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This research deals with mineralogical, petrographic, chemical, and microstructural characterization of raw
materials from the Roman Dragonara cave (Phlegraean Fields, Campania region, Italy) through Polarized Light
Microscopy (PLM), X-ray Powder Diffraction (XRPD), Field Emission Scanning Electron Microscopy coupled with
an Energy Dispersive Spectrometer (FESEM/EDS), Simultaneous Thermal Analysis (STA) and Mercury Intrusion

Ceramic . . K N g .

cocciopesto Porosimetry (MIP). The aim of this study was to asses mortars hydraulic properties along with provenance of raw
Aggregate materials and mortars recipe. A focus on the reactions between the surface of the ceramic aggregates and vol-
Reactivity canic materials with binding matrix proved to be crucial to define their role in the mix design of mortars.

Representative results showed that hydraulicity of the analyzed mortars is mainly due to volcanic materials
rather than ceramic fragments. In fact, reaction active elements such as Reaction Rims (RR), Interfacial Tran-
sition Zones (ITZ) and particularly Ca-rich rims were usually found at the matrix-volcanic fragments interface.
Moreover, porosity tests evidence that bedding mortars, which contain mainly volcanic material and only
sporadically ceramic fragments have a higher closed porosity of binder matrix due to the good pozzolanic
reactivity.

1. Introduction

The manufacturing of mortars can be considered such an art that
began in historical times. Ancient authors, such as Pliny the Elder,
described practical instructions to produce and mix ingredients such as
lime, known since Egyptians. However, a wide diffusion of these geo-
materials, and especially the innovations in the production technologies,
notably occurred in the Roman Empire. Mortars are composite

geological-based materials of high complexity due to their variable
composition which is strictly connected to local techniques and tradi-
tions, as well as changes over time by interaction with the environment.
They may play several roles in the masonry such as bedding mortars,
plasters, bonding of ceramic tiles or pavements.

The ancient Romans initially used mainly aerial lime as a binder. The
hardening of mortars occurred very slowly (today we would say “slow
setting™) as regards aerial lime binder, because the lime consolidation is
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Fig. 1. A) Geological sketch map of Phlegraean Fields (modified after [31]). B) Sketch map of the Dragonara cave with sampling points (modified after Amalfitano

et al., 1990). C-d) Interior of Dragonara cave.

due to the reaction of Ca(OH) with CO» in the air, producing CaCO3 [1].

From the 1st century BCE, Roman craftsmen guessed that the com-
bination of lime with a specific volcanic sandy material, called pozzolana
(in latin Pulvis Puteolana, literally powder from Pozzuoli, a typical de-
posit related to Neapolitan Yellow Tuff eruption of 15.000 years ago [2])
led mortars and concretes to become hydraulic, allowing underwater
hardening and increasing their mechanical strength [3-5]. Thanks to the
recombination of alumino-silicate provided by pozzolana and Ca(OH),
in aqueous solution, hydration reaction produces calcium silicate and
calcium aluminate hydrates, the so-called C-A-S-H gel [6].

Whether volcanic material was not available, fragments of artificial
materials (e.g., ceramic fragments), having similar hydraulic properties
as pozzolana, were used. The mortars made with ceramic fragments are
called cocciopesto and these were preferred in water-bearing structures
and to protect the walls from moisture, typically in baths, canals, and
aqueducts [7-12].

This innovation in the mortars production technology can be linked
to the most current research themes such as sustainability and recycling.
Previous studies [13,14] highlighted that ceramic fragment used within
the cocciopesto are different in terms of optical activity (birefringence),
petrographic characteristics, and texture. This led to hypothesize that
they derive from recycled material from different ceramic productions
and allegedly represents the first example of reuse and recycling in
history [13,14].

Several studies [15-19] were carried out on Roman mortars and
ceramic artifacts, whereas less attention has been focused on the ceramic

fragments used in hydraulic mortars.

The Dragonara cave is a Roman cistern located in the Phlegraean
Fields Archaeological Park. Thanks to its geographical position, the
Dragonara cave offers the most suitable conditions to carry out a study
about the manufacturing of Roman mortars due to its proximity to the
ancient pozzolana quarries. In addition to the pozzolana used for the
mortars, ceramic fragments were also discovered as a construction
material of the cistern. Therefore, the aim of this work is to characterize
for the first time the Roman mortars from this important archaeological
site in order to: 1) define provenance of raw materials and recipe and 2)
assess hydraulic properties with a specific focus on the reactions be-
tween the surface of the ceramic aggregates and volcanic materials with
binding matrix.

