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Abstract

Aqua Alexandrina is the last aqueduct built by ancient Romans for the city of Rome. At Giovanni Palatucci Park, the
archaeological ruins run close to a pre-existent water system, Fragole cistern. This research aims at characterizing mortar
samples from both constructions, to identify the materials used and infer about the technological level and the provenance of
materials, using a multi-analytical approach. Combining the information obtained through the petrographic investigation of
mortar thin sections at optical microscopy and scanning electron microscopy with energy-dispersive X-ray spectroscopy, and
X-ray powder diffraction on finely powdered samples and thermogravimetric analysis on the binder fraction, it was possible
to attest the presence of both artificial and natural materials with pozzolanic behavior, which conferred hydraulicity to the
mortars. The results show that materials are very similar in both constructions, confirming a well-established know-how in
the production of hydraulic mortars by the Romans. The volcanic products used as aggregate are identified with two large
pyroclastic-flow deposits erupted by the Colli Albani Volcanic District which extensively crop out in the area of Rome:

Pozzolane Rosse and Pozzolanelle.
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Introduction

The supply of water has always been a crucial aspect for
ancient Romans, and this is testified by all the network of
aqueducts and cisterns that they erected.

In the city of Rome, 11 main aqueducts were erected by
Romans. The last one to be built was Aqua Alexandrina: it
was inaugurated in 226 AD by emperor Severus Alexander
(222-235 AD) (Le Pera Buranelli and Turchetti 2007). This
aqueduct was circa 22 km long, and it got water from the
springs located in Pantano Borghese, at 65 m a.s.l., near
the 14th mile of ancient Via Prenestina. Its realization was
aimed to supply water to a Neronian thermal building located
in Campo Marzio near the Pantheon, completely renewed
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by Severus Alexander in 227 AD (Roncoroni 1972) thanks
to whom the name changed in Thermae Alexandrinae. The
daily flow rate has been estimated to be circa 22,000 m3/
day, and because of the thick calcareous concretion still vis-
ible today the water should have not been pure enough to be
drinkable (Olivos 2014).

The aqueduct is mentioned in late antiquity documents
both as Aqua Alexandrina (in Curiosum and in De montibus
et acquis urbis Romae) and as Aqua Alexandriana (in Quae
sint Romae); in the tenth century, it was mentioned as Acqua
Iovia or forma lovia, and this fact has subsequently caused
its misinterpretation with Aqua Antoniniana (Hostetter et al.
2011; Rustico et al. 2019).

Since its construction, the aqueduct had a troubled life:
Thomas Ashby reports lateral inclination of the building,
leaks of water, and the addition of a second overlaid specus
in the stretch of the aqueduct near the spring (Koehler 2017).
Ashby identified 435 arches belonging to Aqua Alexand-
rina following the work done by Raffaello Fabretti in the
seventeenth century (Fabretti 1680), who firstly recognized
the imposing ruins of an aqueduct in Via Prenestina and
Via Casilina as part of Aqua Alexandrina after the aqueduct
oblivion. Unfortunately, the expansion of the residential
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area and the lack of maintenance in the suburb have caused,
in the last centuries, the loss of part of the archaeological
remains, with respect to the condition testified by Fabretti
and Ashby. The structure was originally made of conglom-
erate and externally covered by bricks, but already under
Diocletian rule there were restoration interventions, such as
sustaining intrados. Later in the history of Aqua Alexand-
rina, the earthquake of 394 AD and the barbarian invasions
caused several damages to it, and it cannot avoid the faith of
all the other aqueducts of Rome (except Aqua Virgo), falling
into ruin (Deming 2020); however, it is probable that the
aqueduct worked until the tenth century, and the presence
of defensive towers along its path can suggest postponing its
decay until the thirteenth century (Coates-Stephen 1999).

