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� Villa San Marco is one of the best-preserved otium villae of the Bay of Naples.
� A multilayer technology was adopted for mortar-based materials.
� Lime binder and calcite/silicates/pozzolan aggregate were mixed following a precise recipe for each layer.
� Volcanic and sedimentary raw materials from surroundings were exploited.
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This current research is focused on the mineralogical and petrographic characterisation of mortar-based
materials from Villa San Marco in the ancient Stabiae (modern Castellammare di Stabia, Napoli), an out-
standing example of Roman otium villae, and aims at recognising the technology used by the ancient skilled
workers.
Several analytical techniques were used such as digital videomicroscopy, optical microscopy, digital

image analysis, scanning electron microscopy coupled with EDS analysis and Quantitative Powder X-ray
Diffraction.
Amulti-layer technology characterised the plasters; the scratch coat wasmadewith limemortarsmixed

with apozzolanic lightweight aggregate and cocciopesto, required ingredients providing aquick-setting and
a better adhesion with the support. As far as the arriccio layer is concerned, themix-design is a limemortar
with volcanic sand as the aggregate and a minor content of pozzolan and/or cocciopesto to enhance the
workability of the mortar in order to correct any error due to the roughness of the scratch coat. The plaster
s.s.was the removable support in case of mistakes, and gave a lighter colour to the preparation layer of the
frescoes. The last thin layer, preparedwith limemortars and a carbonate aggregate, is characterised by low
porosity in order to avoid pigment adsorption. The painting technique was a fresco with encaustication.
In contrast, the mortars of the building structures were made with lime added to a pozzolanic aggregate

(volcanics and cocciopesto), giving a quick setting during the implementation of the yellow tuff opus retic-
ulatum.
The rudera and nuclei of the mosaics were built with abundant volcanic sand and cocciopestomixed with

the lime, producing a more resistant surface, and finally the tesseraewere fixed exclusively with lime. The
white and black colours of the mosaics were produced by local limestone and tephritic lava.
The results permitted an evaluation of the high level of specialization of both the workers and the artists

that built and decorated thesemaritime villas.Moreover, the collected data highlighted thewide potential-
ity of the materials cropping out in the environs of the Somma-Vesuvius volcanic complex. This research
aims at furnishing a useful reference for future restoration action in Villa San Marco and the other Roman
villas in this area.

� 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Archaeological mortar-based materials are the products of the
complex technological knowledge and ability of ancient skilled
workers. An approach to the characterisation of these construction
materials permits recovering some fundamental information
regarding the material culture of these ancient craftsmen. In the
past years, numerous research studies have been devoted to the
study of such building materials, focusing on: an accurate identifi-
cation and classification of mortar-based materials [1–5]; the com-
position and provenance of the raw materials [6–11]; the use of
mortar-based materials for the identification of construction
phases of a building in different epochs [12,13], also using 14C dat-
ing [14], and knowledge building techniques [15–20].

The above-mentioned knowledge represents a fundamental
premise for suitably and accurately planning the conservation of
Cultural Heritage [21–26]. To this end, the present research aims
at characterising the mortar-based materials (mortars, plasters
and mosaic floors) from Villa San Marco, one of the otium villae
of ancient Stabiae.

The archaeological site of Stabiae represents one of the most
important concentrations of seaside Roman villas of the Mediter-
ranean area. The site was the subject of a large restoration and
conservation program involving local stakeholders such as the
‘‘Soprintendenza Archeologica di Pompei” (the Superintendence
of Archaeology of Pompeii, the Restoring Ancient Stabiae (RAS)
Foundation and other research institutions. Despite the archaeo-
logical relevance of this site, no literature data concerning the
material characterisation (such as mortars, building stones and
ceramics) is available. In contrast, a plethora of studies has
focused on archaeological findings and their raw materials and
Fig. 1. A geological sketch of the Bay of Naples area and the location of the a
technology from the neighbouring and world famous settlement
of Pompeii and, more generally, from the Campania region
[7,8,13,27–41].

This current study is a first attempt to fill this gap by means of a
detailed mineralogical and petrological investigation on a set of
mortar-based materials collected from Villa San Marco, probably
the most important among the so-called otium villae of ancient
Stabiae. This investigation aims at providing new data on the com-
position and provenance of raw materials used in the Vesuvius-
environs during the Roman period, as well as an evaluation of
the implementation construction techniques linked to the ability
of the skilled workers, before the Vesuvius eruption of 79 A.D.
Furthermore, this research can represent a valuable tool for the
preservation and restoration of the Villa San Marco frescoed
masonries that, despite a good state of conservation, are subject
to some weathering such as efflorescence, discoloration and
convex deformation.

2. Brief archaeological outlines

The Vesuvius-environs land has always attracted people since
the Early Bronze Age thanks to the large availability of natural
resources and soil fertility [33,42–48]. In contrast, several natural
episodes, such as the Campanian Ignimbrite eruption (39 ka)
[49–53], that of Pompeii in 79 A.D. and the eruption in 472 A.D.
[54,55], deeply modified the landscape from a geological and geo-
morphological point of view with a consequential impact on
human activities [45].

Ancient Stabiae is located on the Pianoro di Varano, a plateau in
the junction between the Lattari Mountains carbonate ridge and
the Sarno River flood plain (Fig. 1).
rchaeological site of ancient Stabiae (modified after Bonardi et al. [56]).
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This settlement nowadays consists of several otium villae and
rustic villas dated between 89 B.C. and 79 A.D., discovered by King
Charles IV of Naples in 1749.

