2020) and a chronological analysis of the
cisterns (Polizzi 2024). A full study is forthcoming (Polizzi 2025).
The western cistern, irregular and lined with lime plaster, be-
longs to Phase 1 and likely formed part of a now-lost building.
The later reorganization of the insula (Phases 2 and 3) led to
its destruction: An east-west wall of large limestone blocks was
built within it, and at its eastern end, a large double-apsed cis-
tern with cocciopesto lining was constructed.

3 | Geological Setting of the Area

The Hellenistic-Roman settlement of Solunto is essentially
developed along the eastern slopes of Monte Catalfano. This
coastal relief is considered part of the Sicilian-Maghrebide
Foreland-Thrust belt, belonging to the Sagana-Belmonte
Mezzagno stratigraphic-structural unit (Catalano and
Montanari 1979). The investigated area is characterized by
carbonate and siliceous rocks of sedimentary origin, such as
calcilutite with lists and nodules of chert and dolomitized lime-
stones (Scillato Formation); dolostones (Fanusi Formation); si-
liceous argillites, radiolarites, and marls (Crisanti Formation);
reddish calcilutites with planktonic foraminifera, radiolar-
ians, and sponge spicules (Caltavuturo Formation); and on
the whole ranging in age from the Upper Triassic to the lower
Eocene (Imerese Domain). In unconformity on these Meso-
Cenozoic rocks, there are also more recent deposits, both of
marine and continental origin (Calabrian-Holocene). These
Quaternary deposits are composed of two main lithofacies:
(1) pelitic-clayey sediments (di Stefano and Rio 1981) and (2)
fossiliferous calcarenites. Both of these lithofacies have been
initially attributed to the Calabrian (Sicilian) by various au-
thors (i.e., Ruggeri and Sprovieri 1975), whereas later (di
Maggio et al. 2009), the same deposits were ascribed to the
Marsala Synthem (Figure S4). The Meso-Cenozoic depos-
its that crop out at Mount Catalfano start from the bottom
with the so called “S. Elia's dolostones” (Scillato Formation,
upper Trias), consisting of calcareous horizons (affected by
more or less intense dolomitization which has largely obliter-
ated both the sedimentary structures and the fossil content)
and dolomitized pelagic calcareous turbidites with interca-
lations of breccias with light gray angular centimeter-wide
elements. On the northern flank of Monte Catalfano, light
gray dolostones are also observed, well stratified, with veins
of greenish-yellow marly material rich in pyrite aggregates.
These deposits are followed upwards by the dolomite deposit
of the Fanusi Formation (upper Trias-lower Lias). Specifically,
these are large banks of dolorudites and doloarenites alter-
nating with dolomitic breccias and saccharoidal dolomites in
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which no traces of sedimentary structures and fossil remains
are visible. The deposits of the Crisanti Formation follow in
stratigraphic succession, consisting of siliceous shales and
marls, well stratified in centimeter-decimetric layers, passing
upwards to dark gray or black radiolarites and jaspers. On the
basis of recognized rare fossils, including pelagic pelecypods,
algae, and benthic foraminifera, this member is assigned to
the Upper Toarcian-Early Malm. The stratigraphic section
is closed by the Caltavuturo Formation (Paleocene-Upper
Eocene), which is made up of reddish calcilutites and calcis-
iltites, foliated in places, with planktonic foraminifera, radi-
olarians, and sponge spicules, alternating with reddish gray
marly-clayey levels, intercalated with gray bioclastic calcaren-
ites and calcirudites with nummulites and algae.

The debris deposits on the sides of the Monte Catalfano relief
are loose or weakly cemented and mainly made up of reddish-
brown sandy silt including angular fragments/blocks of dolo-
mitic and calcareous nature.

4 | Analyzed Materials and Sampling

The sampling contexts are presented in chronological order,
from the oldest to the most recent. Following the principle of
minimal intervention, only a limited number of significant spec-
imens were selected after detailed macroscopic examination,
ensuring representative compositional and textural characteri-
zation. Figure S1 shows the sampling points, and Table S1 pro-
vides their precise locations.

Punic bath (Polizzi 2024, 137-141): A narrow room (3.1 X 1.4m)
is likely part of a private building (4th-3rd century BC) later in-
corporated into the theater's substructures (Phase 1). A sample
(So-M14) was taken from a small cocciopesto-coated basin on
the east side.

Northern baths (Portale et al. 2021): Sample So-M13 was col-
lected from the western wall of a public cistern built around
the mid-2nd century Bc (first phase of the baths, Phase 3 of
the city).

Tank C (Polizzi 2024, 138): Sample So-M10 was taken from
the bottom of a cocciopesto-lined tank built during the same
phase, when the baths’ water system was connected to the pub-
lic cistern.

Trench 4 (Portale et al. 2023): Sample So-M11 derives from lime-
based coatings dated to the first half~mid-2nd century Bc (first
phase of the baths), interpreted as remains of a floor later de-
stroyed by the hypocaust (second phase).

Tank A (Polizzi 2024, 138): Sample So-M7 was collected from
the bottom of a tank built between the 2nd and 1st century BC
(second phase) during major renovations including the installa-
tion of the hypocaust.

Tank B (Polizzi 2024, 138): Samples So-M8 (bottom) and So-M9
(wall) come from a tank built at the end of the 1st century BC
(third phase), after Tank A was destroyed by the construction of
an apse in Room 4.

