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Abstract: This research is based on the characterization of ancient mortars from the Anfiteatro Flavio
(Pozzuoli) dating back to the 1st and 2nd century CE through a multi-analytical approach involving
macroscopic, mineralogical, petrographic, and chemical investigations. The goal that has been set is
to deepen knowledge about mortar mix design, the provenance of used raw materials, and secondary
minerogenetic processes that have occurred within ancient Roman mortars. Results show that: (i) raw
materials for mortar preparation have a local provenance, i.e., Phlegraean Fields area; (ii) mortars can
be considered as hydraulic; (iii) calcite presence could be due to a non-complete calcination process,
an improper slaking or to exposition of materials to the subaerial environment; (iv) gypsum is due
to calcite sulfation process; (v) halite presence is due to marine aerosol exposition. The achieved
information testifies that, for at least two centuries, Roman builders considered the identified mortar
mix as optimal for their buildings, but also contributes to the understanding of their technical skills
and represents an important first step to planning future restoration operations.

Keywords: Roman amphitheater; Roman mortars; hydraulicity; minero-petrographic characterization;
Phlegraean Fields

1. Introduction

Mortars are composite geomaterials (i.e., geological materials or deriving from techno-
logical transformations of geological materials) consisting of a hydraulic or aerial binder,
aggregates, and additives reacting with the binder and undergoing modifications during
setting [1]. These geomaterials are particularly interesting due to their great use in the
Roman age. Roman craftsmen used to combine lime and pozzolana, (formerly Pulvis Pute-
olana, volcanic sand from Pozzuoli, Italy) related to Neapolitan Yellow Tuff (NYT—15 ka)
formation [2,3].

The extraordinary preservation state of Roman mortars justifies several studies carried
out on these geomaterials [4-12] and proves the very high technical skills of the craftsman-
ship. Roman buildings, i.e., monuments, roads, and aqueducts still resist for 2000 years in
both aerial and underwater conditions and for this reason, the study of Roman mortars is
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exceptionally important to understand the so long-aging construction technology applied
by the ancient Romans [13,14].

The goal of this work is to deepen knowledge of Roman construction techniques used
to produce mortar-based materials and represents the first attempt to study mortar samples
from the Roman Anfiteatro Flavio of Pozzuoli (Naples, Campania, Southern Italy). For
the walls of this monument, pozzolans of Phlegraean origin (such as tuff and lava) were
mainly used in both bedding and coating mortars.

This research was carried out by using a standard scientific approach for the investiga-
tion of provenance and technological features of mortars [7,8,15] and it was approached
with mineralogical, petrographic, and chemical analytical techniques to examine thoroughly
microstructural and compositional features of mortars.

Results are presented to support the previous work of [15], which focused on building
stones employed for structural uses.

2. Geological Background

The Anfiteatro Flavio (Figure 1a,b) is located in the Pozzuoli downtown within the
Phlegraean Fields Area, the largest volcanic system of Southern Italy [16]. The volcanic
system is the result of a subsequent series of calderic collapses [17,18]. Along with Somma—
Vesuvius volcanic system, Phlegraean Fields occupy the central part of Piana Campana,
structurally representing an area of tectonic collapse [16] related to the extensional tec-
tonics which affected Tyrrhenian area since the Plio-Pleistocene [19-21] as a response to
the complex geodynamic events that characterized the Western Mediterranean area lead-
ing to the opening of Tyrrhenian basin and the construction of the Apennine-Maghreb
chain [16]. Extensional tectonics lowered the Apennines towards central Tyrrhenian [15]
causing the sinking of the western margin and the consequent feeding of intense volcanic
activity (i.e., Roccamonfina, Phlegraean Fields, Somma-Vesuvius) and the formation of
large depressions (i.e., Piana Campana and Piana del Sele) filled by volcanoclastic and
alluvial sediments [22].

Phlegraean volcanic activity is characterized by the production of large volumes of
pyroclastic deposits by a mainly explosive type of volcanism plus sporadic effusive events
represented by lava flows and domes [16]. Phlegraean Fields volcanic products are charac-
terized by the potassium alkaline affinity typical of the Roman Magmatic Province [23,24].
The products of the nearby islands of Ischia and Procida are considered part of the Phle-
graean volcanism [25,26] and the activity of the two islands is prior to the “continental”
one (the “Phlegraean Fields” s.s.; [27]).