During its life span, this otium villae complex was subjected to
several geological risks related to the seismic and volcanic activity
of this area, such as the earthquake in 62 A.D. Subsequently, it was
completely buried by pyroclastics (several metres thick) from the
79 A.D. eruption, and subsequent slope instabilities, which in turn
altered the ancient coastline [57].
Fig. 2. The excavation plan of Villa San Marco with the

Fig. 3. Some architectural features of Villa San Marco: a) the original masonry in opus
imitation polychrome orthostates; c), d) and e), geometrical shapes in mosaic floors.
Villa San Marco is a huge building of approximately 11,000 m2,
of which only a part has been excavated (Fig. 2). The walls are
made of tuff in opus reticulatum (Fig. 3a), often covered with fres-
coed plasters. The decorative motifs are predominantly realised
by imitation polychrome orthostates (Fig. 3b) and the columns
are made by opus latericium covered by mortars simulating mono-
lithic columns. The floors are decorated with mosaics constituted
by white and black tesserae, often representing geometrical shapes
(Fig. 3c, d and e).
twenty samples collected in a sector of the villa.

reticulatum separated by modern restoration; b) fresco mural painting realised in
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The whole building and decorative techniques permit attribut-
ing Villa San Marco to patrician families or influent politicians from
Rome, although the real owner is still unknown.
3. Materials and methods

Twenty samples of mortar-based materials from Villa San Marco were collected
(10 plasters, 8 mortars and 2 mosaic floors, Table 1). A sketch section of a typical
stratigraphic sequence in a Roman plaster [17,58] is reported in Fig. 4. On these
bases, the multi-layer samples (plasters and mosaics) were progressively labelled
from the innermost layer (0 layer) to the outer layers (up to 3), excluding the mural
painting. As far as the floors with mosaics are concerned, another typical strati-
graphic sequence was adopted (starting from the lowermost to the uppermost
layer): rudus (layer 0), nucleus (layer 1), supranucleus (layer 2) and mosaic tesserae
[18].

The samples were characterised from a mineralogical and petrographic point of
view according to the UNI-EN 11305:2009 and UNI-EN 11176:2006 [59,60].
Table 1
Textural features of plasters, bedding mortars and mosaic floors, determined by DIA on D

ID_sample ID_layer Function Textural features of aggregate

Circularity Roundness

Plasters

SM 12 SM 12-0 Scratch coat 0.34 0.31
SM 12-1 Arriccio 0.79 0.63
SM 12-2 Plaster s.s. 0.75 0.61
SM 12-3 Preparation 0.74 0.59

SM 13 SM 13-1 Arriccio 0.78 0.63
SM 13-2 Plaster s.s. 0.72 0.58
SM 13-3 Preparation 0.72 0.58

SM 14 SM 14-1 Arriccio 0.78 0.63
SM 14-2 Pla./Prep. 0.68 0.55

SM15 SM 15-1a Arriccio 0.73 0.61
SM 15-1b Arriccio 0.75 0.61
SM 15-2 Pla./Prep. 0.62 0.49

SM 16 SM 16-2 Plaster s.s. 0.73 0.58
SM 16-3 Preparation 0.68 0.56

SM 17 SM 17-0 Scratch coat 0.30 0.14
SM 17-1 Arriccio 0.76 0.62
SM 17-2 Plaster s.s. 0.67 0.56
SM 17-3 Preparation 0.66 0.54

SM 31 SM 31-1 Arriccio 0.73 0.57
SM 31-2 Plaster s.s. 0.68 0.57
SM 31-3 Preparation 0.70 0.56

SM32 SM 32-1 Arriccio 0.70 0.55
SM 32-2 Plaster s.s. 0.70 0.58
SM 32-3 Preparation 0.67 0.55

SM 33 SM 33-1 Arriccio 0.76 0.62
SM 33-2 Plaster s.s. 0.66 0.51
SM 33-3 Preparation 0.67 0.52

SM 37 SM 37-0 Scratch coat 0.47 0.43
SM 37-2 Pla./Prep. 0.66 0.52

Bedding mortars

SM 36 – Bedding 0.54 0.43
SM 38 – Bedding 0.59 0.51
SM 39 – Bedding – –
SM 40 – Bedding – –
SM 41 – Bedding – –
SM 42 – Bedding 0.35 0.32
SM 43 – Bedding – –
SM 44 – Bedding – –

Mosaic floors

SM 18 SM 18-0 Rudus 0.73 0.60
SM 18-1 Nucleus 0.77 0.62
SM 18-2 Supranucleus – –

SM 30 SM 30-0 Rudus 0.78 0.63
SM 30-2 Supranucleus – –
Thick sections were also observed via Digital Video Microscope (DVM, Leica
DVM 2000) for the description of the layered structure of the samples and to deter-
mine the textural features of the aggregate. Mineralogical features, as well as the
binder-to-aggregate ratio (B/A, including the pores in the binder), were investigated
by Optical Microscopy observations (OM; Olympus BX-60 equipped with a digital
camera Olympus DP10). Digital Image Analyses (DIA) using software ImageJ (see
[28,29] and references therein) permitted the quantitative determination of textu-
ral parameters.

The Grain Size Distribution (GSD) using minimum Feret values (mF), which per-
mitted the calculation of the Krumbein u (where u = �log (mF)) [29,61,62] was
obtained by density histogram (R version 3.0.2) [63]. The morphological character-
istics of the grains were described in terms of circularity (C = 4p(A/p2), where
A = area, p = perimeter) and roundness (R = 4(A/p(M)2, where M = major axis),
according to UNI 11176-2006 recommendations.

The mineralogical composition was determined by Quantitative Powder X-ray
Diffraction (QPXRD) using a Panalytical X’Pert Pro diffractometer (CuKa radiation,
40 kV, 40 mA, 3–80� 2h scanning interval, RTMS detector, 0.017� equivalent step
size, 60 s per step equivalent counting time). Quantitative mineralogical analyses
were performed using combined Rietveld [64] and reference intensity ratio meth-
VM images.

Thickness (mm)

/min /max /medium S(/) min. max.

0.13 7.44 4.89 1.28 – P18
0.67 4.95 2.48 0.97 2.0 6.0

�0.83 4.87 3.25 1.24 7.0 9.0
�0.17 6.21 3.87 1.12 3.0 3.0

0.26 4.46 2.39 1.07 2.5 3.0
�0.39 5.09 2.86 1.20 4.5 5.5
0.85 4.53 2.84 0.98 2.2 2.5

�0.15 4.49 1.79 0.97 – P12
�0.53 4.21 2.53 1.12 7.0 7.5

�0.31 3.90 2.54 0.93 – P5
�0.23 4.63 2.69 0.99 13.0 14.0
0.50 4.96 3.16 1.22 2.0 2.6

�0.70 5.11 2.92 1.46 – P8
0.03 4.82 3.21 1.25 0.4 0.5

�1.51 5.79 3.72 0.99 – P5
1.32 4.95 2.62 0.79 8.0 9.0

�0.15 5.87 3.55 1.29 3.5 4.0
0.73 5.38 3.47 1.05 4.0 4.5

�0.09 1.29 0.77 0.25 – P5
�0.67 5.22 2.60 1.53 4.5 5.0
0.20 4.80 3.09 0.94 2.5 3.0

�1.46 4.42 2.43 1.09 – P4.5
�1.46 4.10 1.90 1.36 9.5 10.0
0.39 5.49 3.23 0.99 2.5 3.0

�0.10 4.80 2.64 1.05 – P7
�0.77 4.47 2.30 1.46 5.5 6.0
0.52 5.04 3.28 1.14 4.3 5.0

�0.02 5.44 3.49 1.03 – P11
0.54 5.42 3.56 1.16 3.8 4.5

�0.09 5.73 3.76 1.00 – –
�3.03 6.68 3.77 1.12 – –
– – – – – –
– – – – – –
– – – – – –
2.00 6.75 4.66 1.22 – –