2. Geological and archaeological background

The Dragonara cave is located in the Phlegraean Fields Area (CFA)
(Fig. 1a), an area of the volcanic district in the western part of the city of
Naples, also including Ischia and Procida islands. Its volcanic history is
characterized by several eruptions from mainly monogenetic volcanic
edifices that emplaced pyroclastic deposits and sporadic lava flows [20,
21].

Phlegraean Fields volcanism starts in the Upper Pleistocene, dating
back to 80 ka deposits exposed at Monte di Procida and Procida Island,
San Severino, Punta Marmolite, at the eastern border of Piano di Quarto,
Camaldoli, in the urban area of Naples, San Martino Hill [22] Castel
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Table 1

List and brief macroscopic description of the examined mortar according to UNI EN 11305 [34] and UNI EN 12407 [35].
Sample Typology Binder colour Aggregate size Cohesion Petrographic lithotype
DR1 Coating mortar Beige Uptolcm + ++

DR2 Coating mortar light beige Up to 1.5 cm + ++
DR3 Coating mortar whitish Upto1lcm + ++
DR4 Coating mortar beige Uptolcm + +
DR5 Coating mortar light beige Up to 1.5 cm + ++
DR6 Coating mortar beige Uptolcm + +

DR7 Bedding mortar light brown Up to 0.5 cm ++ m

DR8 Bedding mortar light brown Up to 0.5 cm ++

(continued on next page)
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Table 1 (continued)
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Sample Typology Binder colour Aggregate size Cohesion Petrographic lithotype
DR9 Coating mortar whitish Uptolcm + + e
g b
e _\‘ ”
DR10 Coating mortar light beige Uptolcm +++
—1l cm

Cohesion: + ++ , high; + +, medium; (i.e., the cohesion has been evaluated to the touch, depending on the crumbling of the material).

dell’Ovo and Capodimonte, whereas the southern sector of Phlegraean
Fields is today submerged in the Pozzuoli Gulf.

The two high-magnitude eruptions of Phlegraean Fields represented
by the Campanian Ignimbrite (CI, ~ 39.8 ka [23] and the Neapolitan
Yellow Tuff (NYT, 15.4 ka) [2,24]. CI event is the most powerful erup-
tion of Phlegraean Fields, which emplaced a widespread pyroclastic fall
and flow sequence and caused a large caldera collapse encompassing
Phlegraean Fields and Naples [25]. Post caldera volcanism, developed
with tuff and scoriae cones along the caldera border (i.e., Trentaremi tuff
ring, Torregaveta vent, Monte di Procida, Solchiaro tuff ring and Procida
island; [[26] and references therein], occurs before the NYT (Neapolitan
Yellow Tuff) eruption. NYT eruption emplaced a large volume of pyro-
clastic deposits both lithified (due to zeolitization processes and repre-
senting the NYT s.s.) and massive (called “pozzolana”; [27]).

After some inactivity periods, other explosive eruptions both at the
caldera borders (i.e., Soccavo, Pianura, Agnano, Porto Miseno, Bacoli, Baia
and Fondi di Baia; [28] and in the central area of the caldera, as well as
Capo Miseno and Nisida, took place.

Located at the eastern end of the beach of Capo Miseno, the Dragonara
cave (from the latin “tracon” which means “rocky”; Fig. 1b) is a large
Roman cistern dug into the tuffaceous promontory [29]. The cistern is
about 60 m length, 50 m wide and 3.5-7 m high and has a quadrangular
plan divided into five naves by four rows of pillars carved out in the tuff,
covered by the “opus reticulatum” and by hydraulic “cocciopesto” [30]
(Fig. 1b, c and d). The cistern was accessible originally only from the
above through openings in the barrel vault (supplied with stairs) and
used to the water introduction and maintenance. Nowadays the cistern
is partly submerged because of the bradyseism, therefore a suspension
bridge allows people to get inside.

3. Materials and methods

Ten mortar samples, consisting of eight coating mortars and two
bedding mortars (Table 1 and Fig. 1b), were collected according to
recommendation of the Archaeological Park of Phlegraean Fields and in
collaboration with archaeologists. The sampling strategy was performed
after an accurate on-site survey to define the most representative sam-
ples in terms of archaeological and architectural significance. For safety
reasons it was possible to sample only one sector of the structure.

Experimental investigations were performed at the DiSTAR (Dipar-
timento di Scienze della Terra, dell’Ambiente e delle Risorse, Universita
Federico II di Napoli) and DST (Dipartimento di Scienze e Tecnologie, Uni-
versita del Sannio).

Petrographic analysis was carried out on thin sections via PLM with a
Leica Laborlux 12 pol microscope. To evaluate mineralogical composi-
tion of binder, aggregate, ceramic fragment and neo-formed phases, a
mechanical separation was carried out according to the UNI-EN 11305

recommendation.

