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1. Introduction

ABSTRACT

The paper reports the results of a multi-analytical characterization study on the renders constituting the
waterproofing coatings of 11 cisterns located in the Punic-Roman archaeological site of Nora (Southern
Sardinia, Italy). The multi-layer layout of the coatings is related both to the practice of putting sev-
eral strata of render in a synchronic plastering phase, and to frequent restoration activities related to
the prolonged use of the cisterns. The aims of this study are (a) to determine the compositional and
textural properties of the binding materials, (b) to define the coating systems employed in diachronic
plastering phases, and (c) to identify the role of diverse cultural influences in the modification of the
render recipes along time. The combined interpretation of the results obtained through petrographic,
mineralogical, microstructural and microchemical analyses allowed discriminating different render types
employing various pozzolanic additives, whose utilization is related both to Punic and Roman technolog-
ical practices. Furthermore, the cementation processes of the renders were studied through an in-detail
mineralogical and spectroscopic characterization of their binder fractions. The results demonstrated that
hydraulic reactions were often enhanced through specific treatments of the binding mixtures, such as
the combined use of different pozzolanic additives, the adoption of comminution processes to increase
their reactive specific surface and the use of saltwater to enhance silica and alumina activity in solution
through pH increase. Such technological practices promoted in some cases not only the precipitation of
Ca-based pozzolanic reaction products (C-S-H and AFm phases), but also the formation of nanostructured
anthropogenic magnesium-silicate-hydrate (M-S-H) phyllosilicate gels, leading to a further increase of
the cohesive properties of the binding mixtures. A combined interpretation of the results with the cistern
construction chronologies confirmed that cistern coating techniques in Nora were still largely influenced
by Punic traditions even two centuries after the Roman conquest of Sardinia.

© 2020 Elsevier Masson SAS. All rights reserved.

the late Bronze age, as demonstrated by the presence of Sardinian
Nuragic pottery. During the 8th century B.C.E., the area became

The ancient city of Nora is located on a peninsula in the south-
ern edge of the Gulf of Cagliari, Sardinia. The site is arranged around
three small andesite mounds surrounded by arenite sedimentary
outcrops [1]. Nora’'s cape was occupied by human settlements since
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one of the main Phoenician Sardinian harbors and a port of trade
of the Levantine merchants (emporium) for the exchange of goods
(mainly metals) with inland populations. The Phoenician settle-
ment is testified by a series of postholes for wooden huts and by
a necropolis recently discovered in the northern part of the penin-
sula [2], while the development of a first stable urban settlement
dates back to the end of the 6th century B.C.E., when Nora and
the whole Sardinia were taken over by Carthage. Punic popula-
tion, transferred from Africa for the agricultural exploitation of the


https://doi.org/10.1016/j.culher.2020.01.010
http://www.sciencedirect.com/science/journal/12962074
http://crossmark.crossref.org/dialog/?doi=10.1016/j.culher.2020.01.010&domain=pdf
mailto:michele.secco@unipd.it
https://doi.org/10.1016/j.culher.2020.01.010

64 M. Secco et al. / Journal of Cultural Heritage 44 (2020) 63-82

countryside, built a quartered town, with streets, sanctuaries, stone
buildings [3] and two hypogeal chambered necropolises [1,4,5]. In
238 B.C.E,, after the First Punic War, Sardinia was conquered by
Rome and Nora was gradually refurbished (not earlier than the 1st
century B.C.E.) by Roman structures such as a wide forum, temples,
baths and a theatre, despite being still culturally and socially influ-
enced by the Punic culture. Such urban development reached its
peak during the 3rd century C.E. In the late 4th century C.E., the
construction of a Christian Basilica in the western part of the city
indicated the spread of Christianity, while a steep socio-economic
decline took place from the 5th until the 7th century C.E. [1]. The
site, probably abandoned by the end of the 8th century C.E., was
progressively obliterated by the anthropic and geological evolu-
tions of the area, until the end of the 19th century, when the first
portions of the city were discovered by F. Vivanet and G. Patroni.
The first great archaeological excavations were promoted between
1952 and 1960 by the supervisor of Sardinian Antiquities Gennaro
Pesce [1].

In recent decades, the Superintendence for Archaeological
Heritage of the provinces of Cagliari and Oristano coordinated
systematic archaeological missions in collaboration with several
Academic institutions (University of Padova, Milan, Genoa, Cagliari,
Viterbo), in order to improve the knowledge of the ancient city [6].
One of the peculiarities of the Punic and Roman phases of Nora is
the presence of several cisterns for the collection of rainwater, as
proved by the works of the recent excavation campaigns, which led
to the identification of 92 man-made water reservoirs [7]. The per-
vasive presence of cisterns in Nora depends on the fact that the first
aqueductsin Sardinia were built only from the Augustan age on, and
they were still inadequately distributed throughout the island, at
least until the Severian age. Nora had its aqueduct only in the 3rd
century C.E., having used only wells and cisterns to fulfil its water
needs for the first seven centuries of its life.

2. Aim of the research

Recent in situ macroscopic investigations indicated that Nora
cisterns are characterized by the presence of coating systems con-
stituted of several render layers, which were placed not only after
the construction of the structures, but also during different, and
frequent, re-plastering activities.

The aim of this study is to recognize and parametrize the coating
phases of the cisterns, to understand if render recipes varied along
times, if Punic technological traditions were maintained after Sar-
dinia was declared Roman province (227 B.C.E.) and how Roman
and Punic cultures influenced each other.