– – – – – –
– – – – – –

�0.82 5.38 3.04 1.09 – P7
�0.29 3.79 2.15 0.93 1.0 2.0
– – – – 1.0 2.0

�0.60 4.46 2.51 0.91 – P15
– – – – 1.0 2.0



Fig. 4. Sketch section of a typical Roman plaster (inferred from the treatise of
Vitruvius [58]).

Fig. 5. DVM images of plaster SM 12 (a), bedding mortar SM 38 (b) and mosaic floor
SM 30 (c) in which different layers (labelled 0, 1, 2 and 3) can be distinguished.
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ods (RIR [65]), by means of TOPAS 4.2 software (BRUKER AXS Company). In this
way, the estimation of both crystalline and amorphous (disordered) phases was
obtained [66]. Atomic starting coordinates for identifying crystalline phases were
taken from literature [67]. Phases with a partial or unknown crystal structure
(low ordered or amorphous phases) were quantified by adding a ‘‘peaks phase” with
the TOPAS software.

Micro-textural observations and micro-chemical analyses were carried out by
Scanning Electron Microscopy coupled with Energy Dispersive Spectroscopy
(SEM/EDS; Zeiss EVO HD 15 coupled with Oxford Xmax-80 microanalysis, and Zeiss
AURIGA FESEM coupled with Oxford INCA-200 microanalysis) on representative
samples. Two plasters (SM 12 and 17) and three bedding mortars (SM 36, 40 and
42) were chosen for SEM/EDS analyses due to the fact that they showed clear poz-
zolanic reaction rims around the volcanics and/or ceramic fragments; moreover, the
plasters were selected among those that showed a complete layering from the arric-
cio to the preparation layer.
4. Results

4.1. Texture of the mortar-based materials

4.1.1. Plasters
The plasters of Villa San Marco showed a multilayer technology

(Fig 5a; Table 1). Among the examined samples, only two of them
(SM 12 and SM 17) presented a complete stratigraphic sequence
(Fig. 5a) that was composed of, from the innermost to the outer-
most layer, a scratch coat (layer 0), arriccio (layer 1), plaster s.s.
(layer 2) and a thin preparation layer for the mural painting (layer
3). The other samples showed a partial stratigraphy: samples SM
13, SM 15 (in which the arriccio layer appears doubled), SM 31,
SM 32 and SM 33 (three layers), samples SM 14, SM 16 and SM
37 (only two layers). The thickness of each single layer ranged from
a fewmillimetres up to 18 mm or over. The innermost layer always
represents the thickest layer.

The scratch coat layer constitutes the anchorage element to the
masonry and it is found in samples SM 12, SM 17 and SM 37; GSD
widely ranges from very fine silt to a very fine pebble with the
highest density in the range of the coarse silt. Grains showed low
circularity and roundness, and were poorly sorted (Table 1).

The Arriccio layer aimed at regularizing the flatness and vertical
mistakes due to the scratch coat surface. These layers showed a
GSD with the highest density in the range of fine sand. The aggre-
gate was mostly moderately sorted, excluding sample SM 31-1,
that was very well sorted (S(u) = 0.25). Circularity and roundness
were medium-high (Table 1).

The outermost layers represent the support for the mural paint-
ing and are usually represented by a plaster s.s. layer along with a
thin preparation layer. Nevertheless, in samples SM 14, SM 15 and
SM 37, it was not possible to distinguish these two layers: the only
layer observed most probably contemporarily performed the func-
tion of the plaster s.s. and the preparation layer (Table 1). Further-
more, layer SM 37-2 was directly joined to layer SM 37-0 (scratch
coat).

The GSD shows the highest density in the range of the medium
and coarse sand. The aggregate was poorly sorted whereas the cir-
cularity and roundness of grains were slightly lower than those
observed in the arriccio (Table 1). The boundary between the plas-
ter and the preparation layer was often hard to define, being textu-
ral changes, specifically a slightly finer GSD and a more sorted
aggregate plaster s.s., the only evidence.

Fig. 6 shows density histogram distribution of textural features
(circularity, roundness and u) for sample SM 12, as a representa-
tive of all the investigated plasters.
4.1.2. Bedding mortars
The bedding mortars showed a GSD between medium-fine silt

and medium-coarse sand with the highest density in the range of
fine silt. Grains were poorly sorted, with a medium-low value of
circularity and roundness (Table 1). Sample SM 38 (Fig. 5b) showed
an aggregate characterised by a bimodal distribution with a fine
fraction (silty-arenaceous) and a coarser fraction (conglomeratic),
made up of dark red grains.
4.1.3. Mosaic floors
The stratigraphic sequence was complete in SM 18 (Fig. 5c),

whereas in SM 30 it showed a single preparatory mortar-based
layer, most probably a rudus layer.



Fig. 6. Density histograms of textural features of the aggregate in sample SM 12: average values of circularity (Circ.) and roundness (Round.), along with statistical descriptors
of GSD (u) are reported (S(u) = standard deviation of u values).
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The aggregate used for the preparatory mortar-based layers
(rudus and nucleus) was a fine sand. Sorting ranged from 0.91 to
1.09 and grains showed a medium-high value of circularity and
roundness (Table 1). In sample SM 18, the boundaries between
the rudus, nucleus and supranucleus were continuous and sharp.
The aggregate in the supranucleus layers was absent (SM 18) or
located among the tesserae (SM 30).
4.2. Optical microscopy

4.2.1. Plasters
Scratch coat layers were formed by a lime binder (Fig. 7a) with

an aggregate content ranging from 44% (SM 17) to 52% (SM 12) and
composed of pyroclastic fragments (pumice and glass shards),
sanidine, ceramic fragments (commonly cocciopesto) showing fre-
quent reaction rims (Fig. 7b) and minor scoriae, Ca-rich pyroxene,
calcite, leucite-bearing tephritic lava fragments, plagioclase, mica,
and rare olivine and oxides. Leucite crystals in the lava fragments
often turned into analcime. The B/A ratio ranges between 0.92
and 1.27 (Table 2).