Qualitative mineralogical composition of samples was obtained by
XRPD using a Panalytical X’Pert Pro diffractometer equipped with a
RTMS X’Celerator detector (Cu-Ka radiation, 40 kV, 40 mA, 26 range
from 4° to 70° using a step interval of 0.017° 26, with a step counting
time of 120 s). The Panalytical Highscore Plus 3.0c software and PDF-2/
ICSD databases were used to identify mineral phases.

Microstructural and chemical analyses of the investigated geo-
materials, aimed to determine major elements chemical composition of
binder and the lime lumps and to study ceramic fragments present as
aggregates, were carried out by FESEM-EDS; Zeiss Merlin VP Compact
and JEOL JSM-5310 coupled with Oxford Instruments Microanalysis
Unit equipped with an INCA X-act solid state detecto,;(Carl-Zeiss-
Strasse, Oberkochen, Germany and Jeol Ltd., Tokyo, Japan,
respectively).

Data sets were obtained using an INCA X-max processor (Oberko-
chen, Germany) (15-kV primary beam voltage, 50-100 A filament cur-
rent, from 30,000 to 200,000 x magnification, 20 mm working
distance, and 50 s real-time counting) by means of INCA Energy soft-
ware 5.05 (XPP array and pulse pile-up corrections). Optimization of
signals was carried out using cobalt (FWHM peak height of the strobed
zero = 60-65 eV) as a reference. Smithsonian Institute and MAC (Micro-
Analysis Consultants Ltd., Saint Ives, UK) standard materials used for
calibration and accuracies about EDS chemical analyses are reported in
literature [14].

Furthermore, FESEM-EDS analyses were performed on areas with
homogeneous appearance and with spots of 10 um for measuring
hydraulicity index (HI) of binder and lime lumps. According to [32], the
semiquantitative measure of HI accounts for the (SiOy +Al,03 +
Fep03)/(Ca0O + MgO) ratio.

To determine the total (binder plus aggregates) hydraulicity index of
these materials, thermal analyses (Thermogravimetric Analysis-TGA/
Differential Scanning Calorimetry-DSC) were carried out. A Netzsch
STA 449 F3 Jupiter thermal analyser coupled with a Netzsch Proteus
6.1.0, and Opus 7.0 software was used. Samples were placed in alumina
crucibles and weight loss was monitored through a heating cycle from
40° to 1000°C with a temperature gradient of 10 °C/minute in an air-
purged, silicon carbide furnace. This process reveals thermal trans-
formations, such as dehydration, dihydroxylation, oxidation, and
decomposition, thus providing quantitative information on binder
compounds.

Connected porosity and pore size distribution were investigated by
means of Mercury Intrusion Posimetry (MIP) on three representative
sample fragments (DR1, DR7 and DR9) one for each petrographic group
(PG) selected based on availability and macro-microscopic features. The
specimens, with bulky volumes less than 5 cm®, were carefully broken
off to avoid any changes in the natural distribution of the porous space
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Fig. 2. Microphotographs of mortar components (in CPL: cross polarized light; PPL: plane polarized light). a) cryptocrystalline (CM) to micritic (MM) textured binder
of the coating mortar (CPL); b) lime lump (LL), (PPL); ¢) ceramic fragments (Cf), (CPL); d) pumice (P) with reaction rims (Rr), (PPL); e) the micritic (MM) to
cryptocrystalline (CM) matrix of bedding mortar, with a pumice (P) and a clinopyroxene (cpx) fragment (CPL); f) pumice (P) with reaction rims (Rr), (PPL).

and then dried for 24 h in a vacuum oven at ~ 70 °C. MIP analyses were
performed, using a Thermo Finnigan Pascal Hg porosimeter (140 and
440 series), operating at a maximum pressure of 400 Mpa, capable of
investigating macro-meso pores with radius between 58 and 0.0019 nm
according to IUPAC [33 and references therein]. Data were processed by
SOL.I.D (Solver of Intrusion Data), software (Ver. 1.6.6. — Thermo Sci-
entific), allowing to determine real and bulk densities, Hg open porosity,
total pore surface area, and average, median, and modal pore radius.
The software creates automatically, for each instrument, a folder for
Blank, for analyses (Data), for combined 140 and 240 or 440 files
(Combi) and for analytical methods. The data files in SOL.L.D contain the
raw data already corrected: 1) volume (mrn3/g), already corrected by
the blank subtraction and divided by the sample mass, 2) pressure
(Mpa), already corrected by the hydrostatic pressure of mercury over the

sample.