Room 2a (Polizzi 2024, 138): Samples So-M1, So-M2, and So-M3
were taken from three bedding layers beneath a whitish tessel-
lated floor dated to the late 1st century BC (third phase). Wall
coatings of cocciopesto mortar (So-M4, So-M5) belong to the
same phase.

Room 3 (Polizzi 2024, 138): Sample So-M6 was collected at
the base of the north wall, where a cocciopesto mortar was ap-
plied after the tessellated floor but within the same construc-
tion phase.

Trench 4 (Portale et al. 2022): Sample So-M12 was taken from
deposits in a vertical drainage channel carrying water from
Room 4, dated from the late 1st century BC onward.

Northern sector, Cistern No. 70 (Polizzi 2024): Sample So-M15
was collected from the eastern wall of one of the earliest cisterns
(Phase 1, 4th-3rd century BC).

Northern sector, Cistern No. 71 (Polizzi 2024): Built during
Phase 3 (2nd-1st century BC), this cistern has a two-layer wa-
terproof coating: a lower lime-and-gravel layer (So-M16) and an
upper cocciopesto layer (So-M17).

“Kisu” North (Polizzi 2024): Sample So-M18 comes from a
quarter-circle thickening structure used to waterproof the base
of the communal complex’s perimeter wall, coated with coc-
ciopesto mortar.

5 | Analytical Procedures and Methods

The mortar samples were analyzed using X-ray powder diffrac-
tion (XRPD), polarized light microscopy (PLM) on 0.03-mm
thin sections, and scanning electron microscopy with energy-
dispersive spectroscopy (SEM-EDS) for chemical and micro-
structural investigation.

XRPD focused on determining the mineralogical composition of
the cryptocrystalline binder. To enrich this fraction, about 1g of
each sample was gently disaggregated to avoid breaking softer
carbonate grains, and only the <0.062mm fraction (230-mesh)
was retained. Analyses were performed with a PANalytical
X'Pert Pro diffractometer (5°-60° 20, CuKa radiation, 40KV,
40mA, 2°20/min).

PLM observations were carried out using a Leica DLM/LSP
polarizing microscope with digital camera. Aggregate abun-
dance (area %) and aggregate-to-binder ratios were estimated
semiquantitatively using comparison charts calibrated through
point-counting (Matthew 1991). Additional observations on un-
covered thin sections were made with a Dino-Lite digital mi-
croscope (200x, 1280x 1024 px) under reflected and digitally
polarized light.

SEM-EDS analyses were performed on selected samples repre-
senting the two main formulations (So-M4, So-M5, So-M9, So-
M11, So-M12, and So-M18). Both fresh fractures (SE imaging)
and polished sections (BSE imaging) were examined. Samples
were carbon-coated and mounted on aluminum stubs. BSE-
EDS analyses used a Thermo Scientific Phenom XL G2 SEM

4
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FIGURE 2 | Micrographs at polarized transmitted light microscope (A-D) and using a digital microscope (E-F): (A) Sample So-M1 (XPL, scale

bar=0.5mm), showing abundant angular fragments of hand-crushed calcite. (B) Sample So-M2 (XPL, scale bar = 0.5 mm), characterized by subround-

ed to subangular grains predominantly composed of radiolarite, quartz, sandstone, and limestone. (C) Sample So-M3 (XPL, scale bar = 0.5 mm), illus-
trating the contact between well-rounded and coarse grains of mudstone (left) and quartzarenite (right). (D) Sample So-M3 (XPL, scale bar =0.2 mm),
showing a binder groundmass composed of nonbirefringent nanometer-sized crystals, likely magnesian phases, along with birefringent microcrys-
talline calcite. (E) Sample So-M7 (scale bar =1 mm), characterized by the presence of abundant hand-crushed ceramic fragments. (F) Sample So-M11
(scale bar =1mm) lacks any crushed ceramic inclusions, and it is characterized by a heterogeneous aggregate comprising dolostone, quartz, quartz-

arenite, fossiliferous limestone, argillite, and radiolarite.

with a CeB, emitter, operating at 4.8-20.5kV under low and
high vacuum. SEI-EDS investigations were also conducted
with a ZEISS Cross Beam UHR-SEM (HV 15kV, 100 pA, WD
11 mm).

6 | Results
6.1 | Thin-Section Microscopy

Thin-section polarized light microscopy (PLM) was used for
the petrographic classification of the mortar samples. Table S2
summarizes the main textural and compositional features of
aggregates and binders. Most samples correspond to architec-
tural linings—floor and wall coatings—associated with baths,
cisterns, and water conduits. Only So-M1, So-M2, and So-M3

differ, representing the supranucleus, nucleus, and rudus of the
bedding layers beneath the marble tesserae floor in Room 2a.