3. Materials and methods
3.1. Materials

On the basis of the analysis conducted by S. Cespa on the struc-
tural characteristics and distribution of 92 cisterns unearthed in
Nora [7], followed by a preliminary petrographic examination of
the render coatings [8], this study was focused on 11 significant cis-
terns distributed in different areas of the ancient city. Both cisterns
with reliable construction chronologies and undated cisterns exca-
vated in past decades without stratigraphic methodologies were
included in the research. The different geometric layouts of the
cisterns, reflecting construction techniques and morphologies fre-
quently occurring in Punic-Roman sites of Sardinia [7-10], were
also taken into account in the selection process. The analyzed cis-
tern typologies, labeled in accordance with Cespa enumeration 7],
are reported hereafter:

a) Rock-grave cisterns (C28, €36, C92). This typology was made
by coating with renders the chambers of former Punic rock-
graves dug within arenite outcrops (Fig. 1a). Such change of use
occurred presumably in Roman times. The original entrance pits
of the tombs were used as wells, apart from one structure (C92),
where a secondary rectangular well was dug and coated with
render after the change of use. The size of these structures is
highly variable, and is correlated to the layout of the former Punic
graves.

b) Bathtub cisterns (C2, C4, C5, C7, C8, C13, C91). This type of cis-
tern is an elongated trench with semi-cylindrical terminations,
conferring the peculiar bathtub-like shape (Fig. 1b, ¢, d). This
typology is widely diffused in Carthaginian territories and is
linked to Punic building traditions. Such morphology was fre-
quently adopted in Sardinia, also in structures built during the
Roman period. The length of these structures ranges between 2.5
and 8.5 m, their width is comprised between 1 and 1.5 m, while
their depth can reach 4 m.

c) Rectangular cisterns (C29). This type of cistern is characterized
by an elongated rectangular plan, uncommon for Punic building
traditions (Fig. 1e). The analyzed structure has a length of 10.5 m,
a width of 1.26 m and a depth of 1.95 m.

Samples were collected by means of hammers and chisels from
the constituting elements of the cisterns, namely walls (I) and floors
(F). As previously reported, wall render samples are often stratified
in several layers, owing both to the multi-layer layout of synchronic
coating systems and to diachronic re-plastering operations: they
were subdivided according to the relevant hypothesized coating
system and labeled with progressive letters. Furthermore, the sam-
ple for the render of the secondary rectangular well of C92 was
labeled as C92-Iw.

The analytical plan was organized in three progressive steps
described in the following paragraphs, to broaden the knowledge
on application procedures, composition, and properties of the bind-
ing mixes.

3.2. Methods

3.2.1. Micro-stratigraphic characterization of the coating systems

Samples representing the entire stratigraphy of coating layers
were investigated in order to parametrize the morphologies of layer
interfaces and distinguish rough preparation strata from smoothed
finishing surfaces, defining the occurrence of several diachronic
plastering phases. The study was performed by means of con-
focal laser scanning microscopy (CLSM), using an Olympus LEXT
OLS4100 laser scanning digital microscope. Several stitched images
for each sample were acquired employing simultaneously optical
and laser light.

3.2.2. Multi-analytical characterization of the render typologies

All the samples were subject to a preliminary petrographic study
to cluster the renders of the coating systems according to their com-
position. The study was performed following the macroscopic and
microstratigraphic analytical procedures for the study of mortar-
based building materials described in Standard UNI 11176:2006
“Cultural heritage - Petrographic description of a mortar”. Mass
color was defined through Munsell soil color charts [11]. The study
was performed through macroscopic and stereomicroscope obser-
vations, and by transmitted light optical microscopy (TL-OM) on
30 wm thin sections, obtained by vacuum impregnating portions
of the materials with epoxy resin and sectioning them transver-
sally. The microscopic study was performed on a Nikon Eclipse
MEG600 microscope. Binder to aggregate ratios and porosity per-
centages have been estimated qualitatively by means of image
analysis of thin sections [12], while the cohesion of the materi-
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Fig. 1. Map with the spatial distribution of the analyzed cisterns within the Nora archaeological site, and photographs of the different morphologies of the water systems: a)
rock-grave cistern (C92); b, ¢, d) bathtub cisterns (C5, C7 and C13, respectively); e) rectangular cistern (C29). Each band of the ranging rods measures 20 cm. Pictures taken

by S. Dilaria and S. Cespa.

als has been qualitatively evaluated according to the resistance
to hand crushing, as prescribed by the above-mentioned Stan-
dard.

Then, a selection of render samples - representative for each
petrographic group - was subject to a detailed mineralogi-
cal, microstructural and microchemical characterization to better
define their compositional properties. Mineralogical analyses of
the bulk samples were performed by quantitative phase analysis
based on X-ray powder diffraction data (XRPD-QPA). The materials
were subject to micronization by a McCrone mill, using a plastic
jar with agate grinding elements and ethanol 99% as micronizing
fluid. Furthermore, 20 wt% of ZnO was added to the powders for
the quantification of the paracrystalline fraction through the inter-
nal standard method. Data were collected using a Bragg-Brentano
0-0 diffractometer (PANalytical X’Pert PRO, Co Ka radiation, 40 kV
and 40 mA) equipped with a real-time multiple strip (RTMS) detec-
tor (X'Celerator by Panalytical). Data acquisition was performed by
operating a continuous scan in the range 3-85 [°20], with a virtual
step scan of 0.02 [°20]. Diffraction patterns were interpreted using
the X'Pert HighScore Plus 3.0 software by PANalytical, qualitatively
reconstructing mineral profiles of the compounds by comparison
with PDF databases from the International Centre for Diffraction
Data (ICDD). Then, QPAs were performed using the Rietveld method
[13]. Refinements were accomplished with BGMN-Profex software
(version 3.12.1) [14,15]. The observed Bragg peaks in the powder
patterns were modelled through a pseudo-Voigt function, fitting
the background by a 12-coefficients Chebyshev polynomial. For
each phase, the lattice parameters, Lorentzian crystal sizes and

scale factors were refined. Although samples were prepared with
the back-loading technique to minimize preferred orientation of
crystallites a priori, any residual preferred orientation effect was
modelled during the refinement with the March Dollase algorithm
[16]. The starting structural models for the refinements were taken
from the International Crystal Structure Database (ICSD). Further-
more, a Rietveld-compatible procedure was adopted to quantify the
amount of nanocrystalline phyllosilicate gels in the analyzed sam-
ples. Such phases are characterized by structural disorder issues
such as short range stacking order and turbostratic disorder [17],
and thus they were quantified by modeling the turbostratic disor-
der according to the “single layer approach” [18] on a cis-vacant
2:1 layer dioctahedral smectite structure included in the software
package [19].