According to archaeological remains still visible today,
Aqua Alexandrina starts its path East of Rome and reaches
the city going West. In Tor Bella Monaca, well-preserved
arches are visible, as well as inside the Grande Raccordo
Anulare, close to Tenuta Della Mistica, where the specus
is preserved, but it is in a state of neglect. In Via Walter
Tobagi and Via Tor Tre Teste, the aqueduct has overlapped
arches. After Giovanni Palatucci Park (also known as Tor
Tre Teste Park), the aqueduct’s path continues in Via degli
Olmi with other restored arches, until the long bridge cross-
ing Viale Palmiro Togliatti, where the aqueduct reaches the
maximum height (20.65 m). In the area of Via Casilina,
there are no archaeological remains, but they reappear in
Via dell’Aquedotto Alessandrino (Koehler 2017). The aque-
duct entered Rome through the area called ad spem veterem,
now Porta Maggiore, and here was located the piscina lima-
ria. By now, there are no archaeological remains testifying
to the final path of the aqueduct, and several hypotheses
have been proposed. Ashby and Fabretti hypothesized a
path entering the city from the North, as according to schol-
ars the aqueduct aimed to supply water to Thermae Alexan-
drinae in Campo Marzio, but there are no archaeological
remains to support this thesis. Another hypothesis identifies
Aqua Antoniniana as the final part of Aqua Alexandrina, as
tracing a hypothetical straight prosecution to the West for
this latter aqueduct it meets the ruins of the first one, and
also the quotes are compatible (Aqua Alexandrina 46 m
a.s.l. while Aqua Antoniniana 41.6 m a.s.1.) (Koehler 2017).
However, Aqua Antoniniana is reported to have been built
in 213 AD by emperor Caracalla for his Baths, and many
scholars consider it a branch of Aqua Marcia (Pace 2010;
Rustico et al. 2019).

Fragole cistern is located in Giovanni Palatucci Park,
close to Aqua Alexandrina. Despite the proximity to the
aqueduct, the cistern was probably built before it, and it was
connected to a suburban villa: indeed, the building technique
used was the opus mixtum, a mix of opus reticolatum and
lataericium, a technique employed between the first and sec-
ond century AD but not in the third (Vanni 2007).
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The current research is focused on the characterization of
the hydraulic mortars that constitute the two main archaeo-
logical remains in Giovanni Palatucci Park, located in the
eastern area of Rome (Fig. 1), which were erected to ensure
water supply: Aqua Alexandrina and Fragole cistern. For
this reason, the research investigated only the mortars from
the inner part of the specus of the aqueduct and the coating
of the internal part of the cistern. The aim is to obtain an
archaeometric characterization of the mortars employed in
these hydraulic structures to identify the materials used. This
is to obtain information on the technological level reached
by ancient Romans in the construction of water-resistant
systems, to determine if the provenance of the material is
local, and eventually compare the mortars from two different
structures, both aimed at the supply of water, to highlight
differences and similarities.

Brief geological setting

The geological context of the city of Rome is characterized
by a large availability of volcanic rocks. This aspect has
favored the growth of the city, surely for what concern the
building industry, being tuffs largely employed as material
for dimension stones and pozzolans particularly suitable
as aggregate for mortars and concrete. Giovanni Palatucci
Park is located in Municipality 5 of the metropolitan city
of Rome. The area East of the Tiber River, in which this
district is included, is characterized by a thick succession of
pyroclastic-flow deposits from the two main volcanic dis-
tricts that surround the city, Monti Sabatini and Colli Albani
(Funiciello and Giordano 2008). Specifically, the area where
the samples were collected is characterized by pyroclastic
soils (Cecconi et al. 2010), generated by the activity of Colli
Albani Volcanic District, which was formed during the Qua-
ternary, being the main caldera formed 600,000 years ago,
and now it is quiescent (Karner et al. 2001; Giordano et al.
2006; Gaeta et al. 2016). The products of the volcanic activ-
ity of Colli Albani overly and are in part interbedded with
the aggradation successions deposited by the Paleo-Tiber
River and its tributaries in response to the glacio-eustatic
fluctuations during Middle-Upper Pleistocene (Luberti et al.
2017, and ref. therein). The substrate of these continental
successions is constituted by marine clay deposits, Plio-
Pleistocene in age (“Monte Vaticano Formation” (Marra
and Rosa 1995)). Deep river incisions were originated dur-
ing the Last Glacial Maximum by coupled regional uplift
and sea-level fall, which were successively filled with flu-
vial sediments at the end of the glacial event (Parotto 2008;
Marra et al. 2013). Concerning the effusive and explosive
volcanic products, formed during the eruptive activity that
took place in the time span 608-36 ka, they both belong to
the HK-Series, being the eruptive composition consistently
mafic (< 50% SiO,) (Gaeta et al. 2016). Nonetheless, this
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Fig. 1 Geological map of Town Hall 5, modified after Funiciello et al. (2016)

volcano presents the same features of a felsic volcano: low
aspect ratio ignimbrites, tens of cubic kilometers large, and
a related central collapse caldera (Giordano et al. 2006).

Colli Albani volcano can be divided into four lithosomes,
here listed from the oldest to the youngest: Vulcano Laziale
lithosome, Tuscolano-Artemisio composite lithosome, Faete
lithosome, Via dei Laghi composite lithosome (Funiciello
and Giordano 2008).