According to [28], the first activity phases of the continental Phlegraean Fields cor-
respond to Punta Marmolite and Cuma lava domes (~47 and ~37 ka, respectively), Torre
Franco Tuff Formation (~42 ka) and San Martino lava dome (~77 ka). The two main eruptive
events date back to ~39 ka (*)Ar/%Ar; [28,29] and ~15 ka (**Ar/%° Ar; [3]). The former is
represented by the Campanian Ignimbrite eruption, the most catastrophic explosive event
of the Mediterranean area in the last 200 ka, the latter is represented by the eruption of
Neapolitan Yellow Tuff, the most impressive event of the Phlegraean Fields in terms of
thickness and areal distribution [30].
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Figure 1. (a) Map of Phlegraean Fields area with location of Anfiteatro Flavio (red star) in the Pozzuoli
Town; (b) 3D image of Anfiteatro Flavio.

The Anfiteatro Flavio

According to the entrance inscription, the Anfiteatro Flavio was erected around the
70s of the 1st century CE [15], but some authors (e.g., [31]) believe that it may have been
edified by Emperor Nero and that inscription was placed after his damnatio memoriae.

Anfiteatro Flavio is one of the most important archaeological sites of the Campania
region and one of the largest amphitheater arenas of the Roman Empire, third in size only
to the Colosseum in Rome (Lazio region) and the amphitheater of Santa Maria Capua
Vetere in Caserta (Northern Campania region) [31].

The building has an elliptic plan and comprises two orders of superimposed arches,
thus spanning two floors, one outdoor with bleachers and an arena, and the other underground.

The amphitheater, topped by a high attic decorated with statues, was surrounded by a
plateau paved with travertine slabs and bounded by a system of wooden barriers attached
to a series of square pillars (approximately 174 cm high) and placed at an average distance
of 277 cm ([15] and references therein). Originally, before the external facade, there was a
porch positioned on pillars whose semi-columns were covered with stucco. Subsequently,
in the 2nd century CE, the original pillars were reinforced with internal pillars covered with
brick and under-arches plastered with red and white colors ([15] and references therein).

It is possible to access the well-retained internal hallway by an external portico. The
internal hallway is connected to the highest section of the cavea staircase through twenty
ramps of stairs.



Coatings 2022, 12,1712

40f12

Cavea was surmounted by a loggia, which consisted of Corinthian columns and
capitals deposited in the subterranean during the Bourbon excavations ([15] and refer-
ences therein).

The arena has an elliptical hallway, and, on its floor, there are several rectangular
manholes that constitute the so-called “maneuvering shafts”: this is the place from which
the winches and lifting machines, positioned in the basement, came out.

In the subterranean, located about 7 m deep and accessed via two steep ramps, parts
of the gears to lift the cages that carried ferocious beasts and probably other elements of
the scenography of the shows are still visible ([15] and references therein).

3. Materials and Methods

For this work, 12 bedding mortar samples from Anfiteatro Flavio were investigated
(Figure 2), half of which ascribable to the 1st century CE (Figure 2a) and the other half ascrib-
able to the 2nd century CE (Figure 2b). Sampling strategy was undertaken in cooperation
with archaeologists, thanks to the authorization and under supervision of Archaeological
Special Superintendence of Napoli and Pompei and the Archaeological Park of the Phle-
graean Fields. Considering the importance of the archaeological site, it was necessary to
carry out preliminary inspections, as well as a detailed photographic survey. In this way,
visual aspects were evaluated in order to identify sampling sites before their collection. This
identification took into account (a) limited invasiveness, (b) representativeness, (c) limited
size of samples, and (d) limited visual impact.

a)

P71 P8-1
P16-1 P18-1

,

P12

P9-1
P64-2 E P65-1 ‘ P67~

]
Figure 2. Macroscopic pictures of the (a) 1st and (b) 2nd century CE. examined mortars.

10 cm
|

Minero-petrographic and chemical analyses were carried out on 12 selected mortars at
the Department of Earth, Environmental and Resources Sciences (DiSTAR) at the University
of Naples Federico II

To implement an initial classification of samples and to better plan analyses, prelimi-
nary macroscopic observations were performed.

Thin sections analyses in optical microscopy (OM), using a Leica Laborlux 12 Pol
microscope Leica Camera, (Wetzlar, Germany) were used for classical petrographic studies.
Mineralogical analyses using X-Ray powder diffraction (XRPD) with a Malvern Panalytical
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X'Pert Pro modular diffractometer (RTMS detector, X'Pert High Score Plus 3.0c software—
Malvern PANalytical, Almelo, The Netherlands) were conducted for the identification of the
crystal phases; the following conditions were used: CuK« radiation, 40 kV, 40 mA, 20 range
from 4° to 70°, step size 0.02 °20, equivalent counting time 120 s per step. Representative
aliquots of the samples (grain size < 10 um) were obtained using a McCrone micronizing
mill (agate cylinders and wet grinding time of 15 min; Retsch-Alle, Haan, Germany).