Finally, the thin sections of selected samples were microstruc-
turally and microchemically characterized by scanning electron
microscopy and energy-dispersive microanalysis (SEM-EDS). A
CamScan MX2500 scanning electron microscope has been used,
equipped with a LaBg cathode and a four-quadrant solid state
BSE detector for imaging. The analytical conditions were: accel-
erating voltage 20KkV; filament current 1.80 A; emission current
20 wA; aperture current 300 nA; working distance 20—30 mm. Fur-
thermore, an EDAX-EDS energy dispersive X-rays fluorescence
spectrometer was used for chemical microanalysis, mounting a
Sapphire Detector composed by a LEAP +Si(Li) crystal and a Super
Ultra-Thin Window. Qualitative interpretation of spectra and semi-
quantitative chemical analysis were performed through SEM Quant
Phizaf software.
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Fig. 2. CLSM micrographs representative of the interfacial characteristics of the
render layers in the Nora cisterns: a, b) typical interfaces for diachronic render lay-
ers (C7.11.b/C7.12.a and C13_12.a/C13.13.a, respectively); c, d) typical interfaces for
synchronic render layers (C29.11.b/C29.11.c and C4_12.b/C4_12.c, respectively).

3.2.3. Mineralogical and spectroscopic characterization of the
binder fractions

The multi-analytical characterization of the renders constitut-
ing the coating systems was complemented with a combined
mineralogical-spectroscopic study of their binder fractions, to
determine the reactivity properties of the employed binding mix-
tures and the extent of the pozzolanic reaction processes.

The study was performed on binder-concentrated samples
obtained following the Cryo2Sonic 2.0 separation procedure [20],
custom-modified through the addition of a chelating agent to the
sedimentation solution (sodium hexametaphosphate 0.5% wt.) to
favor the suspension of the finer, non-carbonate phases such as
clay minerals and pozzolanic products, prone to flocculation due
to their surface charges. After the extraction, the ultrafine powders
were mineralogically characterized through XRPD-QPA, adopting
the same analytical protocol used for the analysis of the bulk sam-
ples, and implementing further treatments to better discriminate
the nature of the paracrystalline fraction. More in detail, represen-
tative fractions of the binder-concentrated samples were weighed
with an analytical microbalance, treated with acetic acid for the
removal of carbonates and other acid-soluble phases according to
the procedure described in [21] and the residues were weighed
again to determine the amount of dissolved fraction and analyzed
through XRPD-QPA. Then, by comparing the weights and the quan-
titative profiles before and after the acid treatment, both soluble
and insoluble paracrystalline fractions for each sample were quan-
tified. Furthermore, the Total Organic Carbon (TOC) and the stable
isotopic composition of carbon (813C) of selected samples were
simultaneously determined. Approximately 2 mg of powder for

Fig. 3. Cross-sections of representative samples for each render/concrete typology
applied in the Nora cisterns: a) C13.I1a, b (ASH, below); b) C2_11.b (ASH-CP); c)
C29.11.a, b, c (CP); d) C91.11.b (PUM-CP); e) C36-F1 (CCC).

each sample were weighed with an analytical microbalance in sil-
ver cups and treated repeatedly with HCI (9%) on a hot (65 °C) plate,
to remove carbonate and acid-soluble minerals, until the reaction
was complete. The cups were then wrapped and analyzed for their
C content with a Thermo Scientific Flash 2000 Elemental Analyzer,
along with blanks and standards (pure marble, weighed at least 6
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times between 0.1 and 1 mg). The obtained C contents were inter-
preted as the amount of organic carbon (i.e. charcoal) within each
analyzed sample. The CO, developed in the Elemental Analyzer
was transferred to a Thermo Delta V Advantage Isotopic Ratio Mass
Spectrometer for the determination of 313C. The measured 813C
was normalized to the standard VPDB scale through an internal
standard (Carrara marble), whose isotopic composition is period-
ically checked internally against the international standard NBS
19. The reproducibility of analyses normalized with this method,
estimated by repeated analyses of an independent standard (C3
plant sucrose) treated identically to the analyzed samples, is 0.3%.
(1s.d.).

Finally, the coordination and degree of polymerization of sili-
cates and aluminates in the binder fractions of the render samples
were studied through 29Si and 27Al Magic-Angle Spinning Solid-
State Nuclear Magnetic Resonance (MAS-SSNMR). 29Si and 27Al
spectra were collected on a Bruker AVANCE III 300 spectrometer,
operating with a magnetic field of 7.0 T corresponding to 29Si and
27A1 Larmor frequencies of 59.623 and 78.066 MHz, respectively,
and equipped for solid-state analysis in 4 mm diameter zirconia
rotors with Kel-F caps. The magic angle was accurately adjusted
prior to data acquisition using KBr. 29Si chemical shifts were exter-
nally referenced to solid tetrakis(trimetylsilyl)silane at —9.0 ppm
(in relation to TMS) and 27Al chemical shifts were externally ref-
erenced to NaAlO, (79.3 ppm). The quantitative 29Si single-pulse
experiments were collected at a spinning frequency of 6 kHz, arecy-
cling delay of 100s and 2000 transients. 27Al experiments were
collected at a spinning frequency of 13 kHz with a recycle time of
2 s. The signal patterns of the spectra were deconvoluted with the
Peak Analyzer routine of Origin Pro 2018 software, using combined
Gaussian-Lorentzian peak functions commonly employed for the fit
of NMR data [22].