The real density of binder (B) was indirectly determined, according
to method suggested in literature [33], using the following general
formula:

Xn(B) = [Xn(M) — (Xn(a)x%(a)) — (Xn(b)x %(b)) — (Xn(c)x %(c)) — (Xn
(d)x%(d)) = Xnlx%(e-) — Xn(H)x%(f-) - (Xn(-)x%(-))] / %(A)

where Xn(B) is the unknown property of binder to be determined (in this
case the real density), Xn(M) is the real density of mortar sample and Xn
(a)x %(a),. (b) are the density and the percentage known from modal
microscopic analysis and from literature (or determined experimentally)
respectively.
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Fig. 3. Scanned thin section images of the investigated samples. Coloured contours of ceramics refer to the petrographic groups as indicated by the dendrogram.
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Table 2
Petrographic features of ceramic fragments.
Petrograhic PG1 PG2 PG3 PG4
group
Samples DR3, DR6, DR8, DR10 DR2, DR3, DR4, DR10 DR1, DR2, DR3, DR7, DRS8, DR9, DR3, DR4, DR5, DR9
DR10
Optical active to inactive active to weakly active strongly active active
activity
of the
ceramic
matrix
Porosity 10-15% 5-10% 5-10% 5-10%
Shape sub-rounded to weakly oriented sub-rounded to elongated sub-rounded to elongated sub-rounded to elongated
Packing 25-30% 20-25% Ca. 25% 20-25%
Grain size bimodal bimodal bimodal bimodal
distribution
Inclusions clinopyroxene, alkali feldspar, plagioclase, alkali feldspar, plagioclase, alkali feldspar, amphibole, alkali feldspar, clinopyroxene,

volcanic lithics (trachytes), pumice, glass
shards, mica, garnet and leucite-bearing

volcanic lithics (trachytes), glass
shards, grog, opaque minerals,

clinopyroxene, volcanic lithics
(trachytes), leucite-bearing scoriae,

plagioclase, volcanic lithics
(trachytes), mica, pumice, grog,

scoriae mica mica leucite
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Fig. 4. TAS (Total Alkali vs. Silica; [42]) classification diagram for the analysed glassy pumice aggregates Phlegraean Fields and Somma Vesuvius data are from [27].

4. Results and discussion
4.1. Texture and petrography of mortars

Preliminary macroscopic observation of mortars showed that they
occur in various hardness degrees, varying from intact, to quite dusty
and to friable (Table 1). From a textural point of view, samples show an
overall aggregate size ranging from fine- to coarse-grained.

According to optical microscopy observations, coating mortars
showed a binder with a prevailing cryptocrystalline texture and a sub-
ordinately micritic (Fig. 2a).

Binder fraction also contains abundant subrounded lime lumps from
millimetric to centimetric size (Fig. 2b). Lime lumps generally represent
a non-reacted lime and their formation reasonably occurrs during slak-
ing process of lime, likely due to an insufficient setting of Ca(OH)3 and/
or a low water/lime ratio (usually 3,5/4:1); [36-38].

The mortars recipe in terms of aggregate, is the so-called cocciopesto,
a typical building material frequently used in the ancient Rome for
waterproof structures, such as cisterns and thermal baths [3]. The
aggregate abundance ranges from 40% to 60%, as evaluated from
comparative charts [39], and is mainly represented by ceramic frag-
ments (Fig. 2c), volcanic fragments, pumice, and scoriae (Fig. 2d).
Ceramic fragments appear different in terms of optical activity of the
ceramic matrix, texture, and mineralogical composition (Fig. 2c). Sec-
ondary calcite on pore rims and pumice vesicles also occurs.

Volcanic aggregates consist of trachyte clasts (polycrystalline ag-
gregates of dominant sanidine) and tuff fragments (various microcrys-
tals dispersed in an ashy matrix). In addition, loose crystal fragments of
sanidine, plagioclase, clinopyroxene and mica were also detected in the
binder matrix.

Bedding mortars are characterized by binders with a prevailing
micritic and subordinately cryptocrystalline texture (Fig. 2e). The
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Fig. 5. BSE micrographs of a) DR7 and b) DR3 samples showing reaction rim between binder and pumice aggregaetes and elemental maps of Si, Ca and Al.

amount of millimetric lime lumps detected in this type of mortars is
lower than that in coating mortars, testifying a greater degree of care/
success in slaking of lime and in the mixing of raw materials. The
aggregate fraction ranges from 30% to 40% and mainly consists of
volcanic components (pumice, scoriae and volcanic lithics; Fig. 2f),
along with rare ceramic fragments. Pumice shows evident reaction rims
(Fig. 2f) and volcanic lithics are represented by trachyte and tuff.
Sanidine, plagioclase, mica, and clinopyroxene were also identified in

the binder matrix.

4.2. Petrographic description of ceramic fragments

Considering the heterogeneity of ceramic aggregates (coating mor-
tars in particular), it was essential to carry out a detailed characteriza-
tion of these aggregates.