The supranucleus (So-M1), directly beneath the tesserae, con-
tains a well-compacted medium-to-coarse aggregate (0.5-2mm;
~40% area) dominated by angular calcite fragments, likely de-
rived from locally fractured limestones or dolostones (Figure 2a).
The nucleus (So-M2) and rudus (So-M3) instead include coarser
alluvial sands and gravels (1-10mm), composed of monocrys-
talline quartz, radiolarites, chert, sandstones, siltstones, and
calcareous lithics such as mudstones, calcarenites, and bioclasts
(Figure 2B,C). All three bedding layers show a heterogeneous
aerial-lime binder with frequent lime lumps. The binder con-
sists mainly of micrometric calcite crystals with variable bire-
fringence, whereas darker, nonbirefringent areas correspond to
nanometric Mg-calcite (Figure 2D).
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FIGURE 3 | Micrographs at polarized transmitted light microscope: (A) Sample So-M14 (XPL, scale bar =0.5mm), showing a millimeter-sized

cocciopestofragment—locally produced—surrounded by a partially recrystallized binder matrix. (B) Sample So-M6 (XPL, scale bar=0.5mm), fea-

turing a millimeter-sized cocciopesto fragment—Ilikely originating from the Campanian-Latial Tyrrhenian coast—alongside a smaller, subrounded

argillite grain (upper left). (C) Sample So-M5 (XPL, scale bar =0.5mm), displaying various types of crushed ceramic, primarily locally produced or

imported from the Tyrrhenian coast of central Italy (see text). (D) Sample So-M9 (XPL, scale bar =0.2mm, showing a cocciopesto fragment)—likely

originating from a transport amphora—characterized by volcanic aplastic inclusions (both minerals, i.e., clinopyroxene and lithic fragments). (E)

Sample So-M8 (XPL, scale bar =0.5mm), binder exhibiting distinct optical activity at the contact zone between two crushed brick fragments and (F)
binder showing notably varied optical activity in the contact area among multiple crushed brick fragments (XPL, scale bar=0.2mm).

Among the coating mortars exposed to prolonged water con-
tact, two main formulations were identified. F1 includes abun-
dant crushed pottery/brick fragments (cocciopesto), whereas
F2 lacks cocciopesto but serves similar hydraulic functions
(Figure 2E,F).

All Roman-period coating mortars (mid-2nd to 1st century BC)
show high concentrations of coarse cocciopesto fragments,
sometimes >10mm (Figure 3A,B). F1 includes So-M5, So-M6,
So-M7, So-M8, So-M9, So-M10, So-M12, So-M13, and So-M17.
A comparable feature appears in one Punic sample (So-M14).
Besides cocciopesto, these mortars contain minor composite
aggregates: monocrystalline and polycrystalline quartz, radio-
larians, chert, quartz sandstones, mudstones, dolostones, lime-
stones, calcarenites, and bioclasts—similar to those in So-M2
and So-M3. Occasional clinopyroxene grains and volcanic lith-
ics also occur (Figure 3C,D).

All aerial-lime mortars with cocciopesto and minor allu-
vial sand show marked heterogeneity in optical activity
(Figure 3E,F). Broad zones around ceramic fragments display
very low or absent birefringence, indicating localized pozzola-
nic reactions and the formation of gel-like hydrated phases, the
main strength-contributing components of artificial hydrau-
lic mortars (Jackson et al. 2017; Lezzerini et al. 2017; Montana
et al. 2019). Reduced optical activity also reflects the cryptocrys-
talline nature of these phases.

The F2 mortars (without cocciopesto) include So-M4, So-M11,
So-M15 (two layers), So-M16, and So-M18. All belong to the
Hellenistic-Roman period except So-M15 (Punic). So-M11 con-
tains very coarse aggregates (2-8 mm) with roughly equal silici-
clastic (quartz, chert, radiolarites, sandstones, and mudstones)
and carbonate (limestone, dolostone, calcarenites, and bioclasts)
components (Figure 4A), with ~60% packing density.
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FIGURE 4 | Micrographs at polarized transmitted light microscope: (A) Sample So-M11 (XPL, scale bar=0.5mm), displaying subangular to

rounded grains of quartz and biocalcarenite. (B) Sample So-M15 (XPL, scale bar =0.5mm), characterized by the presence of multiple subrounded
crystalline dolostone clasts. (C) Sample So-M16 (PPL, scale bar =0.5mm), showing a millimeter-sized vegetal ash particle. (D) Sample So-M16 (PPL,
scale bar =0.1 mm), providing a detailed close-up of the reaction interface between the vegetal ash inclusion and adjacent binder phases. (E) Sample
So0-M18 (XPL, scale bar=0.5mm) characterized by predominantly angular dolomite rock fragments and (F) a binder exhibiting markedly varied
optical activity at the contact zones among crushed dolomite fragments (XPL, scale bar=0.2mm).

So-M15 (Cistern 70, 4th-3rd century BC) has two layers: an
inner siliciclastic-dominated layer and an outer layer domi-
nated by angular dolomite, biocalcarenites, and pelagic lime-
stones (Figure 4B). So-M16 closely resembles the outer layer
of So-M15, with sporadic siliceous grains and a predominance
of angular dolomite, biocalcarenite, and bioclasts. In So-M16
and So-M17 (the upper cocciopesto layer of Cistern 71), wood
or vegetal ash occurs within the binder, likely as a calcination
residue or an intentional additive to improve waterproofing
(Figure 4C,D). Lime and ash also form the finishing layer of
S0-M7 (Tank A).

Sample So-M18 (Kisu perimeter wall, 2nd century BC) differs
from the others: No cocciopesto is present, and the aggregate
consists almost exclusively of freshly crushed angular dolomite
fragments. Siliciclastic grains, bioclasts, and calcarenites are
rare or absent (Figure 4E). Angular dolomite fragments at the

binder interface, as well as rounded alluvial grains in So-M15,
frequently show signs of reactivity (Figure 4F).