Microstructural and chemical analyses of the investigated geomaterials were carried
out by field emission scanning electron microscopy equipped with an energy dispersive
spectrometer (FESEM/EDS; Zeiss Merlin VP Compact and JEOL JSM-5310 coupled with
Oxford Instruments Microanalysis Unit equipped with an INCA X-act solid state detector;
Carl-Zeiss-Strasse, Oberkochen, Germany and Jeol Ltd., Tokyo, Japan, respectively).

Data sets were obtained using an INCA X-stream pulse processor (Oberkochen, Ger-
many) (15-kV primary beam voltage, 50-100 A filament current, variable spot size, from
30,000 to 200,000 x magnification, 20 mm working distance, and 50 s real-time counting)
by means of INCA Energy software 5.05 (XPP array and pulse pile-up corrections). Op-
timization 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 Consul-
tants Ltd., Saint Ives, UK) standard materials were used for elements calibration: diopside
(Ca), fayalite (Fe), San Carlos olivine (Mg), anorthoclase (Na, Al, Si), rutile (Ti), serandite
(Mn), microcline (K), apatite (P), fluorite (F), pyrite (S) and sodium chloride (Cl). Accuracies
about EDS chemical analyses are reported in [6].

FESEM-EDS analysis allowed us to measure the hydraulicity index (HI) of binder and
lime lumps on areas of homogeneous aspect and with spots of 10 pm. According to [32], the
semiquantitative measure of HI accounts for the (S5iO, + Al,O3 + Fe;O3)/(CaO + MgO) ratio.

4. Results and Discussions

According to the UNI-EN 11305:2009 [33], and UNI-EN 11176:2006 [34], collected
samples were characterized from a mineralogical and petrographic point of view.

4.1. Macroscopic Observations, POM and XRPD

The preliminary macroscopic analysis showed that mortar samples, belonging to the
1st century CE (Figure 2a), are characterized by several hardness conditions, varying from
intact (P7-1, P8-1, P18-1, and P66-1) to friable (P15-1 and P16-1). Mortars display an overall
gray-beige color, with a little brownish for a few samples (P7-1 and P15-1).

From a textural point of view, all samples show an overall sand grain size ranging
from fine to coarse [35]. Aggregate size varies between 0.5 and 1.5 cm.

On the contrary, all the mortar samples belonging to the 2nd century BCE (Figure 2b)
show a high hardness. Moreover, these samples are characterized by an overall gray-beige
color, except sample P17-1, which shows a reddish color due to the presence of a brick
fragment. Sample P64-1 is stratified, as it shows a gypsum layer due to the overlying plaster.

According to petrographic analysis, all samples show a binder with a prevailing
cryptocrystalline, and subordinately micritic, texture (Figure 3a,b), except P66-1 and P12-1
samples, in which micritic matrix prevails. Matrix varies in color from beige to brownish.
The binder fraction contains also subrounded lime lumps (Figure 3c,d) from millimetric
to centimetric size, representing non-reacted lime. Their formation reasonably occurred
during the slaking process of lime, due to insufficient seasoning of Ca(OH); and/or a low
water/lime ratio [1,36,37]. The aggregate fraction ranges from 30% to 50%, except for the
P65-1 sample, in which the aggregate fraction is around 20% [38]. Aggregate fraction is
mainly composed of pumice, scoriae, volcanic lithics, and crystal fragments. Pumice and
scoriae show intensive recarbonation features and evident reaction rims (Figure 3a,b,e,f).
Volcanic lithics consist of trachyte (polycrystalline glomerulus of sanidine) and tuff frag-
ments, whereas crystal fragments within the matrix are mainly sanidine, plagioclase,
clinopyroxene, and mica (Figure 3e). Ceramic fragments (Figure 3g) and marble relicts
(Figure 3h) have been also detected.



Coatings 2022, 12,1712

6 of 12

Figure 3. (a) Plane polarized and (b) crossed polarized light microphotographs showing cryptocrys-
talline (CM) and micritic (MM) matrix types and recarbonated pumice (RR) in the P18-1 sample;
(c) crossed polarized light microphotographs of sample P8-1 showing a lime lump (LL); (d) BSE
micrograph of sample P65-1 showing a lime lump (LL); (e) crossed polarized light microphotographs
showing recarbonated pumice (RR) with reaction rim (RR), plagioclase (pl), sanidine (san) and
clinopyroxene (cpx) in the P15-1 sample; (f) BSE micrograph showing a recarbonated pumice (RP)
with reaction rim (RR) in sample P15-1; (g) ceramic fragment (CF) in sample P15-1; (h) marble relict
(MR) in sample P8-1.