4. Results
4.1. Micro-stratigraphic characterization of the coating systems

Confocal analyses of sample layer interfaces, coupled with in situ
analyses of surface coating treatments for all the cisterns exam-
ined, were crucial to identify the coating systems and confirm
the hypothesized coating phases (Table 1), distinguishing between
preparation wall renders and finishing ones. This was a fundamen-
tal step to chronologically distinguish plastering and re-plastering
activities and to identify plastering techniques adopted by Nora
artisans.

Finishing layers present a straight profile and the lime carbona-
tion skin, particularly pronounced for fat renders, is usually evident
(130-200 pm) due to the prolonged exposure of the surface to the
air (Fig. 2a, b). Sometimes, finishing surfaces are refined with a
thin layer of pure lime, 200—500 wm thick. Macroscopically, fin-
ishing surfaces are extremely well polished. In occasion of repair
procedures, the external render layers have been frequently pat-
tered by the use of chisels to improve the adhesion of new coatings.
The identification of these incisions is a useful tool to discriminate
different coating phases.

Preparation layers, on the other hand, present a corrugated
profile, carbonation is either not present or poorly visible and some-
times aggregate particles are shared between two superimposed
layers (Fig. 2¢c, d). Macroscopically, preparatory layers are charac-
terized by rough superficial textures.

In this way, wall render samples, collected with the entire layer
stratigraphy, were subsequently distinguished according to sepa-
rate plastering phases, related to both construction and restoration
activities. Coating systems are constituted by 1 up to 4 layers for
each plastering phase (Fig. 10).

4.2. Multi-analytical characterization of the render typologies

Based on the results obtained by TL-OM, XRPD-QPA and SEM-
EDS, the wall render layers have been clustered into five types,
while all the concrete-like floors were clustered within an addi-
tional type (Table 1). The main characteristics of each type are
reported hereafter. A strict terminology has been applied for the
macroscopic categorization of the render and concretes layers,
based on the lexicon adopted in the archaeological literature
[23,24].

a) Ash renders (ASH). Such renders are present only in the first coat-
ing systems of C5 and C13 cisterns, both as centimetric base
layers and millimetric finishing ones. They are macroscopically
characterized by grey to very dark bluish-grey colors (5B-3/1)
and moderate cohesion (Fig. 3a). Binder to aggregate (B/A) ratios
are typical for fat renders, and the aggregate fraction is mainly
constituted by ash and charcoal derived from organic matter
combustion, with a sporadic occurrence of natural sand (Fig. 4a).

The natural sand component presents a highly sorted unimodal
granulometric distribution centered within the fine sands granulo-
metric range [25], with dominant quartz grains and a secondary
occurrence of andesite and sandstone clasts, feldspar crystals,
micas and fine carbonate sand. Pyroxenes, amphiboles and opaque
minerals are rare. Such constituents are fully compatible with the
locally available sediments [26].

The anthropogenic aggregate component is made of textu-
rally and compositionally heterogeneous ash clusters reaching, in
some cases, dimensions of several hundred pm (Fig. 4a). They
constitute the inorganic residue of organic matter combustion,
associated to sporadic charcoal frustules often retaining the cel-
lular shapes of wood (Fig. 4b). The ash clusters are constituted of
matrices of cryptocrystalline particles (Fig. 5a), mainly siliceous-
aluminous in composition with associated calcium, magnesium,
phosphorous, alkalis, iron, chlorine and titanium (Fig. 5c1). Signifi-
cant enrichments in calcium towards the interfacial portions with
the surrounding binding matrices are often observed (Fig. 5c2),
indicating pozzolanic reaction processes with the lime binder [27].
Furthermore, highly porous particles of hundreds of pm (Fig. 5b),
mainly constituted of calcium and phosphorous (Fig. 5¢3), are fre-
quently embedded within the ash clusters. Their compositional and
textural characteristics allow identifying them as bone residues
and their presence suggests a co-combustion of animal and plant
organic matter for the production of the additive [28]. Finally, euhe-
dral and subhedral silicate crystals are sporadically present and
likely related to contaminations with local sediments during the
combustion process. Apart from the two main classes of aggre-
gate constituents, scarce (<5 vol%) fractions of crushed ceramics are
present, whose occurrence is probably involuntary.

The binding matrices are mainly made of optically-extinct clus-
ters of cryptocrystalline particles (Fig. 4a, 7a), fairly homogeneous
in composition, with dominant calcium and an associated elemen-
tal profile similar to the cryptocrystalline ash components (Fig. 7b1,
7b2). Such characteristics indicate a composition given by anthro-
pogenic calcite (i.e. formed after carbonation of the calcic binder)
and finely powdered ash, possibly with hydration products of poz-
zolanic reaction processes between the lime binder and the additive
[27]. Furthermore, diffuse lumps with dimensions from few to
hundreds of pm are homogeneously distributed in the matrices
(Fig. 7a). The typical TL-OM interference colors and the calcic com-
position indicate that they are composed of anthropogenic calcite.
The analyzed samples are dense, with a volumetrically reduced
pore network constituted of irregular vughs of few hundred pm,
often related to the intrinsic porosity of the additive particles, and
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Fig. 4. TL-OM micrographs of representative samples for each render/concrete typology applied in the Nora cisterns. a) C13.I1.a (ASH), crossed polars (several optically
extinct ash clusters are visible, the largest ones have been highlighted by dashed lines); b) C5_I1.a (ASH), plane polars (two charcoal frustules have been highlighted by
dashed lines); c) C36.12.a (ASH-CP), crossed polars (several optically extinct ash clusters are visible, the largest ones have been highlighted by dashed lines); d) C7_11.b
(ASH-CP), plane polars (a charcoal frustule has been highlighted by a dashed line); e) C29_11.b (CP), crossed polars; f) C92_Iw (CP), crossed polars; g) C4_12.a (PUM-CP), plane
polars (pumice clasts have been highlighted by dashed lines) ; h) C91_11.b (PUM-CP), plane polars (pumice clasts with evident reaction rims have been highlighted by dashed
lines); i) C92_F1 (CCC), crossed polars; j) C91_F1 (CCC), plane polars.
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Table 1

List of the analyzed cisterns, together with their typology, hypothesized chronology, architectural element of pertinence for the render/concrete samples, sequence of the
coating phases and of the render layering, and analytical techniques employed for the characterization of the materials.