6.2 | X-Ray Powder Diffraction Analysis

The diffractometric analysis of the enriched binder fraction
yielded several key results (Table S3). Calcite (CaCO,) is the
dominant crystalline phase in all samples, reflecting both
binder carbonation and the presence of fine calcareous aggre-
gates—bioclasts and limestone fragments capable of passing
the 230-mesh (0.062mm) sieve. The finest aggregate frac-
tion, identified microscopically as coarse silt (0.04-0.06 mm),
also contributes to this signal. Quartz (SiO,), exclusively
derived from the aggregate, is widespread and particularly
abundant In Samples So-M4, So-M13, So-M2, So-M35, and
So-M14, mostly wall coatings. Feldspars (alkali feldspar and

Archaeometry, 2026

B5UB017 SUOLULUIOD dAIIES.ID) 3|cfed ddde U A pausenob afe sale O 88N JO Sa|Nn 40y AReid 17 3UIIUO AB]1M UO (SUONIPUCO-PUR-SLLBY/WI0D" A8 1M Ase1q 1 U IUO//S01Y) SUONIPUOD PUe Swid | 3L} 855 *[9202/90/72] Uo Areiqiauliuo AB1IM ‘Bed 1A 1PMIS 116aa AlsieAiun A S8TOL W TTTT 0T/I0p/wod A3 1M Afeid jpul|uo//sdiy Wwoiy papeojumoq ‘0 ‘vS.vSLyT



plagioclase), detected only in trace amounts, likewise repre-
sent the finest aggregate fraction.

XRPD also clarifies the nature of the carbonate rocks used to
produce aerial lime at Hellenistic-Roman Solunto. Magnesium-
rich phases—magnesite (MgCO,), brucite (Mg (OH),), and es-
pecially magnesian calcite (Ca,MgCO,)—indicate that local
dolomite was the primary raw material for lime production.
Quicklime (CaO) and portlandite (Ca (OH),) reflect calcination
of CaCO, followed by hydration. The persistence of portland-
ite—unusual in ancient mortars—is likely due to restricted CO,
diffusion; in cocciopesto mortars, pozzolanic reactions tend to
retain uncarbonated portlandite (Liu et al. 2021).

Dolomite (CaMgCO,) and aragonite (CaCO,), detected in vari-
able amounts, may derive either from the aggregate (dolomitic
fragments and bioclasts) or from binder processes involving
magnesium-rich carbonates. Although metastable under sur-
face P-T conditions, both minerals may form in environments
with thermodynamic disequilibrium—such as hypogeal set-
tings—through percolation or biomineralization. Clay minerals
occur only as minor soil-derived impurities.

The most significant XRPD finding is the widespread presence
of hydrotalcite in the Solunto mortars. Hydrotalcite (Mg Al(
OH),,C0,-4H,0), a layered double hydroxide structurally re-
lated to brucite, was identified in over 60% of samples, ranging
from abundant to trace levels. Its diagnostic (003) reflection at
~11.3° 26 (d~ 7.8 A; Figure S5) confirms its presence. The high-
est concentrations occur in mortars with aggregates dominated
by dolomite fragments (So-M15 and So-M18) and in cocciopesto-
rich samples (So-M13 and So-M10), suggesting multiple path-
ways for Mg-Al LDH formation.

6.3 | SEM-EDS Analysis

In this study, SEM-EDS analysis focused primarily on the chem-
ical composition of the binder, complementing mineralogical
data obtained through PLM and XRPD. Observations also re-
vealed reaction interfaces between aggregate grains and the
microcrystalline to cryptocrystalline binder matrix, providing
insight into interaction processes at the microscale and allowing
detailed examination of newly formed phases, including their
size, morphology, and elemental composition.

EDS microanalysis confirms that the original binder is a mag-
nesian aerial lime. All analyzed samples—whether or not they
contain cocciopesto—show consistently high magnesium con-
centrations (see Figures 5 and 6). Corresponding crystalline
phases include dolomite, magnesite, magnesian calcite, brucite,
and hydrotalcite (Table S3). Calcium is also systematically pres-
ent, associated with calcite, aragonite, portlandite, and magne-
sian calcite. Reaction rims at the interface between aggregates
and the Mg-lime binder are more pronounced around cocciope-
sto fragments (Figure 5A-C) but also occur around radiolarite
grains (Figure 5D).

Areas with lower Ca/Mg ratios—where magnesium phases
dominate—appear darker in BSE images due to their lower
backscattering coefficient. In cocciopesto mortars, these darker

zones, combined with elevated Si, Al, and Mg in EDS spec-
tra (e.g., Figure 5C), suggest the formation of noncrystalline
hydrated phases such as M-A-S-H gels (Magnesia-Alumina-
Silica-Hydrate) and LDH phases (Layered Double Hydroxides),
likely produced through mild pozzolanic reactions (Arizzi and
Cultrone 2021; Dilaria et al. 2023). These amorphous phases are
not detectable by XRPD.

Hydrotalcite was also identified in Samples So-M15 and So-
M18, both characterized by aggregates dominated by dolos-
tone fragments (Tables S1 and S2). In these cases, hydrotalcite
occurs in greater quantities than in cocciopesto-rich mortars.
SEM observations of So-M18 clearly illustrate this: BSE imag-
ing (Figure 6A) shows abundant magnesium compounds in
the binder and a reaction rim around a large dolostone clast.
Secondary electron images reveal the prismatic to lamellar mor-
phology of hydrotalcite crystals (Figure 6B,C). EDS spot analyses
confirm their composition and association with low-BSE binder
regions (Figure 6D). High-magnification BSE imaging further
highlights the close textural interplay between magnesium- and
calcium-bearing compounds within the binder (Figure 6E).