X-ray powder diffraction (XRPD) allows us to confirm the occurrence of lime-based
mortars with volcanic aggregate, as shown by semi-quantitative analyses (Figures 4 and S1).
In fact, calcite is the most abundant phase of the binder fraction plus aragonite in sample
P65-1. The only exception is related to the P64-1 sample where the most abundant phase
is represented by gypsum, probably ascribable to the gypsum layer due to the overlying
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plaster, as already evidenced by preliminary macroscopic analysis. Subordinately, gypsum
was also detected in P8-1, P15-1, P16-1, P18-1, and P17-1 samples. The presence of gypsum
can be related to the calcite sulphation process, probably due to a pH decrease caused
by the dissolution of atmospheric SO, [39]. In the same samples (plus P66-1) also halite
was identified.

Discrete amounts of feldspar were also detected in all the samples, along with mica
and scarce or low amount of clinopyroxene and quartz likely due to the presence of brick
fragments [40]. Traces of hematite were observed in P7-1, P8-1, P15-1, and P16-1 related to
the samples ascribable to the 1st century CE and P64-1 and P65-1 related to the samples of
the 2nd century CE. In addition, scarce to frequent amounts of halite were detected in all
the samples analyzed except for the P64-1 sample. Lastly, traces of bassanite were observed
in P15-1 and P17-1 (1st century CE and 2nd century CE, respectively), possibly due to the
same sulphation processes justifying the presence of gypsum [41].

The ubiquitous presence of analcime and the presence of phillipsite and chabazite in a
few samples typically characterize the Phlegraean Fields Neapolitan Yellow Tuff [4,42].

Cal
1st century CE
Gp
Fsp (o]
Qz
Mca
S ~
i e PB6-1
Ph Gp
Bsn HI He P18-1
\u '\ s P16t
|
\Cr‘ HI P15-1
bz bt L\N st S g4
Php
s\t N 74
10 20 30 40 50 60 otheta
G
i Cal

2nd century CE

2theta

Figure 4. XRPD patterns of the investigated mortar samples of 1st and 2nd century CE. Where applica-
ble, abbreviations according to [43]: Cal = calcite; Anl = analcime; Php = phillipsite; Cbz = chabazite;
Fsp = feldpar; Mca = mica; Gp = gypsum; HI = halite; Qz = quartz; Arg = aragonite; Cpx = clinopy-
roxene; Bsn = bassanite; Crn = corundum (20% added as standard for future quantitative analysis).

4.2. Chemistry, Hydraulic Behavior, and Pore System Characterization
4.2.1. Binder and Lime Lumps

EDS analysis of binder fraction was performed on both binder and lime lumps
(Supplementary Material S2), in order to (1) obtain information about the type of lime
used for mortar production and (2) define hydraulicity index (HI), thus obtaining a mea-
sure of the hydraulicity of the mortar.

Lime lumps contain mainly CaO + MgO (91.38-98.83 wt.% and 82.35-96.66 wt.%
for mortars of the 1st and 2nd century CE, respectively). Regarding binder fraction,
CaO + MgO values vary between 76.2 wt.% and 88.5 wt.% for mortars of the 1st and
2nd century CE, respectively.
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Hydraulicity index (HI), calculated according to [32] is relatively small for lime lumps,
varying between 0.01 and 0.05 for the P15-1 sample, between 0.01 and 0.02 for P66-1 and
P64-2 samples and between 0.01 and 0.07 for P65-1 sample (Figure 5). According to [44]
these values allow for the classification of lime lumps as aerial lime. Conversely, the same
index is relatively high for binder fraction, showing values of 0.10 for the P15-1 sample,
0.21 for the P64-2 sample; it varies between 0.10 and 0.26 and between 0.10 and 0.19 for
P66-1 and P65-1 samples, respectively, allowing the classification as slightly to moderately
hydraulic lime.

Binder a) Lime lumps b)
0.21 0.03 0.03

Q20 0.18 0.03 0.02
018  gas 0.14 0.02 0.02 0.02
0.12 0.02 '
0.08 0.01
0.04 0.01
0.00 0.00

P15 P66-1 64-2 P65-1 P15 P66-1 P64-2 P65-1

Figure 5. Hydraulicity index (HI) values for binder (a) and lime lumps (b) of mortar samples.

These values of HI confirm that hydraulicity is strictly linked to the presence of
pozzolanic material (i.e., volcanic aggregate), which raises the Si, Al and Ca(OH), reaction
allowing the formation of calcium and aluminum hydrated silicates (C-A-S-H gel). These
neo-forming phases are essential for the durability of mortars as they act as fillers for the
voids [7].