The investigated ceramic fragments can be divided into four groups
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Table 3
Thermal analysis features of investigated samples.

Sample SBW % 200-600 °C C0O>% 600-800 °C CO,/SBW LOI

DR1 2.42 24.66 10.19 30.20
DR2 2.57 24.77 9.64 29.22
DR3 2.8 25.72 9.19 30.88
DR4 3.6 23.69 6.58 29.48
DR5 3.85 2491 6.47 31.14
DR6 3.31 23.55 7.11 29.64
DR7 3.05 16.74 5.49 23.74
DR8 2.95 13.49 4.57 20.39
DR9 3.85 24.39 6.34 30.68
DR10 3.54 24.4 6.89 30.09

Abbreviations: LOI= Loss on Ignition; SBW= Structurally Bound Water.

(Fig. 3), based on their petrographic features, named Petrographic
Group 1 (PG1) to 4 (PG4). Representative thin section images are shown
in Supplementary Material (S1) for each Petrographic Group identified
(Table 2). The features detected for each PG are reported in a synoptic
table (Table 2) to highlight the differences between themselves. In
detail, all PG show a bimodal distribution of grains and inclusions
ranging from 20% to 30%. The optical activity of the ceramics body is
extremely variable from strongly active to inactive, often even in the
same PG. The main inclusions in ceramic fragments are characterized by
alkali feldspar, plagioclase, mica, volcanic lithics (trachyte) and juvenile
fragments (glass shards and pumice), whereas clinopyroxene (except for
PG2) and amphibole identified only in PG3. In addition, the presence of
some minerals, represented by leucite (PG1, PG3, PG4) and garnet (PG1)
detected in some petrographic groups, may provide useful information
on the origin of the raw material used to make the different ceramic

Construction and Building Materials 411 (2024) 134408
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Fig. 7. Binary CO5/SBW vs. CO, (%) diagram comparing the obtained data
from Dragonara cave (DR) and those of [37]. Abbreviations: NPM: natural
pozzolanic mortars; APM: artificial pozzolanic mortars; HLM: hydraulic lime
mortars; LM: lime mortars.

fragments.

Secondary calcite has been also observed in PG1l, PG2 and PG3
mainly along the porosity and it increases at the ceramic aggregate-
mortar boundary.

Moreover, other two intermediate Petrographic Groups have been
identified, i.e., PG2-4 and PG3-4, showing combined mineralogical vs.
petrographic features between groups 2-4 and groups 3-4, respectively.

4.3. Mineralogical, micro-structural and chemical characterization

4.3.1. Binder and aggregates

Samples were separated in (1) binder and (2) aggregates (excluding
ceramic fragments, due to their extreme variability), according to the
UNI-EN 11305 [34]. XRPD results confirmed the occurrence of
lime-based mortar with volcanic aggregate, as shown by
semi-quantitative analyses reported in Supplementary Material 2 (S2).

Regarding binder phases, calcite is the most abundant phase with
subordinate gypsum. The latter phase was detected in DR5 and DR8 and
could be ascribed to sulphation processes of calcite due to pH decrease
value, caused by dissolution of atmospheric SO [40].

According to XRPD analyses, aggregates contain fragments of Phle-
graean tuff, with the typical zeolitic association phillipsite-chabazite-
analcime [2,41] (de Gennaro et al., 1999; Colella et al., 2017), along
with sanidine, pyroxene, and mica as pyrogenic phases. Quartz in all
coating mortars is referred to inclusions in ceramic fragments.

EDS analyses showed a binder (Supplementary Material S3) is
mainly composed of CaO + MgO varying from 24.4 to 50.3 wt%, with
SiOy + Al;O3 + FeO sum varying from 0.4 8 to 23.0 wt%; lime lumps
(Supplementary Material S4) are composed of prevailing CaO, with very
high values of CaO + MgO (in the range 44.9-52.2 wt%) and lower SiO,
+ Aly,03 +FeO concentrations (in the range 0.18-5.99 wt%).

Regarding the provenance of volcanic aggregates raw materials,
plotting their compositions (Supplementary Material S5) in the Total
Alkali vs. Silica diagram (TAS; Fig. 4) for effusive volcanic rocks [42],
the investigated pumice corresponds to trachyte-phonolite and do not
show significant compositional differences (Fig. 4). Moreover, these
chemical compositions are well consistent with that reported for the
Phlegraean tuff [27].