7 | Discussion

Petrographic analyses enabled a preliminary classification of
the Solunto mortar compositions into two different formulations
for the same intended use (waterproof rendering): those char-
acterized by a predominance of cocciopesto and those lacking
this component. Although the distinction is readily apparent
macroscopically, owing to ceramic fragments of millimeter- to
centimeter-scale dimensions, detailed microscopic examina-
tion ruled out the presence of cocciopesto, even in the form of
finely comminuted particles, in several of the examined mortar
samples, such as Sample So-M15 (manufactured in the 4th-3rd
century BC) or So-M11 (2nd century BC). Another distinctive
classificatory feature, again concerning the composition of the
aggregate, lies in the relative abundance of alluvial sand versus
cocciopesto (see Table S2). Only a few samples (So-M16/17/18)
deviate from this pattern, instead dominated by crushed dolo-
mite fragments.

However, from a strictly chronological standpoint, no signifi-
cant differences have been identified in either the recipes em-
ployed or the techniques of application. In fact, the local raw
materials are represented diachronically, consistently and ex-
clusively, by dolomite—used primarily as the calcareous rock to
be calcined—and by an aggregate composed of cocciopesto and
sand from the Cefala Stream, at times accompanied by angular
dolomite fragments.

On the one hand, Table S2 clearly shows that most of the mortars
used to line cisterns and basins during the Hellenistic-Roman
period were intentionally formulated with substantial amounts
of coarsely ground ceramic fragments. These inclusions were
predominantly derived from transport amphorae, either of
local origin or produced along the Tyrrhenian coastal regions
of Campania and Latium, as previously documented by the
same authors (Bechtold et al. 2018; Montana et al. 2020, 2021).
However, this trend does not apply to Samples So-M11 and So-
M16, which are notable for the absence of this specific aggregate
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FIGURES5 | (A)Sample So-M9, SEM image (BSE mode), showing evidence of possible reaction products (CSH and MSH) within the magnesian
binder, in contact with crushed pottery fragments. Recrystallized calcite appears as large nodular formations and prismatic aggregates exhibiting a
chaotic internal structure. (B) EDS spot analysis of the binder area in image (A), characterized by a higher backscattering coefficient. (C) EDS spot
analysis of the binder area in image (A), characterized by a lower backscattering coefficient. (D) Sample So-M9, SEM image (BSE mode) illustrating
the reaction interface between the binder matrix and a large radiolarite grain.

component. By contrast, cocciopesto was identified in Sample
So-M14—attributed to Punic manufacture and dated to the 4th
century BCE—thereby extending the chronological framework
for its documented use within the settlement of Solunto. This
finding is fully consistent with broader technological patterns:
The deliberate incorporation of crushed ceramic material into
mortars represents a long-standing and widely shared construc-
tion practice across the Mediterranean, attested since at least
the Bronze Age (Maravelaki-Kalaitzaki et al. 2003; Theodoridou
et al. 2013). Moreover, the use of cocciopesto specifically as an
aggregate in hydraulic render mortars has been recently doc-
umented within Phoenician contexts—most notably at Tell
el-Burak, Lebanon—dating as early as the 8th century BCE
(Amicone et al. 2025). Furthermore, in the context of the set-
tlement of Solunto, this practice could represent a significant
technological achievement, most likely through the classical em-
pirical approach, involving straightforward in situ performance
evaluation. In fact, by repurposing materials from broken and
functionally obsolete objects, Punic artisans were able to pro-
duce an aggregate that served as the primary component in mor-
tars typically formulated with aerial lime binder, yielding high
performance tailored to their intended hydraulic applications.

This paper does not aim to address the actual efficacy of coc-
ciopesto in imparting hydraulic properties to aerial lime—that
is, in terms of the chemical reactions leading to the formation
of calcium silicates and calcium aluminate hydrates (and other
aluminum and iron compounds), which renewed to be respon-
sible for conferring hydraulic behavior to the binder. Numerous
distinguished scholars have long investigated the “secrets” of
these ancient mortar formulations, particularly those behind
the celebrated Roman cement, which involved the use of true
volcanic pozzolana (Jackson et al. 2017 and references therein;
Lancaster 2019; Secco et al. 2021; Dilaria et al. 2024). In the
samples analyzed at Solunto, however, pozzolana—composed
of glassy scoriae, trachytoid rock fragments, alkaline feldspars,
clinopyroxene, and plagioclase (see Table S2)—was identified
exclusively in the first layer of Sample So-M13 and only in small
quantities.

Mortars incorporating cocciopesto as an additive to aerial lime
are well known for their exceptional durability, as evidenced
both macroscopically and through targeted chemical and en-
gineering analyses (Sagin et al. 2024 and references therein).
However, results from the present study indicate that the
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FIGUREG6 | (A)SEM image of Sample So-M18 (BSE mode), showing the interface between a large dolostone fragment and the magnesian binder.
Reaction rims appear as gray-tone variations attributable to differences in backscattering coefficients, which are known to correlate directly with

the mean atomic number of the involved phases. (B) SE image of Sample So-M18, highlighting areas of hydrotalcite formation and the aggregate

structure. (C) SE image of Sample So-M18, providing a magnified view of the area shown in (B), with emphasis on crystal morphology. (D) EDS area

analysis of the binder in Sample So-M18. (E) Backscattered electron image at high magnification showing the microtextural interplay between neo-

formed phases within the binder of Sample So-M18.

chemical reactions responsible for conferring hydraulic proper-
ties are not homogeneously distributed throughout the mortar
matrix. These reactions are primarily concentrated in the areas
immediately surrounding ceramic fragments—manifesting as
dark, optically inert regions under polarized light microscopy
(Figure 3A-F) and as zones with low backscattered electron
(BSE) coefficients in SEM imaging (Figure 5A).