Vulcano Laziale lithosome was characterized by repeated
paroxysmal events, occurring between 608 ka and 355 ka
(Karner et al. 2001; Marra et al. 2009; Gaeta et al. 2016).
The result is a succession of ignimbrites interbedded with
scoria fall deposits, lava flows, and volcanoclastic deposits
(Giordano et al. 2006).

Concerning the stratigraphic units outcropping in the
area of Municipality 5 (Fig. 1), starting from the oldest
ones, there are Pozzolane Rosse, an unconsolidated tephritic
to tephri-foiditic ignimbrite (457 + 4 ka), and Pozzolane
Nere, a tephri-phonolitic unconsolidated ignimbrite (407
+ 4 ka), both belonging to the Torrino Synthem (San
Palo Formation, Marra and Rosa 1995; Karner and Marra

1998), Middle Pleistocene. Villa Senni Formation (365 + 4
ka) also characterizes the area: it comprises two eruptive
units: Tufo Lionato, a K-foiditic to tephri-phonolitic lithi-
fied ignimbrite, and Pozzolanelle, a tephri-phonolitic to
phono-tephritic unconsolidated ignimbrite (Freda et al.,
1997). Alluvial deposits of silt, sand, and clay, belong-
ing to Fiume Tevere Synthem (Holocene) (Funiciello and
Giordano 2008), are also present. Being an anthropic area,
heterogeneous deposits disposed for backfill and basements
of human construction and deposits of scrap materials from
caves are present (Funiciello et al. 2016).

Materials and methods

Samples

Eight mortar/plaster samples were collected at Giovanni
Palatucci Park, two from the Fragole cistern (AL4, ALS)

and six from Aqua Alexandrina (AL6-11). The samples were
collected using a chisel and a hammer. The area of sampling
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is shown in Fig. 2 and the list of samples is reported in the
Supplementary material.

Methods

Each sample firstly underwent a macroscopic analysis, to
describe the type of mortar, the presence of altered surfaces,
the color (of the binder and of the clasts of aggregate), the
dimension of the aggregate, and the cohesion (BENI CUL-
TURALI - NORMAL 2006).

Optical microscopy (OM) on thin sections allowed us to
obtain a petrographic characterization of each sample. OM
observations were performed using a Leica DM750 P micro-
scope, with video camera Leica MC190 HD and LAS V4
4.12 software, following (Pecchioni et al. 2014).

Part of each sample was finely ground in an agate mor-
tar to perform X-ray powder diffraction (XRPD) analysis
to obtain information on the mineralogical phases present
both in the binder and in the aggregate. A Bruker D8 focus
diffractometer was used, with CuKa radiation, operating at
40 kV and 30 mA. The following instrumental setup was
chosen: 3—60° 20 range and a scan step of 0.02° 26/2 s. Data
processing, including semiquantitative analysis based on the

Fig.2 Satellite image from Google Earth (04/2022) of Giovanni
Palatucci Park, showing the points where the samples were collected.
The red circle on the left indicates the Fragole cistern, where sam-
ples AL4—-ALS5 came from. The two red dots indicate the points on
the aqueduct, and particularly on the specus, where samples AL6—
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“Reference Intensity Ration Method,” was performed using
XPowderX software.

Scanning electron microscopy coupled with energy-dis-
persive X-ray spectroscopy (SEM-EDS) was performed for
the micro-morphological characterization and the micro-
chemical analyses. The instrument used is a FEI Quanta 400
scanning electron microscope. Thin sections were previously
metallized with graphite and images were collected in back-
scattered electrons mode (BSE).

Samples were also analyzed using thermogravimet-
ric analysis (TGA), to estimate the hydraulicity. Samples
have been sieved to obtain the fraction most representative
of the binder, which in the literature is reported to be the
one smaller than 63 pm (Biscontin et al. 2002; Maravelaki-
Kalaitzaki et al. 2003). Only samples ALS, AL6, AL7,
AL10, and AL11 presented enough material (10-25 mg)
for the analysis. The analyses were carried out with a TGA-
DSC3+ Mettler Toledo instrument at ISTerre (Grenoble,
France), in an N, atmosphere, heating the sample from 25
to 1000 °C, with a heating rate of 10 °C/min. Attenuated
total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR) has been performed on each sample using a
Spectrometer FTIR Nicolet iS50 Thermo Scientific (ISTerre,
Grenoble, France), before and after TGA, to check the

fallen ruins
of the aqueduct

f ', 300 m |

AL9 were collected. The red circle on the right indicates some ruins
of Aqua Alexandrina that collapsed and are no more in the original
configuration; however, it is still possible to recognize the specus, and
here samples AL10-AL11 were collected
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composition before and after the analysis. The spectra were
analyzed using OMNIC software.