Petrographic observations of ceramic fragments lead to hypothesize
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Table 4
Physical properties of coating mortars of wall layer and bedding mortar taken from Dragonara archaeological site performed by MIP.
Sample Mortar function PR PB @ Hg pV Hg PATOT PRav PRuED PRmop
g/cm® g/cm® % mm®/g m%/g pm pm pm
DR1 Coating 2.4710 1.6166 34.58 213.9 30.786 0.0139 0.0676 0.0996
DR9 Coating 2.5035 1.7321 30.81 177.9 15.633 0.0228 0.1018 0.1268
DR7 Bedding 2.2806 1.3675 40.04 292.77 60.48 0.0097 0.0194 0.0021

Abbreviation legend: pr = real density; pg = bulk density; ®o Hg = mercury open porosity; pAt = total pore surface area; pRy = average pore radius; pRye = median

pore radius, pRy, = modal pore radius.

Table 5
Compositional percentage distribution of binder and aggregates of coating and bedding mortar samples by modal analysis.
Sample Mortar function Binder Aggregate
Lime Lime Ceramic Pumice Trachytic clast Tuff Pl Sd Cpx Mca Qtz Sum
matrix lumps fragment Scoria clast
% % % % % % % % % % % %
DR1 Coating 62 5 14 5 3 2.5 2.5 2 2 1.5 0.5 100
DR9 Coating 58 6 17 5 3 2.5 2.5 2 2 1.5 0.5 100
DR7 Bedding 71 3 11 4 2.5 2 2 1.5 1.5 1.5 100
Abbreviation legend: Pl = plagioclase; Sa = sanidine; Cpx = clinopyroxene; Mca = mica; Qz = quartz. Mineral abbreviations from [45].
Table 6
Density values of binder and aggregate components of three coating and bedding mortar samples derived by literature and calculated absolute density and closed
porosity (@¢ B) of lime binder.
Sample Mortar function Binder Aggregate
Lime ®c B Lime Ceramic Pumice Trachytic clast Tuff Pl Sa Cpx Mca Qtz
matrix Lumps fragment Scoria clast
g/cm® % g/cm® g/cm® g/cm® g/cm® g/cm® g/cm® g/em®  g/em® g/em®  g/em®
DR1 Coating 2.44 10.0 2.71 2.69 2.52 2.56 2.54 2.65 2.53 3.40 3.10 2.65
DR9 Coating 2.48 8.6
DR7 Bedding 2.19 19.3

Pl = plagioclase; Sa = sanidine; Cpx = clinopyroxene; Mca = biotite; Qz = quartz. Mineral abbreviations from [45].

affinity among PG-1-3-4 and Somma-Vesuvius products. In fact, leucite-
bearing scoriae and leucite crystals occur in almost all the petrographic
groups of ceramics. Furthermore, the composition of the detected calcic
garnet (solid solution between andradite 46-63% and grossular
22-29%) fits the composition of these minerals from the Somma-
Vesuvius products, as reported in the literature [27]. Only the PG2
shows some differences in comparison with other PGs: in fact, (i) it is
characterized by a bimodal distribution of grains and by the presence of
sharp edged inclusions; (ii) it shows the lacking of garnet and/or leucite
and/or leucite-bearing scoriae even if the composition of glasses
detected in the ceramic matrix (Fig. 6) reflect the composition of the
Campania volcanic district products [27].

4.3.2. Reaction rims

Reaction rims (Fig. 5) have been generally observed at the interface
between aggregate and binder fraction. Their presence has been detec-
ted through optical microscopy (cfr. 4.1) and was also confirmed using
EDS chemical analyses (Supplementary Material S6).

These rims contain different amounts of CaO, as shown by Fig. 6a,
depending essentially on availability, and thus activity, of silica of ag-
gregates from which the rims form. On this base, three groups can be
clearly distinguished for reaction rims, i.e. (i) CaO up to 14.3 wt%, (ii)
17.5 >Ca0> 25.3 wt%, and (iii) CaO up to 49 wt%.

Chemical analyses of reaction rims show a progression, evidencing
pozzolanic reaction. In this reaction, Si and Al come from both ceramic
aggregates and pumice glass, while Ca is mainly provided by binder
fraction.

Si and Al can react with Ca(OH),, provided by binder, forming
several gel phases, which differ from each other, based on the different
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abundances of twocations and H3O. In this way, Calcium Silicate Hy-
drate (C-S-H) and/or Calcium Aluminate Silicate Hydrate (C-A-S-H) can
form [43] depending on the aggregates composition (pumice glass and
ceramics) and driving, the pozzolanic reaction. First reaction steps can
be identified with early formation of reaction rims (Fig. 5a and b), when
the alkaline solution begins to mobilize and leaching Si and Al provided
by aggregates.

Based on the distribution of Si and Al inside the aggregates (i.e.,
belonging to mineralogical structures or making up the glass fraction),
these elements can be leached in different amounts and, as reaction
proceeds, an inverse correlation between SiO, and CaO amounts can be
pointed out.

In this first step, Calcium Silicate Hydrate (C-S-H) can form if there is
sufficient time of reaction.