The arriccio layers (Fig. 7 c, d, e and f) were formed by a lime bin-
der mixed to volcanic aggregate and minor cocciopesto. The aggre-
gate in the arriccio layers is composed of tephritic lava fragments
(Fig. 7c), volcanic scoriae, Ca-rich pyroxene, sanidine (Fig. 7d), pla-
gioclase, pumice and cocciopesto. Limestone fragments, olivine,
quartz and oxides also occur. The aggregate in sample SM 17-1
showed a higher content in Ca-rich pyroxene in relation to the other
arriccio layers. Shards of bivalve shells also occur (Fig. 7e). In samples
SM 13-1, SM 14-1, SM 15-1a, SM 15-1b and SM 32-1, the aggregate
was characterised by abundant limestone fragments (Fig. 7f,
Table 3). The aggregate generally ranges from 37% (SM 32 and SM
33) to 44% (SM 12 and SM 13) and the B/A ratio is between 1.27
and 1.70; a higher aggregate content (almost 60%) and a B/A ratio
of 0.66 was only evidenced in sample SM 14-1 (Table 2).

Both the arriccio and scratch coat layers showed frequent
unmixed lumps of a binder (Fig. 7g), most probably due to an
incomplete mixing of the mortar components [15].



Fig. 7. Micrographs of plasters: a) lime matrix in the scratch coat, SM 12, crossed polarised light; b) rim reaction around a ceramic fragment in the scratch coat, SM 12, plane
polarised light; c) tephritic lava fragments, clinopyroxenes and plagioclase in the arriccio, SM 12, plane polarised light; d) sanidine in the arriccio, SM 15, crossed polarised
light; e) clinopyroxenes and shell shard of bivalve organism in the arriccio, SM 17, crossed polarised light; f) carbonate fragment in the arriccio, SM 15, plane polarised light; g)
unmixed lump in the arriccio, SM 31, plane polarised light; h) limestone fragments aggregate in the plaster s.s., SM 16, plane polarised light; i) carbonate aggregate, wall
painting covered by a thin coat of vanish and faint detachment in the preparation layer, SM 13, plane polarised light.
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Plasters s.s. were lime mortars with a limestone aggregate
(Fig. 7h) and subordinately mica and oxides. The aggregate gener-
ally ranged from 19% (SM 15) to 42% (SM 14) and the B/A ratio was
very high (up to 4.26) (Table 2). Only sample SM 13-2 presented a
low amount of a volcanic aggregate.

Finally, the preparation layers were composed of a lime mortar
with limestone fragments (Fig. 7i) and traces of oxides. The aggre-
gate ranged from 37% (SM 13) to 46% (SM 32) and the B/A ratio was
between 1.17 and 1.63. The wall paintings were generally covered
by a thin coat of varnish (Fig. 7i), absent only in SM 15 and in SM
37. In some preparation layers, some faint detachments were also
observed (Fig. 7i) [69].

4.2.2. Bedding mortars
The bedding mortars were formed by a lime binder and an

aggregate content ranging from 40% (SM 36) to 53% (SM 38) and
constituted by pyroclastic fragments (pumice and volcanic glass
shards, Fig 8a), and a low amount of cocciopesto (<2%, Table 2).
The B/A ratio ranges between 0.89 and 1.50.

Sample SM 38 presented the highest content of ceramic frag-
ments (Fig. 8b). The matrix is microcrystalline and shows sub-
rounded pores and shrinkage fissures. The rims of the ceramic frag-
ments showed frequent reaction rims. Vegetal frustules (organic
admixtures) were observed in sample SM 40 (Fig. 8c).

4.2.3. Mosaic floors
The preparatory layers of the mosaic floors (rudera and nuclei)

were all constituted by a lime mortar with a volcanic crystalline
aggregate and low amounts of carbonate, cocciopesto and rare
pumice (Table 2). The microcrystalline matrix showed some lumps,
often affected by shrinkage fissuring (Fig. 9a). DIA results showed
that an aggregate was among 46–48% for the rudera layers and
29% for the nucleus in SM 18-1. The aggregate was formed by coc-
ciopesto (Fig. 9b), Ca-rich pyroxene, scoriae, lava and limestone
fragments, plagioclase, sanidine and a lower amount of pumice,
olivine, quartz, mica and oxides. The B/A ratio was between 1.08
and 1.17 for the rudera layers and 2.45 for the nucleus.

The white tesserae were a limestone, namely a biomicrite. Ero-
sion (Fig. 9c) and crusts (Fig. 9d) on the surface of tessera were
noticed. On the other hand, the black tesserae were effusive
igneous rocks with a fine-textured porphyritic structure and a
tephritic composition. Leucite (Fig. 9e and f), plagioclase, Ca-rich
pyroxene and rare amphibole were identified.

Supranucleus (the bedding lime for the tesserae) was a cryp-
tocrystalline calcite in both mosaic floors; here the lack of aggre-
gate defined a network of cracks between the grain and tesserae
compromising their adhesion (Fig. 9c and e).

4.3. QPXRD

The quantitative PXRD results (Table 3) highlighted that calcite
is the principal mineral occurring in the mortar-based materials
along with plagioclase, alkali feldspar and clinopyroxene as the
mineral phases of the aggregate; minor quartz, leucite and/or anal-
cime also occur. Some samples also show traces of mica and hema-
tite in the aggregate fraction.



Table 2
Mineralogical analysis by DIA on OM micrographs. Abbreviations from [68]: Cal, calcite; P.R., pozzolanic reaction; Pum, pumice; Sc, scoria; Coc, cocciopesto; Afs, alkali feldspar;
Cpx, clinopyroxene; Mic, mica; Hem, hematite; Carb, carbonate fragment; Pl, plagioclase; Ol, olivine; Qz, quartz; Op.s., opaque substances; A, aggregate; B/A, binder-to-aggregate
ratio. Legend: xxx, abundant; xx, frequent; x, scarce; tr, traces).