Cistern  Typology Chronology  Element Sample Layer Render Type Analytical techniques
TL-OM CLSM  XRPD bulk  XRPD binder SEM-EDS TOC-313C NMR
Cc2 Bathtub 150-75 Wall In a ASH-CP X
B.C.E. b ASH-CP X X X X X
c4 Bathtub Wall In a ASH-CP X X
Wall 12 a PUM-CP X X
b PUM-CP X X
. PUM-CP X X
(&) Bathtub Wall I a ASH X X X
b ASH-CP X X
Wall 12 .a ASH-CP X X X
b ASH-CP X X
. PUM-CP X X
Wall 13 .a PUM-CP X X X
b PUM-CP X X X
. PUM-CP X X X
d PUM-CP X X X X
Wall 14 .a PUM-CP X X
Cc7 Bathtub Wall I a ASH-CP X X X X
b ASH-CP X X X
Wall 12 .a ASH-CP X X X
b PUM-CP X X X X
c8 Bathtub Wall In a ASH-CP X
C13 Bathtub Wall In .a ASH X X X X X X X
b ASH X X X
Wall 12 a cpP X X X
Wall 13 a CcP X X X X
c28 Rock- Roman Wall I a ASH-CP X X
grave age Wall 12 a ASH-CP X X X
b ASH-CP X X X X X X X
K PUM-CP X X X
Wall 13 a PUM-CP X X X
Floor F1 Cccc X
c29 Rectangular Roman Wall I .a CP X X X
age b CP X X X X X X
.c CP X X X
Wall 12 .a CP X X
b CP X X
C36 Rock- Roman Wall In a ASH-CP X
grave age Wall 12 a ASH-CP X X X
b PUM-CP X
Floor _F1 CcC X
91 Bathtub 1st-2nd Wall 1n a CP X X
century C.E. b PUM-CP X X X X X X
.c PL X X X
Floor F1 Cccc X
C92 Rock- 2nd-1st Wall In .a ASH-CP X
grave century C.E. b PL X X X
Wall 12 a ASH-CP X X X X X
b PL X X X
Wall 13 .a PUM-CP X
Well wall  _Iw a CP X X X
Floor F1 Cccc X

capillary micro-channels generated by the drying shrinkage of the
setting render [29].

XRPD-QPA analyses (Table 2, Fig. 8a) showed a mineralogical
composition consistent with the microscopic observation and given
by dominant calcium carbonates, mainly anthropogenic, associated
silicate phases of the aggregate fraction, and a relevant paracrys-
talline fraction related to the combustion residues and, possibly,
to paracrystalline pozzolanic reaction products such as C-S-H and
AFm phases, commonly characterized by the absence of crystal-
like long-range ordering [27]. Furthermore, relevant amounts of
crystalline AFm phase are present [30], formed after pozzolanic
interactions between lime and the alumina component of the addi-
tive [31].

b) Ash-cocciopesto renders (ASH-CP). This type was found in all the
analyzed cisterns apart from C13, C29 and C91. Renders with
such composition are present either as centimetric base layers

or as millimetric finishing layers over ASH (C5) or other ASH-CP
renders. They are macroscopically characterized by high cohe-
sion and colors ranging from very dark bluish grey (5B-3/1)
to pinkish grey (5YR-6/2) and light reddish brown (2.5YR-7/3)
(Fig. 3b). B/A ratios are highly variable, and the aggregate frac-
tion is constituted by an association of natural sand, combustion
residues and crushed ceramics particles (Fig. 4c, d).

The natural sand fraction is compositionally affine to the one
observed in the ASH renders, despite being present in higher
amounts and with a slightly greater granulometric distribution
centered within the fine sands [25]. The combustion residues are
smaller with respect to the previous class and constituted by an
association of ash clusters and charcoal particles (Fig. 4c, d). The
ash clusters are almost exclusively made of porous cryptocrys-
talline matrices (Fig. 5e) with chemical profiles comparable to their
counterparts within ASH renders, enriched in Al and Mg (Fig. 5f3),



Table 2

Mineralogical quantitative phase analysis of Nora cisterns’ renders, obtained by full profile fitting of the experimental XRPD patterns according to the Rietveld method.

Sample Type Mineralogical composition (wt.%)
Calcite Vaterite ~ AFm Quartz Albite Orthoclase Biotite Sanidine  Analcime Hematite Illite/Muscovite Ps-Gel Clinochlore Halite Gypsum Amorphous

C211.b ASH-CP 29.5 0.0 0.0 17.8 3.6 4.5 0.1 0.0 0.0 0.3 3.2 24 0.0 0.0 0.0 38.8
C512.a CP 65.7 0.0 0.0 6.3 1.6 1.7 0.4 0.0 0.0 04 2.6 0.0 0.0 04 0.0 20.8
C5.13.d PUM-CP 354 0.0 0.0 9.1 3.1 1.6 0.7 6.7 0.6 0.1 4.1 0.0 1.0 0.0 0.0 374
C711.a ASH-CP 439 0.0 0.0 9.8 24 4.2 0.4 0.0 0.0 0.3 2.1 24 0.0 0.0 0.0 34.6
C712.b PUM-CP  34.0 0.0 0.0 9.2 3.2 1.9 0.5 8.7 0.7 04 3.9 0.0 0.3 0.0 0.0 371
C1311.a ASH 58.1 1.1 3.0 5.6 0.4 1.9 0.2 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 29.5
C1313.a CP 45.6 0.0 0.0 10.8 1.9 29 0.4 0.0 0.0 0.5 2.6 0.0 0.0 4.1 0.8 30.4
C28.12.b  ASH-CP 34.5 0.0 0.0 114 3.6 4.4 04 0.0 0.0 0.5 4.9 33 0.0 0.7 0.0 36.4
C29.11.b  CP 45.9 0.7 0.0 18.8 2.6 5.0 0.2 0.0 0.0 0.2 3.0 0.0 0.1 0.0 0.0 23.6
C36.12.a  ASH-CP 38.7 0.0 0.0 9.3 1.8 3.0 0.7 0.0 0.0 0.4 22 5.7 0.0 1.0 0.0 37.2
C91.I1.b  PUM-CP 423 1.3 0.0 6.4 2.2 34 0.7 5.2 0.5 0.0 24 0.0 0.8 0.0 0.0 34.9
C9212.a  ASH-CP 334 0.0 0.0 15.2 34 49 1.6 0.0 0.0 0.6 52 2.7 0.0 0.0 0.0 33.1
C92.Iw CcP 26.5 0.0 0.0 15.3 3.7 4.7 1.0 0.0 0.0 0.6 6.4 0.0 0.0 0.0 0.0 41.9
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BSE 20 KV ————— 250 um