Results
Macroscopic description

The samples collected from Fragole cistern are both cover-
ing layers of the lateral walls. They both present a binder
with a light color, almost white. AL4 shows a big ceramic
fragment (centimetric dimension) red-orange in color. The
rest of the aggregate, fine conglomeratic, is composed of
ceramic fragments ochre in color and natural materials dark
brown and grey in color. AL5 does not show centimetric
ceramic fragments as it is composed of a very fine aggregate
fraction. The cohesion is hard in both samples.

Samples from the aqueduct (AL6—AL11) are character-
ized by a grey/light grey binder. All samples are conglom-
eratic, with an aggregate constituted by ceramic and rock
fragments. AL6 and AL11 show ceramic fragments of cen-
timetric dimension. Lumps can be seen in AL7, ALS, and
ALD9. All the samples from the aqueduct show a hard cohe-
sion except AL9, which is more friable.

Optical microscopy

The OM investigation is aimed at the characterization of
the binder and the finest fraction of the aggregate (Fig. 3).
The analyses carried out by OM in the thin sections of each
sample showed that all of them present a calcic lime binder,
micritic, grey in color. The binder is generally not uniform
in texture, with areas of micritic calcite that present dif-
ferent intensities of color. Another common feature of all
the samples is the binder-to-aggregate ratio, which is 1:3.
Lime lumps are present in all samples, except AL6; in AL9
a relic of limestone has been identified, whereas in AL10
few underburnt marble fragments are present (Fig. 3g-h).

Concerning the aggregate, in all the samples, ceramic
fragments have been identified, except for AL8 (which how-
ever present them at the macroscopic characterization). The
color of the matrix of the ceramic fragment ranges from
ochre to red to brown, and the presence of quartz is almost
ubiquitous. Some ceramic fragments present pyroclastic
rock fragments with porphyritic texture and red color as
inclusions. Moreover, in samples AL6 and AL10, it is pos-
sible to identify leucite crystals with star-like habit in the
pyroclastic rock fragments in the ceramics.

The aggregate is also constituted by pyroclastic rock frag-
ments: this type of aggregate is present in all samples. The
color of the matrix ranges from red to brown; the texture is
porphyritic; phenocrysts of clinopyroxene, biotite, and leu-
cite are present; pores are mainly small and rounded with

secondary crystallizations inside; shape, dimensions, and
sphericity are variable. Among these fragments of pyro-
clastic rock, some with reddish matrix, scarcely porphy-
ritic, and with idiosyncratic leucite crystals with star-like
habit have been found in samples AL7, AL8, and AL10,
and can be identified as Pozzolane Rosse (D’Ambrosio et al.
2015; Marra et al. 2015, 2016). Glazed pyroclastic rock frag-
ments, with small leucite crystals with star-like habit not
homogeneously distributed in the vitreous matrix and elon-
gated and aligned pores, are common among the samples; in
AL4, AL7, and AL11, the glass color is darker with respect
to AL8 and AL10 where it is yellow. In samples AL8 and
AL11, also volcanic rock fragments are present, and they are
composed mainly of leucite crystals (100 pm average dimen-
sion) with concentric inclusions, prismatic clinopyroxenes
brownish and green (smaller than 100 pm), and opaques, in
a grey matrix in which crystals are not optically resolvable;
this assemblage is ascribable to “Italite,” typically occur-
ring in the Pozzolanelle pyroclastic-flow deposit (Freda et al.
1997). A single fragment of holocrystalline rock composed
of crystals highly altered, probably ascribable to nepheline,
was found in sample AL11. The dimension of the different
types of aggregate allows us to define two main groups: a
coarse aggregate fraction, in which the aggregate reaches
several millimeters in dimension, and a fine aggregate of
micrometric dimension. Leucite, amphiboles, and pyroxene
as dispersed crystals in the binder are attributable to vol-
canic rock fragments. They vary in dimensions and quantity
among the samples. The presence of aggregates with pozzo-
lanic behavior, i.e., ceramic fragments and pyroclastic rock
fragments, induces a reaction with the binder, detectable
by the presence of reaction rims around the aggregates and
reacted areas in the binder as it looks not homogeneous in
color in PPL (plane-polarized light) (Fig. 3i-1).

Pores have different dimensions and shapes with no orien-
tation and non-uniform distribution; the abundance in all the
samples ranges from a minimum of 10% to a maximum of
25%, and it is not significative to distinguish among samples.