ID_sample ID_layer Binder P.R. Pum Sc Coc Afs Cpx Mic Hem Lava Carb Pl Ol Qz Op.s. A (%) B/A

Plasters

SM 12 SM 12-0 Cal Yes 36 1 6 8 tr tr 1 tr tr tr – – 1 52 0.92
SM 12-1 Cal No 2 8 2 5 8 – 1 11 tr 7 tr 1 1 44 1.28
SM 12-2 Cal No – – – – – 2 – – 25 – – – tr 27 2.70
SM 12-3 Cal No – – – – – – – – 44 – – – tr 44 1.27

SM 13 SM 13-1 Cal No x x tr x x – tr x xx tr – – tr 44 1.27
SM 13-2 Cal No – x – tr x – – tr xx – – – tr 26 2.85
SM 13-3 Cal No – – – – – – – – xxx – – – tr 37 1.70

SM 14 SM 14-1 Cal Yes x x tr x x – tr x xx tr – – tr 60 0.67
SM 14-2 Cal No – – – – – – – – 54 – – – 2 42 1.38

SM 15 SM 15-1a Cal No x x x x x – tr x xx tr – – tr 42 1.38
SM 15-1b Cal No x x x x x – tr x xx tr – – tr 43 1.33
SM 15-2 Cal No – – – – – – – – xx – – – tr 19 4.26

SM 16 SM 16-2 Cal No – – – – – – – – xx – – – tr 28 2.57
SM 16-3 Cal No – – – – – – – – xxx – – – tr 41 1.44

SM 17 SM 17-0 Cal Yes xxx x x x x – tr x – tr – – tr 44 1.27
SM 17-1 Cal No tr 7 1 4 24 tr tr 3 tr 1 1 tr tr 41 1.44
SM 17-2 Cal No – – – – – – – – xxx – – – tr 24 3.17
SM 17-3 Cal No – – – – – – – – xx – – – tr 40 1.50

SM 31 SM 31-1 Cal No x x – x x – tr x xx tr – – tr 39 1.56
SM 31-2 Cal No – – – – – – – – xx – – – tr 27 2.70
SM 31-3 Cal No – – – – – – – – xxx – – – tr 44 1.27

SM 32 SM 32-1 Cal No x x tr x x – tr x xx tr – – tr 37 1.70
SM 32-2 Cal No – – – – – – – – xx – – – tr 40 1.50
SM 32-3 Cal No – – – – – – – – xxx – – – tr 46 1.17

SM 33 SM 33-1 Cal No x x tr x x – tr x – tr – – tr 37 1.70
SM 33-2 Cal No – – – – – – – – xx – – – tr 23 3.35
SM 33-3 Cal No – – – – – – – – xxx – – – tr 38 1.63

SM 37 SM 37-0 Cal Yes xxx x x x x – tr x – tr – – tr 48 1.08
SM 37-2 Cal No – – – – – – – – xx – – – tr 29 2.45

Bedding mortars

SM 36 – Cal Yes xxx tr x xx x – tr x – tr – – x 40 1.50
SM 38 – Cal Yes xxx x xx x x – tr x – tr – – x 53 0.89
SM 39 – Cal Yes xxx x x xx x – tr x – tr – – x – –
SM 40 – Cal Yes xxx x x xx x – tr x – tr – – x – –
SM 41 – Cal Yes xxx x x xx x – tr x – tr – – x – –
SM 42 – Cal Yes 29 tr 2 10 1 – 1 tr tr tr – – 2 45 1.24
SM 43 – Cal Yes xxx x x xx x – tr x – tr – – x – –
SM 44 – Cal Yes xxx x x xx x – tr x – tr – – x – –

Mosaic floors

SM 18 SM 18-0 Cal No 1 5 19 1 8 tr tr 5 4 2 1 tr 1 48 1.10
SM 18-1 Cal No x x xx x x tr tr tr x x tr tr tr 29 2.45
SM 18-2 Cal No – – – – – – – – – – – – – – –

SM 30 SM 30-0 Cal Yes x x xx x x tr tr tr x x tr tr tr 46 1.17
SM 30-2 Cal No – tr – – tr – – – – – – – – – –
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Quantitative Rietveld analyses also permitted highlighting the
presence of a Low Ordered or Amorphous Phase (LO-AP), most
probably ascribable to the volcanic glassy phase (pumice and sco-
riae) and the C-S-H and C-A-H phases; the latter formed after poz-
zolanic reactions between the lime and volcanic glasses or
cocciopesto grains [13], as observed in thin section and SEM obser-
vation (see hereafter).

X-ray patterns also permitted the identification of the different
layers of plasters and mortars from the Villa San Marco masonry, as
a function of calcite – silicates – LO-AP content (Table 3; Fig. 10).

The highest calcite content (>90%) was measured in plaster s.s.
and SM 32-1. This is due to the fact that calcite was the main com-
ponent of both the aggregate and the binder. Consequently, plaster
s.s. and SM 32-1 also accounted for the lowest LO-AP content. Sil-
icates are generally absent in these layers, except for samples SM
13-2 and SM 17-2 (Table 3).
In contrast, the highest LO-AP content occurs in the scratch coat
and bedding mortars samples. The diagram in Fig. 10 also high-
lights the low content of the crystalline phases (silicates) in the
aggregate of the scratch coat and bedding mortars samples, mainly
diffused in the arriccio layers.

According to their mineralogical composition (Table 3) and tex-
ture by OM, the white tesserae are composed of limestone, while
the black tesserae are fragments of tephrite.

4.4. SEM/EDS

The description of the morphological features of the mortar-
based materials must take into account, above all, the typology
of the predominant pores that can occur in different forms, such
as intra-particle pores and inter-particle pores. They are repre-
sented by rounded pores (RP), typical of the water evaporation



Table 3
Quantitative Powder X-ray Diffraction analysis (main abbreviations from [68]: Cal, calcite; Qz, quartz; Pl, plagioclase; Afs, alkali feldspar; Cpx, clinopyroxene; Lct, leucite; Anl,
analcime; Mic, mica; Hem, hematite; Am, amorphous; tr, traces).