Subsequent hardening processes result in the extensive forma-
tion of microcrystalline calcite and other newly generated com-
pounds (Figure 6E). Thus, the overall high performance of these
mortars may also be attributed to additional intrinsic factors
such as low porosity and strong cohesion between binder and
aggregate. These characteristics appear to mitigate the effects of
compositional heterogeneity, likely stemming from the frequent
sub micrometric dimensions of the newly formed phases (dark
areas exhibiting minimal or absent optical activity) and the op-
timized compaction resulting from effective mortar application
techniques. Point chemical microanalyses by SEM-EDS yield
data that remain difficult to interpret unambiguously at the
mineralogical level, aside from confirming the co-occurrence—
primarily as aggregates of nanometric particles—of newly
formed materials in both crystalline (e.g., calcium and magne-
sium hydroxides and anhydrous carbonates) and amorphous
phases (e.g., CSH, MSH, and ASH). In this study, the interaction
between cocciopesto and magnesium-rich aerial lime further
complicates precise phase identification via BSE imaging and
hampers the already limited correlation between chemical data

and mineralogical information, due to the presence of amorphous
components that do not produce X-ray diffraction (Figure 5B,C).
Considering these factors, supported by experimental data, the
enduring tradition of employing cocciopesto-based mortars in
Solunto may be better understood as the outcome of empirically
developed expertise focused on creating an efficient, low-cost
coating material with satisfactory hydraulic properties—rather
than a conscious effort to recycle raw materials. Further regard-
ing the role of newly formed magnesium compounds, the pres-
ence of magnesium silicate hydrates has been documented in
Late Roman mortars (4th-5th century AD) on the volcanic island
of Pantelleria, Strait of Sicily (Montana et al. 2019). Reports of
the presence of MSH/MASH have recently been highlighted in
other Roman-era artifacts in the Mediterranean area (Alonso-
Olazabal et al. 2020). Several of these mortars—formulated
using local pozzolana (glassy volcanic tephra) and lime de-
rived from calcined limestone ballast—served as cistern linings
similar to those found in the much older site of Solunto, where
pozzolana was not employed. Moreover, it should be noted that
hydrotalcite, as well evidenced by XRPD analysis, was detected
in all mortar samples formulated with cocciopesto. Therefore,
it is plausible that this phase is also localized—alongside C-S-H
and M-S-H—in binder areas exhibiting a relatively lower back-
scattering coefficient.

In the mortar manufacturing practices at the Solunto site, as
clearly highlighted by petrographic analyses, the formulation
of the aggregate included not only cocciopesto but also raw
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materials sourced from locations in close proximity to the set-
tlement (siliceous and carbonate aggregates, sourced from the
geological formations outcropping on Monte Catalfano and the
immediate surroundings of the archaeological park). Among the
aggregate granules in Samples So-M2, So-M3, So-M11, So-M15,
So-M16, and So-M18, crystalline dolostones from the Fanusi
Formation, deep sea calcilutite, chert nodules from the Scillato
and Caltavuturo Formations, as well as siliceous argillite and
radiolarite from the Crisanti Formation, have been readily
identified and documented (Figure 4A,B,E). In addition, mo-
nomineralic granules of quartz and feldspars, as well as lithic
fragments and bioclasts derived from the Quaternary calcaren-
ites of the Marsala Sinthem, were also revealed as common com-
ponents. In most of the examined samples, granules larger than
approximately 0.5 mm—both carbonate and silicate in nature—
display rounded or subrounded morphologies, which clearly in-
dicate their origin from alluvial deposits, which are composed of
eroded fragments derived from the aforementioned lithotypes.
Just a few kilometers (around 2) east of the site, a stream still
flows through the Vallone Cefala, whose detrital deposits were
utilized first by the Phoenicians and later by the Romans to tem-
per clays in the production of transport amphorae and/or daily
use ware as early as the 6th century BC (Montana et al. 2009;
Montana and Randazzo 2015). This sand, currently retrievable at
the mouth of the stream (Figure S6), despite the area’s significant
anthropogenic alteration, displays a lithological assortment that
closely matches the previously described rock types. Moreover,
quite recent archaeometric analyses of Roman-era adobe bricks
from the Solunto site reveal that they were tempered with the
same type of aggregate—very likely sourced from this same
area (di Stefano et al. 2016). Consequently, based on the avail-
able scientific evidence, it may be reasonably concluded that the
selection and procurement of sand as aggregate constituted a
well-established practice in Hellenistic-Roman Solunto. Within
this context, Samples So-M16 and So-M18 stand out due to their
abundance of aggregate composed of crystalline dolostone and,
in the case of So-M16 only, limestone. These aggregates were
collected from talus deposits on the slopes of Mt. Catalfano or
were artificially crushed into small angular fragments. In con-
trast to the variability observed in the type and relative abun-
dance of aggregates, the binder reveals clear compositional,
mineralogical, and chemical convergences. These suggest the
existence of a highly standardized and long-standing produc-
tion chain, passed down through centuries, consisting of the
following phases: selection, procurement, preliminary process-
ing, kiln calcination, and slaking. Indeed, both mineralogical
analyses and microchemical investigations via SEM-EDS con-
firm the magnesian nature of the binder, which was evidently
derived from the calcination of the same crystalline dolostones
upon which the site of Solunto itself is founded. The concurrent
presence of significant amounts of magnesite, brucite, magne-
sian calcite, and hydrotalcite, alongside calcite, leaves no doubt:
The rock used in lime production—through both the Punic and
Roman phases—was consistently the crystalline dolostone of
the Fanusi Formation. Regarding the potential advantages as-
sociated with the use of magnesian lime, experimental studies
indicate that they possess a suite of characteristics that render
them more suitable than calcic lime for use in highly humid
environments. Magnesian lime exhibits reduced values of cap-
illarity, total porosity, lower water absorption, and enhanced
durability that closely approximates the performance of an NHL