4.2.2. Aggregate

Major element compositions (reported in Supplementary Material S3) of mineralogical
phases and glass of juvenile products (pumice and scoriae) used as aggregates for the
analyzed mortars were investigated to make hypotheses about their provenance [45].

Glass analyses were plotted on the total alkali vs. silica (TAS; [45]) diagram for effusive
volcanic rocks of Figure 6a. Glass analyses show a limited compositional range and plot
within the trachyandesite-trachyte, and tephriphonolite—phonolite fields. They are thus
ascribable to the alkaline and strongly alkaline volcanic series.

Regarding mineral phases (Supplementary Material S3), alkali feldspars (Figure 6b) are
sanidine (Anj_sAbjg 500r49_g9 for P15-1 sample, AngAbsgOrs; for P66-1 sample,
Anj 5Abj1 38015775 for P64-2 sample, and Any_9Abyy_9Ors5_77 for P65-1 sample), whereas
the few plagioclases detected in the P65-1 sample are bytownite and labradorite
(Ango-s2Ab16-340r12¢).

All pyroxenes (Figure 6¢; Fe calculated following [46]) are diopside (Wos3EnsyFsqq for
the P15-1 sample, Wosg_spEng;_44Fss_11 for the P66-1 sample, Woyg_5pEnss_47Fs5_14 for the
P64-2 sample, and Woy4y_50Ens;_sgFss_17 for the P65-1 sample).

Few phillipsite crystals (Supplementary Material S3) were detected in the P15-1 sample
with the following averaged chemical formula:

(Nag .52 Ky 79 Cags4) [Sit1.13Al487 O35 11.56 HyO]

recalculated on the basis of 32 oxygens. E% is the percentage error based on [47] equation.
Micas (Supplementary Material S3) were also detected in P64-2 and P65-1 and their
chemistry is coherent with brown-type.
Both glass and mineralogical phase analyses fit with Phlegraean Fields analyses [42].
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Figure 6. (a) Total alkali vs. silica [45] for glass analyses of juvenile products for the investigated
mortars; (b) composition of the analyzed feldspars; (c) composition of the analyzed clinopyroxenes.

5. Conclusions

This work represents a first attempt to characterize mortars from one of the most
important archaeological sites of Phlegraean Fields Area, the Anfiteatro Flavio, shedding
some lights on the different provenance of raw materials and production technologies.

Raw materials used for mortar preparation have a local provenance, and they are well
in line with the surrounding geological environment.

The pozzolanic material used consists of volcanic fragments, scoriae, pumice, and
crystal fragments belonging to the pyroclastic rocks of Phlegraean Fields, which is the most
important component of the recipe for producing Roman hydraulic mortars. The use of
these volcanic aggregates in the analyzed mortars confers a high hydraulicity, highlighted
by the presence of reaction rims around pozzolanic material. The high hydraulicity also
results from a careful selection, preparation, and mixing of the local geomaterials.

The binding matrix is compositionally characterized by different secondary phases
such as C-A-S-H gel, calcite, and gypsum. C-A-S-H gel resulting from the pozzolanic
reaction fills the pore spaces and increases the strength of these materials [48].

Residual calcite can be due to a non-completely calcined limestone, probably resulting
from a low firing temperature of the limestone or from an incorrect slaking, or it can be
associated with secondary carbonation processes due to the long exposure of materials in a
subaerial environment [39]. Aragonite’s presence may be due to a different limestone used
for mortar production [6].

The presence of gypsum and bassanite is due to calcite sulfation processes caused by a
decrease in pH due to the dissolution of atmospheric SO, [15,39]. Finally, halite is certainly
ascribable to marine aerosol exposure, given the proximity of the archaeological site to
the sea.

Regarding the comparison between the two construction phases (1st and 2nd cen-
turies), not many differences were found. It was noted that reaction rims between binder
and pumice are more evident for the first construction phase, as well as a higher percentage
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of tuff fragments, whereas in the 2nd century samples there is a greater abundance of
lime lumps.

Therefore, for at least two centuries, Roman builders considered the identified mix
as optimal for their buildings, so much so that they did not make changes in the type and
proportions of the used raw materials.

This research contributes to the knowledge and understanding of the technical skills
achieved by the ancient Romans and represents an important first step in planning a future
restoration project for the consolidation of the most degraded parts, in order to protect this
important monument.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/coatings12111712/s1, S1: Qualitative X-Ray Powder Diffraction
analysis. S2: EDS analysis of binder and lime lumps. S3: EDS analysis of glass and mineralogi-
cal phases.
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