ID_sample ID_layer Cal Qz Pl Afs Cpx Lct Anl Mic Hem Am

Plasters

SM 12 SM 12-0 40 – 6 10 tr – – – – 43
SM 12-1 27 – 14 13 18 1 1 – 1 24
SM 12-2 91 – – – – – – tr – 8

SM 13 SM 13-1 73 – 8 4 7 tr – – – 7
SM 13-2 91 – 4 tr 1 tr – – – 3

SM 14 SM 14-1 17 – 18 38 18 – 1 tr tr 7
SM 14-2 92 – – – – – – – – 8

SM 15 SM 15-1a 32 – 14 28 16 tr 1 tr tr 8
SM 15-1b 30 – 14 30 19 tr 1 tr tr 5
SM 15-2 93 – – – – – – – – 7

SM 16 SM 16-2 93 – – – – – – – – 7

SM 17 SM 17-0 50 2 7 9 5 – – tr – 27
SM 17-1 27 – 6 8 45 tr 1 1 – 12
SM 17-2 89 1 4 – – – – tr – 6

SM 31 SM 31-1 45 – 14 20 18 – – – – 2
SM 31-2 95 – – – – – – – – 5

SM 32 SM 32-1 89 tr – – – – – – – 12
SM 32-2 99 – – – – – – – – 1

SM 33 SM 33-1 72 – 7 7 4 – 1 tr – 9
SM 33-2 99 – – – – – – – – 1

SM 37 SM 37-0 62 – 10 15 3 – 1 tr – 9

Bedding mortars

SM 36 SM 36 29 – 11 8 1 5 – – – 45
SM 38 SM 38 40 – 9 8 1 – – 1 – 40
SM 39 SM 39 13 – 15 24 – – 2 3 tr 43
SM 40 SM 40 4 – 6 7 4 – – 1 – 79
SM 41 SM 41 16 – 13 11 – – – 4 1 55
SM 42 SM 42 20 – 10 12 – – – 5 tr 52
SM 43 SM 43 28 – 14 13 – – – 5 1 39
SM 44 SM 44 36 – 13 11 – – – 5 1 34

Mosaic floors

SM 18 SM 18-tessera 3 – 34 – 25 22 3 3 – 10
SM 30 SM 30-2 81 – – 4 – – – tr – 15

Fig. 8. Micrographs of bedding mortars: a) pumice, SM 36, plane polarised light; b) ceramic fragments, SM 38, plane polarised light; c) frustule, SM 40, plane polarised light.
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process, and shrinkage fissures (SF), related to the volumetric
changes of the mortar during the drying and the carbonation pro-
cess [23].

In the scratch coat layers, a predominance of intra-particle
pores in relation to inter-particle pores (RP and SF) was observed,
mostly due to the presence of pumices (Fig. 11a).

EDS analyses provided interesting results in terms of chemical
variations along the boundaries between the ceramic fragments
(cocciopesto) and the surrounding binder (SM 12-0 sample,
Fig. 12). A migration of Si, Al and Fe from the cocciopesto to the bin-
der was observed, triggering the consequent formation of the C-S-
H and C-A-H phases (see also [12,13]). The formation of these
phases, attesting a pozzolanic activity, and the almost total
absence of SF, improved the cohesion between the grain and the
binder.

In the arriccio layers, intra-particle pores sensibly decrease and
RP prevail (Fig. 11b).

The low content of an aggregate in plasters s.s. defined the
prevalence of SF in relation to intra-particle and RP. According to
Arizzi et al. [23], such SF, often extended up to the grain/matrix
boundary (Fig. 11c), and most probably compromised the mechan-
ical performances of the mortar.



Fig. 9. Micrographs mosaics floors: a) unmixed lump with shrinkage fissures in nucleus, SM 18, plane polarised light; b) cocciopesto in rudus, SM 30, plane polarised light; c)
Supranucleus and limestone white tesserae, SM 18, plane polarised light; d) Crust on white tesserae, SM 18, plane polarised light; e) Supranucleus, SM 30, plane polarised light;
f) Leucite-bearing tephritic lava black tesserae, SM 30, plane polarised light.

Fig. 10. Ternary diagram calcite – silicates – LO-AP (QPXRD).
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The Preparation layer for the mural painting showed a general
increase of the aggregate in relation to plasters s.s. The consequent
lack of shrinkage fissures (Fig. 11d) when compared to plaster s.s.,
determines a general reduction of total porosity [70].

Morphological features of the bedding mortars are very similar
to those described for the scratch coats (Fig. 11e). These materials
often show the occurrence of lumps in the matrix, that are widely
fissured and darker than the binder (Fig. 11e). These latter derived
from an advanced and localized pozzolanic reaction between the
lime and fine glassy particles. In fact, the EDS analysis provided
results compatible with the products of a pozzolanic reaction, such
as C-S-H and/or C-A-H (Fig. 13) [4].
5. Discussion

Crucial information emerging from the characterisation of the
mortar-based material from Villa San Marco is: type and prove-
nance of the raw materials and how they were managed by the
skilled workers to obtain the best technological features.
5.1. Raw materials

The raw materials could be basically referred to limestones and
different volcanic deposits along with some accessory materials
such as cocciopesto.

Limestones were used either as a lime-based binder in the mor-
tar and plasters or as aggregate grains. Moreover, cut limestone
tesserae were implemented for white geometrical decorations in
the mosaic floors.

Despite the lack of specific provenance markers, mesozoic lime-
stones from the Lattari Mountains (Fig. 1) were probably the
source of carbonates for the mortar-based materials of the ancient
villae of Stabiae, as deduced by the proximity of the outcrops; the
same hypothesis was supported by Piovesan et al., [17] regarding
the carbonate raw material from the Temple of Venus.

The other important materials of the mixtures have a volcanic
origin. The aggregate of the innermost layers of plasters (the
scratch coat and the arriccio) and the bedding mortars were consti-
tuted by volcanics, mainly minerals and glassy components
(pumices and scoriae). The source of such sand can be ascribed
to the southern Bay of Naples where the Somma-Vesuvius finger-
print can be easily recognised. This fingerprint mostly consists in
the occurrence of leucite that characterises the undersaturated
and potassium-rich volcanic rocks of Somma-Vesuvius [27,71].
Pumice enhanced the pozzolanic effects and, in some instances,
cocciopesto was also added to enhance the same activity. The vol-
canic products of the Somma-Vesuvius volcano also provided the
black stones (tephritic lavas) used along with white limestone as
tesserae in the mosaics of villa S. Marco.