2 (Pavia and Bolton 1997; Pavia et al. 2005). The beneficial prop-
erties of magnesian lime likely account for its sustained use in
Solunto over nearly four centuries, particularly in the construc-
tion of cisterns, water conduits, basins, and general masonry.
Although the craftsmen lacked a scientific understanding of its
composition, they relied on empirical observation to appreciate
its remarkable performance, thereby perpetuating this effective
and enduring construction tradition.

Another peculiarity worth noting, regarding the binder, is the
presence of wood ash, limited to Samples So-M16 and So-M17
and in the finishing of Sample So-M7 (So-M7 and So-M17 have
both cocciopesto aggregate). To be noted that ash-rich mor-
tars for cistern wall coatings or floor coverings were widely
documented in North Africa and Sardinia in similar periods
(Davis 1981; Bonetto and Dilaria 2021; Secco et al. 2020). They
were used with the aim of improving the moisture resistance
performance and compressive strength, bringing it to the level
of an NHL2 (Fusade et al. 2019). In our case study, the parti-
cles vary in size from a few microns to a few millimeters and
are distributed in a nonhomogeneous way in the binder mass
(Figure 4C,D). It seems likely that in this case the wood ash was
added deliberately as an additive, rather than representing a res-
idue resulting from the calcination process, given that it is found
only in the above-mentioned samples.

Finally, it is necessary to further emphasize the significance
and functional role of Mg-Al hydrotalcite. This crystalline
phase was identified as a binder component in the majority of
the samples. Notably, it is present in all specimens incorporat-
ing crushed ceramic (cocciopesto), though its highest concentra-
tions were observed in those mortar samples richer in crystalline
dolomite granules, such as So-M15 and So-M18. The identifica-
tion of hydrotalcite represents a relatively rare occurrence of
this mineralogical phase in ancient mortars (Artioli et al. 2017;
Ponce-Anton et al. 2018). In natural environments, hydrotalcite
typically forms through hydrothermal alterations of mafic and
ultramafic magmatic rocks, such as gabbros, metagabbros, and
serpentinites. Today, it is also synthesized via coprecipitation
or combustion and plays a significant role in various industrial
chemical applications, including heterogeneous catalysis, waste-
water treatment, ion-exchange technologies, and as an additive
in mortars construction materials (Lauermannova et al. 2020).
In modern applications, hydrotalcite is highly valued for its ion-
exchange capacity, large surface area, and stability, making it
a beneficial additive in mortars and concrete, enhancing their
long-term performance (durability and carbonation resistance).
In this specific historical and archaeological context, the occur-
rence of hydrotalcite can be interpreted as a reaction product
formed during the setting and hardening of lime-based mate-
rials. Its ease of formation is attributed to the structural capac-
ity to accommodate both divalent and trivalent cations, along
with a variety of anionic species. Some compounds of the double
hydroxide group, namely, those based on hydrotalcite chemis-
try, are invariably found as products of the pozzolanic reaction
between lime and clays in ancient mortars and modern bind-
ers (that serve as alternatives to Portland clinker). Thanks to
its structural properties, hydrotalcite type compounds can in-
corporate and exchange CO, when exposed to the atmosphere
(Artioli et al. 2017). Therefore, given its occurrence in Roman-
Hellenistic mortars from Solunto—formulated with magnesian
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lime—it likely promotes the hydraulic reaction with reactive
silicates derived from crushed ceramic aggregates.

8 | Conclusions

Mineralogical and petrographic analyses of selected Punic-
Early Hellenistic and especially Hellenistic-Roman mortars
from Solunto successfully met the study's objectives. A struc-
tured multi-instrumental approach enabled the identification of
the following:

+ The geological nature and likely provenance of raw materi-
als used for both aggregates and binders.

» The criteria guiding raw-material selection and the tech-
nological knowledge of Solunto's inhabitants, including
changes from Punic to Roman phases.

» The performance level of the mortars in relation to formu-
lation and function (bedding layers versus wall and floor
coatings).

+ The use of specific additives to enhance hydraulic behavior.

« The presence and significance of hydrotalcite, a rare crys-
talline phase unexpectedly widespread in both Punic and
Roman mortars.

The integration of stratigraphic and analytical data confirms
two main waterproofing traditions:

1. Punic period (4th-3rd century BC): lime-and-gravel
mortars.

2. Roman period (late 3rd century BC-1st century AD): wide-
spread use of cocciopesto, though isolated Punic examples
also exist.