XRPD

Results of XRPD, performed on each sample, are shown
in Table 1. Calcite is ubiquitous among the samples, being
abundant in all of them except AL7 and ALS. Clinopyrox-
ene is another ubiquitous phase, detected in all the samples
with similar abundance. Felspathoids are present in all the
samples, with variable abundances: the presence of leucite
is attested in all the samples except AL6, where however
analcime is detected, as also in samples AL4, AL7, ALS,
and AL9. Biotite has been detected in samples from AL4
to ALY, from scarce to abundant. Feldspar is scarce in sam-
ples AL4, AL6, and AL7, and it is present in trace in AL9.
Gypsum is present only in AL5 and its presence can be due
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Fig.3 OM microphotographs
of samples from Fragole cistern
(a, b, i), and samples from Aqua
Alexandrina (c, d, e, f, g, h, 1).
Images a in PPL (plane-polar-
ized light) and b in XPL (cross-
polarized light) of sample AL4
show a micritic lime binder not
uniform in texture, on top left a
fragment of ceramic aggregate
(CR), as the rest of the aggre-
gate is composed of pyroclastic
rock fragments (PRF), and it

is possible to notice the high
variability of dimension of the
aggregate, as well as the pres-
ence of dispersed crystals in the
binder. Images ¢ in PPL and d
in XPL of sample AL7 show

a stratigraphic section, still
presenting on top of the mortar
sample the calcareous precipita-
tion due to the water flowing in
the duct; the binder looks more
compact on top (the most exter-
nal part of the cocciopesto at
the base of the duct) rather than
on the bottom of the section; big
ceramic fragments (CR) mixed
with natural materials constitute
the aggregate; in the middle of
the image and on the left, it is
possible to distinguish some
glazed pyroclastic rock frag-
ments (G), with small leucite
crystals with star-like habit,

not homogeneously distributed
in the vitreous matrix, which
appears ochre at PPL. Images e
in PPL and f in XPL of sample
AL10, at higher magnification
with respect to the previous
ones, show the micrometric
fraction of the aggregate,
constituted by pyroclastic rock
fragments with brown matrix
in which leucite (Ict) and
clinopyroxene (cpx) crystals
are distinguishable. Images g
in PPL and h in XPL of sample
AL10 show the presence of a
marble fragment (MB). Image
iin PPL from sample AL5
shows the interaction between
the pyroclastic aggregate (PRF)
and the binder, whereas image
1in PPL from sample AL11
shows the reaction rim between
a ceramic fragment (CR) and
the binder
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Table 1 Results of XRPD,

Sample Cal Cpx Let Anl Bt Fsp Gps
performed on the whole mortar
samples AL4 +4++ ++ + tr ++ +

AL5 +++ ++ + + ++

AL6 +++ ++ ++ ++ +

AL7 ++ ++ tr +++ ++ +

ALS ++ ++ tr ++ +++

AL9 +++ ++ ++ + +++ tr

ALI0 +++ ++ ++

ALI1 +++ ++ +++

++++ very abundant, +++ abundant, ++4 present, + scarce, tr trace

Cal calcite, Cpx clinopyroxene, Lct leucite, Anl analcime, Bt biotite, Fisp feldspar, Gps gypsum

to the sulphation process reliable with chemical deteriora-
tion of the lime-based mortar by sulfuric acid (present in
atmospheric water) (Torraca 2009).

SEM-EDS

Thin sections from samples AL4 (from Fragole cistern),
AL7, and AL11 (from Aqua Alexandrina) have been selected
after OM and XRPD investigations to be analyzed at SEM-
EDS, to compare mortars representative of the cistern and
the aqueduct.

Fig.4 SEM-EDS analyses on thin sections of sample AL7 and AL11.
a and b show different areas of sample AL7 where the binder has a
different composition; in a, the most compact area on the left is the
carbonatic deposition due to the flow of water, and below the most
superficial layer of mortar at the base of the duct is shown; b shows

SEM images at high magnification of the samples col-
lected from the aqueduct reveal that they present some
inhomogeneity in the binder; moreover, the EDS analysis
shows that both samples are characterized by a binder which
contains mainly Ca, but in some areas that result in less
compact, they are mainly enriched in Si and Al (Fig. 4).
This suggests the formation of hydraulic phases, such as
C-A-S-H.

Analyses on sample AL4 allowed us to investigate the
interface between aggregate with pozzolanic behavior and
binder. Artificial material with pozzolanic behavior, here

an inner area of the same mortar sample, where peaks of Si an Al pre-
vail, suggesting the presence of amorphous hydraulic phases; ¢ AL11
showing a non-uniform binder, as testified by the different height of
Si and Al peaks
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represented by the ceramic fragments of the cocciopesto,
shows a reaction rim diffused around the aggregate, visually
more evident with respect to natural materials with pozzo-
lanic behavior. However, the EDS analyses show that the
reaction rim around the ceramic fragment is less enriched
in Si, Al, and Mg with respect to the binder area around
the volcanic rock fragment, which presents a higher peak
of these elements (Fig. 5). In the case of the natural mate-
rials with pozzolanic behavior, the exchange of elements
between aggregate and binder seems more widespread, and
not strictly located around the aggregate fragment, as it is in
the case of ceramic.