The right mixing between almost pure lime and pozzolana gave
hydraulic properties to mortar-based materials, indicating how the
ancient skilled workers were aware of the technical properties of
these materials [5,11–13,17,37]. The utilisation of glass-rich pyro-
clastic deposits and ceramic fragments in order to strengthen the
performances of the mortar-based material was a technological
skill widely used during the Roman period. Particularly interesting
is the case of pulvis puteolanus cited in Vitruvius’s treatise De Archi-



Fig. 11. SEM microphotographs: a) intra-particle porosity of pumice in the scratch coat SM 17-0; b) rounded pores in the arriccio SM 12-1; c) shrinkage fissures in plaster s.s.
SM 16-2; d) preparation layer in sample SM 16-3; e) reaction lumps in bedding mortars SM 42; f) microporosity in the matrix of sample SM 17-0.

Fig. 12. SEM image and EDS spectra along the reaction rim between the ceramic fragments and the binder in a scratch coat SM 12-0.

F. Izzo et al. / Construction and Building Materials 117 (2016) 129–143 139
tectura used for ancient seawater concretes and deriving from the
pyroclastic activity of the Campi Flegrei [52,72]. A volcanic aggre-
gate in fact, frequently occurs in the mortar-based materials of
the Campania region, both in coastal areas (e.g. the Bay of Naples)
and in inland Apennine areas, thanks to the availability and diffu-
sion of pyroclastic deposits (both fall deposits and ignimbrites).

The ancient cities of Pompeii and Herculaneum offer a wide
range of examples, since several private and public buildings have
been investigated such as, the Temple of Venus [17], The Garum
Shop [12], Casa di Pansa, Casa 17 [13] (Pompeii) and Villa dei Papiri
(Herculaneum) [73].

As far as the volcanic aggregate is concerned, the mortar-based
materials were made using a recipe of lime and volcanics, both
available in the Vesuvius-environs. The latter are mostly consti-
tuted by leucite and leucite-bearing scoriae. In the afore-
mentioned examples, the pozzolanic behaviour was also supported
by the presence of cocciopesto.

In the northern part of the Bay of Naples, examples from the
Campi Flegrei [74,75] also highlighted the presence of volcanic
grains that are likely linked to the trachitic volcanic activity in this
area [51]. The use of ignimbrite fragments, namely Neapolitan Yel-
low Tuff with the typical mineralogical association phillipsite-
chabazite-analcime, is reported in the hydraulic mortars from the
Piscina Mirabilis and the Thermal Complex of Baia in the Phlegraean
area [74,75]. Lastly, since the explosive activity of volcanoes from
Neapolitan district emplaced fall deposits in the internal area of
the Campania region, the addition of pozzolanic-materials has
been hypothesised also for the mortars of the Roman Theatre
and Trajan’s Arch in Benevento [76].
5.2. Technology of mortar based-materials

The obtained data allowed us to understand that the plasters of
Villa San Marco were prepared following the typical enforcement
techniques of the skilled workers during the Roman Age [77].
Those techniques were based on a multi-layer covering formed
by a scratch coat, arriccio, plasters s.s. and a thin preparation layer
for the mural painting. Each level of plaster was specifically
designed to meet the best construction requirements.



Fig. 13. SEM image and EDS spectra of a reaction lump in the bedding mortar SM 42.
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For example, the scratch coat layer was a lime mortar made
with a pozzolanic aggregate (mainly pumice and volcanic glass
shards) and ceramic fragments (cocciopesto), with a binder-to-
aggregate ratio between 0.92 and 1.27. The pozzolana-based raw
material was used to promote a rapid setting of the mortar and
to improve its adhesion to the wall.

The arriccio layer was a lime mortar where the volcanic aggre-
gate (B/A between 0.67 and 1.70) is mostly composed of silicate
crystals rather than pozzolana and/or cocciopesto, as highlighted
by OM and QPXRD analyses. The quantitative approach on the
XRD spectra detected a LO-AP content generally lower than those
measured in the scratch coats (Table 2 and Table 3).

The medium-high values of the circularity and roundness of the
grains, medium-high sorting and an adequate B/A ratio, conferred
to the arriccio layers a high workability, allowing a vertical and pla-
nar correction of the rough surfaces of the scratch coat layer.

The scratch coats and arriccio layers showed some lumps, which
provided other important information regarding the workmanship
of mortar-based materials. These lumps may represent defects
related to the preparation of the lime and appear in the form of
inclusions of underburnt material or hardburnt particles [15]. On
the other hand, the lumps can be related to the mixing procedures
of the mortar components (unmixed lumps). The lime inclusions in
the mortar-based materials of Villa San Marco are most probably
unmixed lumps, as they showed the same optical features of the
matrix (e.g. colour, texture). The occurrence of the unmixed lumps
can also be related to the use of pozzolanic raw material that can
promote an incomplete mixing of ingredients by reducing the pro-
cessing time of fresh lime mortar.

Another hypothesis is that craftsmen could have preferred to
not prolong the mixing time, in order to avoid an air excess in
the mix, which could have deteriorated the mechanical perfor-
mances and durability of the mortars [15].

The plasters s.s. were lime mortars with a calcite aggregate and
a B/A ratio value between 1.38 and 4.26. The low value of the cir-
cularity and roundness of the grains suggests that the aggregate
derived from crushed limestones. The low amount of aggregate
most probably promoted the development of the shrinkage fissures
during the curing and hardening stages of the mortar. As a conse-
quence, the cohesion between the grains and binder may decrease.
Plaster s.s. represented a supporting medium for the mural paint-
ing and was coated by a thin preparation layer composed of a lime
mortar with a carbonate aggregate, but with a lower B/A ratio
(from 1.17 to 1.70) and a sub-angular and moderately sorted
aggregate. These textural features, along with the lower values of
GSD, ranging from fine silt to very coarse sands, with the highest
density in the range of the coarse sand, conferred a low porosity
to the preparation layer, preventing the absorption of pigments
from the mural painting by the underlying more porous support
(plaster s.s.).

Mural paintings were realised as frescoes, often coated by a thin
varnish layer in order to preserve the painting and to enhance its
colours (encaustication). Any failures during the execution of the
fresco were resolved simply by removing the preparation layer or
even the plaster s.s.; this is the reason why plaster s.s. generally
manifested a low cohesion. A calcite-bearing aggregate in the
external layers also formed a white and neutral base for the
pigments.

The bedding mortars of Villa San Marco were lime mortars
made with a pozzolanic lightweight aggregate (mainly pumice
and volcanic glass shards) and cocciopesto (never exceeding 2%),
with a binder-to-aggregate ratio between 0.89 and 1.50 (Table 2).