As the reaction proceeds, also Al contributes to the formation of C-S-
A-H gel which corresponds to rims with intermediate CaO content (i.e.,
17.5 >Ca0>25.3 wt%) and possibly represents the interfacial transition
zone (ITZ, Supplementary Material S7) already described by literature
[44]. Once the amount of Si is depleting (i.e., Si which can enter the
reaction / take part to reaction), reaction rims exhibit an indirect
enrichment of CaO (i.e., CaO content up to 49 wt% - Fig. 5).

Binary variation diagrams of Fig. 6a-b support the evidence dis-
cussed so far. Actually, as the reaction proceeds, and starting from the
composition of glass and ceramics, SiO decreases while CaO increases.

Moreover, the above described rims representing interfacial transi-
tion zone (ITZ) display also an Al,O3 enrichment (6b, i.e. Ca(OH)3 +Si —
C-S-H and Ca(OH); +Al — C-A-H).

Glass data were reported in Fig. 6 as reference for comparison.
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Fig. 8. Binary charts where plotted the main physical properties of mortar samples taken from Dragonara archaeological site. a) mercury open porosity (®o Hg) vs.
bulk density (pg) and open porosity (®o Hg) vs. real density (pr); b) mercury open porosity (®o Hg) vs. total pore surface area (pAtor).

4.4. Hydraulic behaviour and pore system characterization

Chemical analyses highlighted the occurrence in the binder of newly
formed hydraulic phases (C-A-S-H), while XRPD analyses confirmed the
presence of gypsum.

The Hydraulicity Index (HI) calculated according to Boynton’s for-
mula (SiOy + Aly03 + Fey03)/(Ca0+MgO) reported in literature [32]
(S3) allowed us to consider the investigated lime lumps (S4) with low
values of HI (0.04% on average) as aerial lime (quicklime). Bedding
mortars (S3), showing averaged HI values of 0.65%, should be consid-
ered as highly hydraulic, whereas coating mortars (S3) show HI of
0.29% and thus are considered moderately hydraulic.

Considering these results, it is possible to infer that the coating
mortars became hydraulic by addition of aggregates (volcanic materials
and ceramic fragments) with peculiar features. These aggregates pro-
duced a “pozzolanic reaction”, due to their silica and alumina content,
that reacted with calcium hydroxide leading to the formation of calcium
aluminium silicate hydrates (C-A-S-H phases) [17], furtherly testified
and confirmed by reaction rims around pumice and ceramic fragment.

Thermal methods combined with mineralogical composition of the
samples allowed us to obtain further information about the hydraulic
characteristics of mortar samples. Investigated mortars (fraction <
63 um) show a progressive loss of mass in the range of 40-1000 °C. All
investigated samples are characterised by contents of structurally bound
water (SBW) and CO, typical of hydraulic mortars. In particular, COy/
SBW ratio (Table 3; Fig. 7) allows us to classify mortars from Dragonara
cave as “hydraulic” and, more specifically, to distinguish 1) bedding
mortars as natural pozzolanic mortars from 2) coating mortars as arti-
ficial pozzolanic mortars [37].

4.5. Physical properties of mortars

The different compositional features of two sample groups (coating
and bedding mortars) reflect different physical properties (Table 4). Real
density values are: 2.47-2.50 g/cm® for coating mortars (samples DR1,

11

DR9) and 2.28 g/cm® in bedding mortar (sample DR7, Table 4). This
difference is related to the fact that real density is a parameter closely
linked to type and compositional incidence of the solid phases in the
mortars, and to a possible closed porosity present within the phases
themselves (interphase) or in the matrix of the binder (intra-phase).

Coating mortars have an aggregate abundance of about 33-36 vol%,
mainly characterized by ceramic fragments and subordinately by var-
iably sized volcanic aggregates (pumice, scoriae and volcanic lithics)
and low incidence of crystal-clasts components (i.e., sanidine, plagio-
clase, clinopyroxene, mica and quartz). Instead, bedding mortars are
characterized by an aggregate presence of 26 vol%, consisting of the
same kind of aggregate, with pumice and scoriae slightly variable in size,
but less abundant ceramic fragments, if compared with coating mortars.
Different compositional distribution of crystalline and amorphous
(glassy) phases, obtained by modal microscopic analysis of three
representative thin sections, are reported in Table 5. Thanks to these
values, it is possible to understand the differences in real density values
of two kind of mortars, mainly due to a greater percentage of high-
density aggregates (ceramics: 2.69, lime lumps 2.68 g/cm?®) in coating
mortars (Table 6).