Fig. 5. a, b) Backscattered electrons images (BSI) of ash clusters within sample C13_I1.a, with indication of the spots of EDS analyses reported in figures c1, c2 and c3; d) BSI
of a ceramic fragment and pozzolanic lumps and e) BSI of an ash cluster within sample C28_12.b (the reaction rim has been highlighted by dashed lines), with indication of

the spots of EDS analyses reported in figures f1, f2 and f3.

Fig. 6. a, b) BSI's of ceramic fragments within sample C29_11.b (the reaction rim has been highlighted by dashed lines), with indication of the spots of EDS analyses reported
in figures c1 and c2; d) BSI of a ceramic fragment and e) BSI of a pumice grain within sample C91_I1.b, with indication of the spots of EDS analyses reported in figures f1 and

f2.

showing clear interfacial dissolution features related to pozzolanic
reaction processes. The crushed ceramics particles are present
within the samples in variable sizes and proportions, being some-
times abundant and with dimensions of several hundred p.m, while
in other cases they are smaller than 100 pwm and more sporadic
(Fig. 4c, d). Compositionally, they are constituted of highly vitrified
siliceous-aluminous matrices (Fig. 5d), low in Ca (Fig. 5f1), with a

silicate temper fraction affine to the natural sand aggregate within
the renders. Interfacial pozzolanic reaction rims are always present.

The binding matrices are constituted of optically-extinct clus-
ters of cryptocrystalline particles (Fig. 4c, 7c) rich in chemical
elements compatible either with the cryptocrystalline ash compo-
nents and the vitrified matrices of the crushed ceramics particles
(Fig. 7d1, 7d2). Ca is the dominant chemical element in several
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Fig. 7. a) BSI of sample C13.I1.a, with indication of the spots of EDS analyses of the binder matrices reported in figures b1 and b2 (several lumps are visible, the largest ones
have been highlighted by dashed lines); c) BSI of sample C28_12.b, with indication of the spots of EDS analyses of the binder matrices reported in figures d1 and d2 (several
lumps are visible, the largest ones have been highlighted by dashed lines); e) BSI of sample C29.I1.b, with indication of the spots of EDS analyses of the binder matrices
reported in figures f1 and f2 (several lumps are visible, the largest ones have been highlighted by dashed lines); g) BSI of sample C91_11.b, with indication of the spots of EDS

analyses of the binder matrices reported in figures h1 and h2.

areas, despite being often exceeded by Si. Furthermore, signifi-
cant Mg, Al, Cl and Na enrichments are detectable. As observed in
the previous class of renders, micrometer-sized lumps of anthro-
pogenic calcite are present (Fig. 7c). Furthermore, several dense

and homogeneous cryptocrystalline lumps with average dimen-
sions of 100 wm are present (Fig. 5d). They are mainly silico-calcic
in composition, with associated Mg, Al, P and Cl and minor amounts
of Fe, alkalis, S, Ti and Mn (Fig. 5f2). Such evidence indicates a
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Fig. 8. XRPD patterns of representative samples for each render typology applied in the Nora cisterns (ASH: C13.I1.a; ASH-CP: C28.12.b; CP: C29_11.b; PUM-CP: C91.11.b).
XRPD patterns of bulk samples are reported in a), XRPD patterns of binder-concentrated samples are reported in b). The main diffraction peaks of the mineral phases are
highlighted. Abbreviations: Ps-gel=phyllosilicate gels, Bt/Ilt/Ms = biotite/illite/muscovite; AFm=AFm phases; Chl=clinochlore; Anl=analcime; Qz=quartz; Vtr=vaterite;
Or=orthoclase; Sa=sanidine; Ab = albite; Cal = calcite; Di=diopside; Ap = hydroxyapatite; Hem = hematite; Zin = zincite (internal standard); Hl = halite.

compositional profile given by anthropogenic calcite, finely pow-
dered pozzolanic additives and pozzolanic reaction products, with
an additional cryptocrystalline Mg, Al-rich component. Porosity is
slightly higher than ASH renders and mainly constituted of irregular
vughs with dimensions of several hundred pm.

XRPD-QPA’s (Table 2, Fig. 8a) showed variable amounts of cal-
cite and silicate phases, suggesting an inhomogeneity in the relative
lime/aggregate proportions, while the paracrystalline phase related
to the pozzolanic additives and the reaction products is always
high. Furthermore, all the analyzed renders are characterized by
the occurrence of clearly detectable amounts of structurally dis-

ordered phyllosilicate gels. They are present within the renders in
amounts from 2.4 wt% to 5.7 wt%, directly correlated with the Mg
and Al enrichments in the binding matrices. This evidence indicates
they are disordered Mg-rich phyllosilicates whose occurrence in
Roman mortars was already observed [32].

c) Cocciopesto renders (CP). These renders are always found in coat-
ing systems corresponding to re-plastering phases, except for
C29, constituted only of this class of binding materials, and C91,
where it constitutes the base layer. Furthermore, its application
is attested in the Roman well of C92 cistern. In any case, CP ren-
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ders are never placed below ASH and ASH-CP ones. They are
applied both as centimetric base layers and millimetric finish-
ing layers. Macroscopically, they are characterized by medium
to high cohesion and colors ranging from white (5YR-8/1) to
pinkish (5YR-8/2) (Fig. 3c). B/A ratios are highly variable, and
the aggregate fraction is characterized by a bimodal distribution,
moderately sorted (Fig. 4e, f).