Concerning the aggregate, the presence of Pozzolane
Rosse has been inferred in samples AL7, as at OM, it shows
the presence of pyroclastic rock fragments less porphyritic
than other rock fragments constituting the aggregate, with
abundant leucite crystals with the typical star-like habit. The
SEM observations showed the presence of crystals with star-
like habit not only in the aggregate of AL7, but also in AL4

det HV WD ot | mag
DualBSD [20.00 kV|12.8 mm 6.2 /400 x|

—— 200 pm ———

FEI| Quanta

Fig.5 SEM-EDS analyses on sample AL4. Comparison among a
interface between a ceramic fragment and the binder, and b interface
between a volcanic rock fragment and the binder. Despite the fact that

¥
det HV wD
DualBSD | 20.00 kV|12.7 mm|5.25e-4 Pa| 6.2 {1600 x

(Fig. 6a and b); the EDS analyses performed on the star-like
crystals detected the presence (in order of abundance) of
Si, Al, and Na; as K, the major component of leucite, is not
present, analcimization has occurred, substituting it with Na
and producing analcime. This phenomenon has been attested
also in other Roman mortars containing Pozzolane Rosse
aggregate (Jackson et al. 2011), and in particular it interests
the smallest leucite crystals, which easier underwent substi-
tution by analcime.

Pyroclastic rock fragments with a porphyritic texture have
been identified in all the samples. In sample AL4, the phe-
nocrysts found in the pyroclastic rock fragments are micas,
clinopyroxenes, leucite, and apatite. In the porosities, acicu-
lar crystals with random orientation have been analyzed with
EDS, revealing the presence of Ca (Fig. 7a). In AL7, the
crystallizations found in the porosities of pyroclastic rock
fragments are composed of Al, Si, and Ca (and very few K
and Na), as result of the interaction between the pozzolan
aggregate and the calcic binder (Fig. 7b). AL11 presents

TRV / < ——— 200 ym
DualBSD|20.00 kV|12.6 FEl Quanta

visually the reaction rim is more evident in a, the area at the interface
that results more enriched in Si and Al, suggesting that a hydraulic
reaction occurred, is the one shown in b

L s
WD | pressure |spot| mag —— 50 ym ——
13.0 mm|4.22e-4 Pa| 6.2 |1200 x FE| Quanta

Fig.6 SEM-EDS analyses on analcimized leucite with star-like habit, typical of Pozzolane Rosse, a in sample AL4 and b in sample AL7
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Fig.7 SEM-EDS analyses on pores filling. a Sample AL4 shows
acicular crystals rich in Ca filling the pores of the pyroclastic aggre-
gate; b sample AL7 presents more compact crystallizations in the
pores of the aggregate, composed of Si, Al, Ca, K, and Na; ¢ sam-

crystallization in the pores of pyroclastic rock fragments that
are more complex (Fig. 7c): elongated crystals with radial
disposition are covered on top by a thin stratum of different
composition. The radial crystals are composed of Si, Al K,
Ca, and Na, which is compatible with the composition of
zeolite crystals, whereas the covering layer is rich in Ca and
is probably a secondary crystallization of calcite. The matrix
of the pyroclastic rock fragments found in all the three sam-
ples is similar, being composed (in order of intensity of the
peaks) of Si, Al, Ca, Na, Mg, Fe, K, and Ti.

In sample AL11, also a holocrystalline rock fragment has
been found (Fig. 8a); as described at OM, it is mainly com-
posed of large anorthoclase and nepheline crystals, which
are accompanied by areas that result white at SEM, with
irregular shape and a net structure. The EDS spectra on these
white areas show the presence (in order of intensity of the
peaks) of Si, Ca, Mg, Al Fe, K, Na, Mn, and Ti.

Ceramic fragments used as an aggregate have been ana-
lyzed in sample AL4 (Fig. 8b). The composition of the
matrix is rich in Si, followed by Al and Ca, and minor con-
tent of Mg, K, Fe, Na, Ti, and S. The crystals present in
the ceramic fragments are mainly represented by quartz and
anorthoclase.