The real density of mortar samples was indirectly determined [33]
and reported in Table 6. The binder matrix of coating mortars shows a
higher real density (2.44-2.48 g/cm?, Table 6) with respect to bedding
mortar (2.19 g/cm3), due to a different incidence of closed porosity (or
with very thin pore radius) not accessible to Hg in MIP. Assuming that
the density of the binder solid matrix is essentially that of calcite
(2.71 g/m®), it is possible to determine the closed porosity of the binder,
which is different in the two cases: from 8.6% to 10% in coating mortars,
and 19.3% in bedding mortar (Table 6). This difference is due to greater
hydraulic degree of bedding mortars (as shown by TGA results), which
leads to increased pore closure of the binder matrix.

As can be observed from Fig. 8a, bulk density, influenced by the real
density and the total (open and closed) porosity, is higher in coating
(2.47-2.50 g/cm3) than in bedding mortars (2.28 g/cm3), due to the
higher presence of the ceramic component in the aggregate of the
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Fig. 9. Pore radius distribution (MIP) in Dragonara cave mortars. a - b) coating
mortars DR1and DR9); c¢) bedding mortar DR7.

former, and a lower amount of both open and closed porosity. Open
porosity, ranging from 30.8 to 34.6 vol% in the coating mortars and 40%
in the bedding mortar (Table 4), shows a clear negative correlation with
both bulk density (R? = 0.99) and real density (R? = 0.92).

12

Construction and Building Materials 411 (2024) 134408

There is also a positive correlation (R? = 0.99; Fig. 8b) between open
porosity and total pore surface area (pAror), with values of the latter
parameter of 15.6 and 30.7 m?/g in coating mortars and 60.5 m2/g in
bedding mortars, respectively, due to the different compositional char-
acteristics and laying of mortars related to their different technical
function in the artefact.

For these latter reasons, two groups of mortars also show a different
pore size features, characterised by a pore radius distribution centred in
modal classes with pRyop of 0.10 um (sample DR9, Table 6, Fig. 9) and
of 0.13 ym (sample DR1, Table 6, Fig. 9) in the case of coating mortars,
and much lower value in the bedding mortar (sample DR7, 0.0021 pm,
Table 4, Fig. 9), due to the greater incidence and hydraulic degree of the
binder.

5. Conclusions

Mineralogical, petrographic, chemical, and microstructural in-
vestigations on mortar samples from the ancient Dragonara cave (Phle-
graean Fields archaeological area, southern Italy) provided detailed
information and compositional characteristics and thus on their mix-
design. This research can be considered as a first methodological
attempt to clarify the respective role of different aggregates used in
ancient Roman mortars production and supplying further insights on
production technology and features of the used raw materials.

e The compositional characteristics of the aggregates, both volcanic
(pumice and scoriae) and of the crystalline fraction, dispersed in the
mortar matrix (but also in the ceramic component), clearly indicate a
local origin of the raw materials, being consistent with volcanic
products from the Campania region (see 4.3.1).

Considering the geological availability of volcanic material in the

surrounding area of Dragonara cave, the high hydraulicity exhibited

by all the studied mortars is due to 1) the values of the Hydraulicity

Index (HI) and 2) the different reaction between the mortar and

aggregates, both volcanic and ceramic. These values are the result of

careful selection, preparation and mixing of the geomaterials used.

The high hydraulicity is mainly due to the presence of volcanic

material (mainly glass). The reaction edges are in fact predominantly

present at the matrix-pumice interface rather than at the matrix-
ceramic interface. Distribution of Si, Ca and Al varies systemati-
cally, starting from the unaltered (and unreacted) glass to the mortar
matrix, forming distinct reaction zones with increasing Ca content:
reaction rims (RR) to Interfacial Transition Zones (ITZ) and finally

Ca-rich zones. The latter represent clear evidence of late-stage

reactions.

e Bedding mortars exhibit 1) higher open porosity (40%) than coating
mortars (33% on average), due to a higher presence of pumice and
volcanic scoriae than ceramic fragments, and 2) higher closed
porosity of the binder generated by the higher pozzolanic reactivity
of the components (at the expense of the ceramic component). High
amounts of low-density porous volcanic aggregates in bedding
mortars also lead to lower values of real density (~2.3 g/cm®) than
in coating mortars (~2.5) and bulk density (2.28 vs. 2.47-2.50 g/
em?®, respectively).

All the above considerations, obtained through the multi-analytical
approach used in this work, allow us to hypothesize that, in the Phle-
graean Fields archaeological site where it is located the Dragonara cave,
the use of ceramic fragments was probably due to structural purposes,
influencing the weight of the mortars, more than giving hydraulicity to
the mortar mix design.

Finally, this work is part of a wider study and represents a starting
point to plan future projects to compare our results with a larger dataset
from the same archaeological and geological context. This aspect is
fundamental to highlights the importance of the Roman mortars pro-
duction technologies.
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