Coarser aggregate particles are constituted of dominant angu-
lar crushed ceramics fragments, with 5 mm maximum size in the
base layers and finer than 2 mm in the finishing ones, discriminable
in two main types. The first one (Fig. 6a) is characterized by pale
pinkish colors (5YR-8/3) and is constituted of partially vitrified
siliceous-aluminous matrices, high in Ca (Fig. 6¢1), with a tem-
per fraction constituted of an association of silicate phases affine
to the natural sand aggregate within the renders and carbonate
foraminifera bioclasts, whose permanence indicate the adoption of
firing temperatures below the typical carbonate calcination thresh-
olds [33]. Interfacial pozzolanic reaction rims are almost totally
absent. The second one (Fig. 6b) is a highly vitrified, low calcic
crushed ceramics fraction (Fig. 6¢2) affine to the one observed in
ASH-CP renders, with clear interfacial pozzolanic reaction rims.
The finer aggregate fraction is constituted of ceramics powder,
associated to quartz, sandstone, andesite and carbonate clasts,
rare foraminifera bioclasts and sporadic feldspars and femic min-
erals.

The binder matrices are characterized by heterogeneous
textures (Fig. 4f), with dense aggregates of microcrystalline anthro-
pogenic calcite recognizable by the typical high interference
colors, associated to optically extinct clusters of cryptocrystalline
phases, suggesting the occurrence of finely powdered ceramics
and paracrystalline hydrated phases due to pozzolanic reaction
processes between the glassy component of the ceramic powder
and the lime binder [34,35]. The backscattered electrons imag-
ing of the binder matrices showed a remarkable mean atomic
number variability, as indicated by the heterogeneity of the
backscattered electrons (BSE) signal (Fig. 7e). EDS microanalyses
indicated a mainly calcic composition for the areas character-
ized by lighter BSE signal (Fig. 7f2), confirming the occurrence
of anthropogenic carbonates, while the darker areas are char-
acterized by a heterogeneous silico-aluminous-calcic-magnesian
composition with minor amounts of alkalis and iron (Fig. 7f1),
confirming the occurrence of the pozzolanic additive. The volumet-
ric ratios between anthropogenic calcite and pozzolanic materials
are highly variable among samples. Few sub-millimetric lime
lumps are generally present, approximately 3—5 vol% over the total
matrix (Fig. 7e). The pore network is mainly constituted of dif-
fuse vescicles/vughs (around 20vol%), likely related to an excess
of water in the lime putty, while planar voids and channels are
rare.

XRPD analyses (Table 2, Fig. 8a) highlighted strong variations
in the relative proportions between calcite, silicate phases and
paracrystalline fraction, fully consistent with the observed fluctu-
ations in the amounts of constituting components.

d) Pumice-cocciopesto renders (PUM-CP). These renders are always
found in re-plastering coating systems, alone or over ASH-CP
and CP renders, both as centimetric base layers and millimetric
finishing ones. They are macroscopically characterized by vari-
able cohesive properties, from low to medium-high, and colors
varying from pinkish-white (2.5Y-8/2) to pale yellow (2.5Y-7.4)
(Fig. 3d). B/A ratios are typical for normal/slightly fat ren-
ders, with a moderately sorted aggregate fraction characterized
by a unimodal granulometric distribution centered within the
medium sands granulometric range. Compositionally, it is con-
stituted by an association of natural sand and rounded pumice

clasts in variable proportions, with a secondary fraction repre-
sented by angular crushed ceramics fragments (Fig. 4g).

The natural sand fraction is affine to the one observed in the pre-
vious classes of renders, while pumice clasts are in form of vesicular
hypocrystalline aggregates (Fig. 4h, Ge) with sanidine phenocrysts
and a glassy fraction of silico-aluminous-potassic composition with
traces of sodium, calcium and iron (Fig. 6f2), showing diffuse inter-
facial dissolution features related to pozzolanic reaction processes.
Crushed ceramics fragments (Fig. 6d) are highly calcic (Fig. 6f1),
with several un-calcined bioclast residues and almost devoid of
pozzolanic reaction rims, as observed in the first class of ceramic
particles of CP renders.

The binding matrices are mainly constituted by dense optically
extinct clusters of cryptocrystalline phases (Fig. 4g, 7g), with a
chemical composition compatible both with the glassy fraction of
pumice clasts and the partially vitrified ceramic matrices, except
for significant enrichments in calcium, which is often the dominant
chemical element (Fig. 7h1, h2). Such evidence indicates a com-
positional profile given by anthropogenic calcite, finely powdered
pozzolanic additives and, possibly, pozzolanic reaction products.
Clusters of almost pure anthropogenic calcite are also present in
the matrices, both as micrometer-sized lumps and millimeter-sized
areas of carbonated matrix. Porosity is highly variable (from 5 to
30vol%), with prevalent vughs/vescicles likely related to an excess
of water in the slaked putty.