Thermogravimetric analysis

The binder of samples ALS (Fragole cistern) and AL6, AL7,
AL10, and AL11 (Aqua Alexandrina) underwent thermo-
gravimetric analysis, to evaluate the hydraulicity of the
mortar (Moropoulou et al. 2004). As shown in the diagram
(Fig. 9), all the samples had a similar behavior, but a differ-
ent percentage of weight loss above 600 °C, which indicates
a difference in the content of carbonate phases. The presence
of carbonates is confirmed also by ATR analyses (peaks at
1405, 875, and 712 cm™"). The peaks representative of these
phases disappear or change in intensity and shape in the
samples analyzed after TGA, as well as the peak of water

ple AL11 shows in the inner part of the aggregate’s pore elongated
crystals with radial disposition, composed of Si, Al, K, Ca, and Na,
covered on top with a Ca-rich layer

between 3000 and 3600 cm™! disappears (Fig. 10). In order
to evaluate hydraulicity, the CO,/H,O ratio has been calcu-
lated: this ratio is used to evaluate the degree of hydraulic-
ity because it takes into account the weight loss due to the
decomposition of carbonate phases (over 600 °C) and the
loss of water bond to hydraulic compounds (200-600 °C)
(Elsen et al. 2012). The values of the CO,/H,O ratio are
reported in Table 2. The closest the value is to zero, the
highest is the hydraulicity. It is interesting to note that even if
sample ALS presents a relevant weight loss above 600 °C, as
it has also a consistent weight loss between 200 and 600 °C,
it is the second in content of hydraulic phases. The values
of the CO,/H,0 ratio of all samples confirm the hydraulic
nature of all the mortars (Moropoulou et al. 1995).

Discussion

The multi-analytical approach used for the characterization
of mortars and plaster from Fragole cistern and Aqua Alex-
andrina at Giovani Palatucci Park, comprehensive of OM,
XRPD, SEM-EDS analyses, and TGA, allows to define the
analyzed samples as hydraulic mortars, because of the pres-
ence of both artificial and natural materials with pozzolanic
behavior. Their presence enhanced the hydraulic reaction
in the binder, and this is testified by SEM-EDS analyses
carried on the binder and on the reaction rims showing an
increase in Si and Al content in the Ca-rich binder, and also
by CO,/H,O0 ratio values that confirm the hydraulic nature
of the mortars. In fact, ancient Romans were used to mix a
calcic lime binder, which by itself is aerial and it is able to
settle only in the presence of air, with aggregate materials
that enrich the system in Si and Al, favoring the hydraulic
reaction (Torraca 2009; Pecchioni et al. 2018; Ranieri et al.
2018; Secco et al. 2020).

Indeed, pyroclastic rock and glazed rock fragments are
present as aggregate in all the samples. These materials
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Fig.8 SEM-EDS analysis on
thin sections. a Holocrystalline
rock fragment in AL11, with a
chemical composition compat-
ible to nepheline (point A) and
anorthoclase (point B), a white
net area composed of Si, Ca,
Mg, Al Fe, K, Na, Mn, and Ti
(point C); b ceramic fragment
in AL4, presenting quartz (point
A), anorthoclase (point B), and
a matrix composed of Si, Al,
Ca, and minor content of Mg,
K, Fe, Na, Ti, and S (area C)
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are fundamental as the amorphous silica and alumina react
with water and lime to form hydrated calcium silicates and
hydrated calcium aluminates which provide resistance and
strength to the mortar. OM analyses showed inhomogeneity
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in the binder, and this was confirmed by SEM-EDS analyses,
which showed areas enriched in Si and Al, especially close
to the type of aggregate just described above, which is in
agreement with previous studies attesting that the presence
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Fig.9 TGA diagram show-
ing the weight loss of the
binder fraction of samples
ALS (Fragole cistern) and
ALG6, AL7, AL10, and AL11
(Aqua Alexandrina). The main
intervals of interest are deline-
ated in the diagram: below 120
°C, the sample is characterized
by the loss of adsorbed water,
between 200 and 600 °C, the
loss of water from hydraulic
phases occurs, and above 600
°C, the weight loss is related to
the decomposition of carbonate
phases
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Fig. 10 ATR analyses on the samples, before (top) and after (bottom) TGA
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Table 2 Calculation of the CO,/H,O ratio. The closest the value is to
0, the highest is the hydraulicity

Sample Weight loss in each temperature range (°C) CO,/H,0
<120 120-200 200-600 >600

ALS 4.88 1.73 11.21 2243 2.00

AL6 3.40 3.15 5.23 14.00 2.68

AL7 2.92 233 5.39 12.66 2.35

AL10 5.56 2.63 543 19.09 3.51

ALI1 3.01 3.30 4.84 8.83 1.82

of natural pozzolanic materials produces more hydraulic
mortars than artificial pozzolanic materials (Moropoulou
et al. 2004, 2005).