The evidence shows that Soluntine craftsmen effectively em-
ployed waterproof coatings made from cocciopesto and locally
available geomaterials. Their preference for dolomitic aggre-
gates reflects both availability and their excellent hydraulic
performance, a property clearly recognized in antiquity. XRPD
analyses demonstrate that most samples contain hydrotalcite,
formed through reactions between local geomaterials and mag-
nesian binders. This secondary phase likely contributed to the
durability and water resistance of the earliest cistern coatings,
which remain compact and efficient today. The use of cocciope-
sto in early bathtubs may reflect both Punic construction tradi-
tions and the esthetic appeal of its pinkish coloration.

Technological choices in waterproofing mortars reveal a de-
liberate selection of raw materials: crushed dolomite from the
Solunto bedrock, fluvial sands from the Cefala valley, and re-
cycled ceramic fragments from local or imported vessels pro-
duced along the central Tyrrhenian coast (Neapolis to Albinia;
Bechtold et al. 2018; Montana et al. 2020, 2021). The abundance
of ceramic debris—linked to intense commercial exchanges—
likely encouraged its reuse.

At Solunto, the absence of traditional pozzolanic aggregates in
early mortars may be explained by the formation of hydrotalcite,

whose toughness and water-repellent properties reduced the
need for ash or charcoal, unlike in Punic sites such as Carthage
(Davis 1981) or Nora (Bonetto and Dilaria 2021; Secco et al. 2020).
Similar low ash content is noted in Punic mortars from Agrigento
and Selinunte (McLennan and Keenan-Jones 2026), where local
materials offered superior hydraulic qualities. Hydrotalcite likely
formed through reactions between calcined dolomitic rocks
(MgO—Mg (OH), during slaking) and aluminum hydroxides
from soil impurities or minor clay additions.

Its recurring presence across periods suggests a consolidated
technological tradition. However, the Hellenistic-Roman period
marks a clear advancement, characterized by the systematic use
of cocciopesto for waterproofing. The preference for ceramic
debris from central Tyrrhenian production centers indicates a
sophisticated understanding of its enhanced hydraulic behavior,
linked to volcanic (pozzolanic) inclusions. Examples from the
House of Harpocrates (Schon et al. 2019) and the Gymnasium
(Boese et al. 2023) confirm a conscious, technically informed
choice rather than opportunistic reuse.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Plan of the northern sec-
tor of Solunto (GIS elab. G. Polizzi). Figure S2: Cistern built between
the 4th/3rd century obliterated by subsequent structures. Figure S3:
Plan of the North Baths. 1: entrance to the Baths from the agora; 2a
and 2b: service or changing rooms; 3: apodyterium-massage rooms; 4:
calidarium (GIS elab. G. Polizzi). Figure S4: Geological map depict-
ing the exposed formations and lithological units in the vicinity of the
Solunto archaeological site. Figure S5: XRPD spectrum of Sample So-
M18 reveals the diagnostic (003) reflection of Mg-Al hydrotalcite at ap-
proximately 11.3° 26 (Cu Ka radiation), corresponding to a d-spacing of
~7.8A. Figure S6: Alluvial sand collected at the mouth of the stream
that flows through Vallone Cefala, in proximity to the ancient settle-
ment of Solunto. Table S1: Details of sampling points and general in-
formation concerning the analysed samples. Table S2: Petrographic
features of plaster samples after thin-section observations. Table S3:
Semiquantitative mineralogical composition after XRPD analysis.

14

Archaeometry, 2026

B5UB017 SUOLULUIOD dAIIES.ID) 3|cfed ddde U A pausenob afe sale O 88N JO Sa|Nn 40y AReid 17 3UIIUO AB]1M UO (SUONIPUCO-PUR-SLLBY/WI0D" A8 1M Ase1q 1 U IUO//S01Y) SUONIPUOD PUe Swid | 3L} 855 *[9202/90/72] Uo Areiqiauliuo AB1IM ‘Bed 1A 1PMIS 116aa AlsieAiun A S8TOL W TTTT 0T/I0p/wod A3 1M Afeid jpul|uo//sdiy Wwoiy papeojumoq ‘0 ‘vS.vSLyT


https://doi.org/10.1016/j.jasrep.2021.103057
https://doi.org/10.1016/j.jasrep.2021.103057
https://doi.org/10.3390/min10090762
https://doi.org/10.3390/min10090762
https://doi.org/10.1002/gea.21697
https://doi.org/10.1016/S1296-2074(02)01169-X
https://doi.org/10.1016/j.conbuildmat.2007.05.003
https://doi.org/10.1016/j.conbuildmat.2007.05.003
http://thiasos.eu/wp-content/uploads/2025/08/20-2025-Polizzi-V.pdf
http://thiasos.eu/wp-content/uploads/2025/08/20-2025-Polizzi-V.pdf
https://doi.org/10.3390/min8080326
https://doi.org/10.1016/j.culher.2015.04.002
https://doi.org/10.3390/min11050469
https://doi.org/10.1016/j.jasrep.2024.104594
https://doi.org/10.1144/gsl.sp.2000.171.01.24
https://doi.org/10.1144/gsl.sp.2000.171.01.24

	Mortars From Punic and Hellenistic–Roman Solunto: Materials, Formulations, and Technology
	ABSTRACT
	1   |   Introduction and Aims
	2   |   Archaeological Background
	3   |   Geological Setting of the Area
	4   |   Analyzed Materials and Sampling
	5   |   Analytical Procedures and Methods
	6   |   Results
	6.1   |   Thin-Section Microscopy
	6.2   |   X-Ray Powder Diffraction Analysis
	6.3   |   SEM-EDS Analysis

	7   |   Discussion
	8   |   Conclusions
	Acknowledgments
	Funding
	Data Availability Statement
	References