Once again the presence of a pozzolanic raw material is higher
than the silicate crystals, thus promoting a rapid setting of the
mortar and a better mechanical performance after hardening, that
was necessary to ensure the bedding of the structural elements of
the masonry. It is worth noting that the occurrence of some organic
admixtures (frustules) in sample SM 40 were most probably used
to improve the cohesion and flexibility of the mortar.

The mosaic floors were also made with a multi-layer technol-
ogy. Starting from the bottom, the floors were composed of two
levels of mortar-based preparations, named rudus and nucleus,
and a coating in opera musiva made of lapidee tesserae bedded with
a thin layer of lime (supranucleus).

The Rudera and nucleiwere lime mortars with volcanic sand and
abundant cocciopesto, with a B/A ratio value between 1.10 and
2.45. Cocciopesto was also used to obtain a harder mortar-based
material that better supported the compressive and dynamic stres-
ses usually affecting a floor. The Nucleus presented a minor content
of an aggregate when compared to the rudus. This feature provided
a better workability of the fresh mortar allowing, during the
enforcement of the nucleus, a horizontal and planar correction of
the rough surface of the rudus. Both the rudera and nuclei presented
the occurrence of unmixed lumps: the local absence of an aggre-
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gate in the unmixed lumps caused shrinkage fissures (Fig. 10a) due
to a localized volumetric destabilization.Supranuclei were only
made of lime, although sporadic volcanic sand, generally located
between the mosaic tesserae of sample SM 30, was also found.
The addition of volcanic sand was probably used to prevent a vol-
umetric contraction during the curing of the mortar and the conse-
quent formation of shrinkage fissures that could extend to the
interfacial zone between the supranucleus and the tesserae.

The technological features of the plasters, bedding mortars and
mortar-based preparation layers of the mosaic floors from Villa San
Marco, here reported, find a good comparison with the Temple of
Venus in Pompeii [17]. There, the authors recognised a multi-
layer technology of plasters (scratch coat > arric-
cio > intonaco > preparation) and floors, where each layer offered
a precise support to the wall painting. Moreover, cocciopesto repre-
sented the favourite aggregate for the preparation of mosaic floors
as noted in Villa San Marco. As far as the technological skills of the
Pompeian workers are concerned, Piovesan et al. [17] assigned
some properties of the plasters, such as the changes in GSD among
the same mortars from the same stratigraphic unit or the occur-
rence of frequent lumps, to poor attention in the preparation of
the plasters or poorly specialised workers.

On the other hand, the plasters from Villa dei Papiri in Hercula-
neum [73] are formed by only two distinct layers: the inner layer is
made up of a carbonate binder and a volcanic aggregate, while in
the outer layer, both the binder and the aggregate are carbonate.
A finishing layer gave brightness and lustre to wall paintings.

Nevertheless, a multilayer plasters building technique, common
to all important monuments, can be asserted, addressing a stan-
dard working practice among the skilled workers, in terms of tech-
nology as well as raw materials.

No evidence of this multilayer technology has been reported for
the plasters from the Garum Shop in Pompeii [12]. The authors
described only one sample with two layers distinguished by the
presence of cocciopesto in the external layer. This can be due to
the lower artistic value of the masonries, not decorated by frescoes.

Finally, along with the broad composition of the aggregate and
the binder of the joint mortars samples from different archaeolog-
ical sites in the Vesuvius-environs [12,13,17], a quite homogeneous
B/A ratio (ranging from 1 to 1.5) can be also observed, again testi-
fying precise and standardised technological choices.
6. Conclusions

This current research permitted a first minero-petrographic
characterisation of the raw materials used to produce the
mortar-based materials from Villa San Marco. They were classified
according to the type of the binder and aggregate. Furthermore, the
whole data set permitted a reconstruction of the ancient tech-
niques implemented for the realization of these mortar-based
materials, focusing on the ability of the ancient skilled workers.

Building materials used in ancient Stabiae architecture most
probably had a local provenance, and are consistent with the sur-
rounding geological setting. In fact, both the pozzolanic materials
such as pumice and crystals (clinopyroxene, feldspar and acces-
sories) compose volcanic beach sands and scoriae deposits [27]
deriving from the degradation of the effusive igneous rocks from
the Somma-Vesuvius volcano, as inferred by the mineralogical
composition. Pumice and other volcanic glasses were added as a
natural pozzolanic aggregate for the bedding and rendering mor-
tars and are more abundant in the scratch coat and mortars; crys-
tals, on the other hand, form the aggregate of the arriccio layers and
plasters s.s.

It is hypothesized that a coarse crystal-rich fraction and a finer
glassy/pumice-rich fraction, could have been easily separated by
sieving a volcanic sand, thus providing the two products in differ-
ent sizes and shapes [17,78].

The finer grain size was most probably constituted by the glassy
component of the sediment (fine pumice and glass shards which
promoted the high pozzolanic reactivity of the scratch coat layers
and the bedding mortars; a further addition of cocciopesto even
improved the pozzolanic aptitude of the mortar. In contrast, a less
reactive and coarser fraction, mainly constituted by crystals was
used as an aggregate in the lime-based mortars (arriccio layers).

These findings demonstrate a high level of specialization on the
part of the workers and artists involved in the construction of Villa
San Marco and the other maritime villas of Stabiae, as well as a high
level of knowledge of the properties of the raw materials used.
These raw materials were accurately selected in order to create a
high quality and artistic product, as testified by the implemented
refined techniques and the durability of the artefacts.

The comparison with published research on mortar-based
materials from other sites of the Vesuvius-environs confirmed a
wide utilisation of local raw materials. Furthermore, a multilayer
technology of plasters seems to have been adopted for valuable
or monumental buildings, as in the case of the patrician otium vil-
las of Stabiae or the Temple of Venus in Pompeii. On the contrary, a
rough and fast technology (only two layers) was adopted for com-
mon buildings (e.g. the Garum Shop) [12,13].

This research contributes to the knowledge and understanding
of the technical, artistic and architectural skills achieved during
Roman times. It may represent a valuable reference for the future
restoration of Villa San Marco masonries that, despite their quite
good state of conservation, are prone to an on-going decay due
to weathering as well as the presence of tourists in the archaeolog-
ical area of ancient Stabiae.
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