Furthermore, the presence of ceramic fragments is due
to their pozzolanic behavior. Ancient Romans used a tech-
nique called cocciopesto whenever a masonry would be in
contact with water. A wide discussion in the field of archae-
ology interests the correct definition of cocciopesto, and its
comparison with what is called opus signinum. The major-
ity of scholars now agree that the term opus signinum (i.e.,
“structure made in the way used in Signa”, today Segni, a
city located south-east of Rome) refers to a mural or pav-
ing coarse rubble structure, used in hydraulic systems,
whereas cocciopesto refers to a mural or paving covering
layer (Cifarelli et al. 2017; Giuliani 2018). As reported in
the Supplementary material, the samples analyzed in this
study have different functions: the ones coming from the
Fragole cistern are both covering layers of the lateral walls
(AL4, ALS), the samples coming from the aqueducts are
thick layers of mortar at the base of the specus (AL6, ALS,
ALI11), lateral borders connecting the base of the specus
with lateral walls (AL7, AL10), and one is a mortar col-
lected between bricks, under the specus (AL9). Despite the
different displacements of the mortar and the difference in
the dimension of the biggest fraction of the aggregate, which
is mainly represented by ceramic fragments, the finest frac-
tion looks similar in all the samples, being characterized by
the presence of pyroclastic rock fragments.

The binder of the samples is a calcic lime, with grey color
and non-homogeneous texture. The presence of underburnt
lumps in the samples could suggest a not optimal calcination
of the limestone, related to the inhomogeneous distribution
of the temperature in the kiln. In addition, the identification
of few marble fragments at OM in sample AL10 can suggest
the use of this material to produce the binder, at least in this
sample. Marble is in fact one of the stones advised in Roman
times for lime making (Pavia and Caro 2008).

The mortars from Fragole cistern and Aqua Alexandrina
do not show main differences even after this archaeomet-
ric investigation, suggesting that even if the two structures
have never been connected and were not built in the same
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period (Vanni 2007), the masonry technique used by ancient
Romans for structures in contact with water followed a well-
known and established procedure.

Concerning the provenance of the natural pozzolanic
materials, the results of the petrographic analyses evidence
idiosyncratic features allowing for the identification of the
Colli Albani eruptive products as the main constituent of the
aggregates. Indeed, these products range from K-foidite to
tephrite and tephri-phonolite and are characterized by the
absence of sanidine and plagioclase and a modal assemblage
consisting of leucite and clinopyroxene (biotite is accessory)
(Marra et al. 2011). In particular, samples AL4, AL7, ALS,
and AL10 are characterized by the occurrence of glassy
aggregate fragments, with small leucite crystals displaying
star-like habit not homogeneously distributed in the vitreous
matrix, which have been attested in Colli Albani volcanic
products such as Pozzolane Rosse (Marra et al. 2022) and
Tufo del Palatino (Gaeta et al. 2021). Furthermore, the pres-
ence in samples AL8 and AL11 of holocrystalline aggre-
gate fragments, constituted by leucite, clinopyroxene, and
opaques (“Italite™), is typical of the Pozzolanelle pyroclas-
tic-flow deposit (Freda et al. 1997; Marra et al. 2016).

Results of our study, showing the jointed use of Pozzolane
Rosse and Pozzolanelle in the investigated third-century
aqueduct, confirm and provide new insights on the time-
line of employment of local pozzolanic materials in Roman
architecture. Indeed, the Pozzolane Rosse is the material that
ancient Romans preferred in mortar formulation in this area
since the end of the second century BC and it was integrated
by the Pozzolanelle at the passage between the second and
the third century AD (Marra et al. 2016).

Conclusions

This is the first archaeometric study which compares mor-
tars from Fragole cistern and Aqua Alexandrina in the area
of Giovanni Palatucci Park.

The multi-analytical approach proposed allowed us to
obtain a characterization of the materials constituting the
binder, the aggregate, and the interactions that occurred
between them. All the samples are hydraulic mortars, in
which the hydraulicity is due to the presence of an aggregate
with pozzolanic behavior, both artificial and natural.

Despite the differences in the intended use, all the sam-
ples present a fine fraction of aggregate constituted by pyro-
clastic rock fragments. The presence of this fine fraction
enhances the hydraulic reaction between aggregate and
binder.

Even if the two structures have not been built in the same
moment, as testified by archaeological evidence, the mortars
are similar, confirming a well-established know-how in the
mortar production in the Roman period.
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Finally, this multi-analytical characterization evidences
a local provenance for the raw materials constituting the
aggregate of natural origin, belonging to the Pozzolane
Rosse and Pozzolanelle pyroclastic-flow deposits erupted
by the Colli Albani Volcanic District.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12520-023-01885-3.
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