XRPD analyses (Table 2, Fig. 8a) highlighted fairly homogeneous
mineralogical profiles, with abundant fractions of anthropogenic
calcite, high amounts of paracrystalline phases related both to the
glassy fraction of pumices and crushed ceramics fragments and to
possible paracrystalline pozzolanic reaction products, and a het-
erogeneous silicate fraction related both to the local natural sand
and the mineral components of pumice grains (sanidine and anal-
cime).

e) Lime putty renders (PL). These renders have been observed spo-
radically and they have been used as finishing layers (0.05 up to
2 mm thick), likely to confer a white uniform color to the surface
of the coatings. They are mainly constituted of pure carbonated
lime, although sporadic aggregate fractions composed of local
sand may be present.

f) Concretes with crushed ceramics (CCC). This type of concrete has
been observed in all the 4 samples of cistern floor coatings.
The binder matrix is characterized by a homogeneous carbon-
ate microcrystalline texture, with a reduced porosity (< 10 vol%),
mainly constituted of vughs and vescicles. Aggregates are homo-
geneously distributed and sorted, with a planar orientation
which suggests an intentional mechanical compaction of the
binding mixture. They present a bimodal granulometric distribu-
tion due to their bi-component nature. The main constituents are
angular centimeter-sized crushed ceramics fragments (Fig. 3e,
4i, 4j), highly vitrified and oxidized, with a minor occurrence of
rounded sandstone and andesite gravel aggregates of local origin
[25]. Furthermore, a fine aggregate fraction is present, composi-
tionally and texturally similar to the local sand component of the
previous classes of renders. Despite the potential pozzolanicity of
the ceramic aggregates, their low specific surface and the absence
of finely ground ceramics powder generally limits hydraulic reac-
tions to reduced interfacial portions [34-36], as already observed
for this class of Roman concretes employed as floor beddings or
revetments [31].




Table 3
Composition of the selected binder-concentrated samples of the render mixes employed in the Nora cisterns, obtained by a combination of full profile fitting of the experimental XRPD patterns according to the Rietveld method,
acid treatments for the discrimination of the paracrystalline fractions, and TOC measurements for the determination of the fraction of organic carbon.

Sample Type Composition (wt.%)
Calcite Vaterite Mg-AFm Ca-AFm Quartz Diopside Hematite [llite/Muscovite Ps-Gel Hydroxyapatite Halite Organic Soluble Insoluble
Carbon Amorphous Amorphous
C13.01.a ASH 38.7 1.5 6.7 0.0 0.3 0.0 0.0 13 0.0 0.6 0.0 13 20.5 29.1
C28.12.b ASH-CP 24.8 0.0 1.6 0.5 04 22 0.2 0.8 17.0 13 0.0 2.1 36.3 12.8
C29.11.b cP 29.1 0.0 0.0 13 0.6 0.0 0.1 1.6 0.0 0.0 13 0.0 40.5 25.6
C91.11.b PUM-CP 17.4 0.0 0.0 0.0 0.6 0.0 0.0 1.7 0.0 0.0 0.0 0.0 389 414
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Table 4
Total Organic Carbon (TOC) and stable isotopic composition of carbon (8'3C) of
selected binder-concentrated samples of the render mixes employed in the Nora
cisterns.

Sample Type TOC (wt.%) 813C (%)
C2.11.b ASH-CP 2.0 —24.5
C1311.a ASH 13 —-233
C28.12.b ASH-CP 2.1 -249
C9212.a ASH-CP 2.1 -23.8

4.3. Mineralogical and spectroscopic characterization of the
binder fractions

4.3.1. Composition of the binder fractions

The compositional profile of the ASH binder-concentrated sam-
ple (Table 3, Fig. 8b) presents anthropogenic calcium carbonates
as main component, followed by the insoluble paracrystalline frac-
tion, identifiable as the non-reacted ash fraction, and the soluble
paracrystalline fraction, ascribable to the paracrystalline compo-
nent of the pozzolanic reaction products (C-S-H and AFm phases),
prone to dissolution under acidic conditions [37,38]. Furthermore,
relevant amounts of poorly crystalline carbonate-AFm phase were
detected, whose best fit was obtained with a Mg-based hydrotalcite
structure. Reduced amounts (<2 wt%) of silicate phases are present,
related to contaminations of the finer aggregate fractions. Further-
more, the occurrence of reduced but clearly detectable aliquots
of hydroxylapatite confirms the partial animal origin of the com-
bustion residues, which are characterized by a fraction of organic
carbon of 1.3 wt% with an isotopic composition of —23.3%. VPDB
(Table 4). The value is somehow heavier than the average isotopic
composition of C3 plants in non-desert Mediterranean environ-
ments (ca. —26.5%. VPDB, according to Ref. [39]). This could be
explained by the incorporation of organic matter from either C4
plants or animals in the render recipe. The latter is supported by
the occurrence of hydroxyapatite in the binder-concentrated sam-
ple and by the observation of bone fragments through microscopic
techniques.

The ASH-CP binder-concentrated sample (Table 3, Fig. 8b) is
mainly composed of soluble paracrystalline phases likely related
to the pozzolanic reaction products, followed by anthropogenic
carbonates and insoluble paracrystalline compounds ascribable to
the unreacted pozzolanic products (ceramics powder and ash).
Furthermore, significant aliquots of phyllosilicate gels have been
detected, which resulted insoluble in the acidic solution. The
diffraction contributions of these compounds are limited to few
broad maxima of low diffracted intensity, some of them markedly
asymmetric, typical for lamellar and turbostratic structures with
nanometer-sized coherent scattering domains. Furthermore, their
angular positions and profile characteristics present marked simi-
larities with the ones of magnesium-silicate-hydrate (M-S-H) gels
formed in modern high Mg Portland-based blend cements such as
blast furnace slag cements [40,41], or after interaction between
Portland-based binders and clay minerals [42-44]. Such phases
have been described as poorly crystalline 2:1 talc-like structures
[41,45]. The slight discrepancies between the experimental and
literature data, such as the translation toward lower angular val-
ues of the first reflection corresponding to the layer-to-layer basal
distance, may be attributed to the incorporation of Al within the
crystal structure, suggesting the occurrence of a M-A-S-H gel with
a saponite-like structure. This is in accordance with the observed
Mg and Al enrichments in the binder matrices of the ASH-CP
renders. Apart from the main components, reduced aliquots of
poorly crystalline carbonate-AFm phases were detected, both Mg-
(hydrotalcite) and Ca-based (hydrocalumite). Furthermore, the
hydroxylapatite occurrence confirms the partial animal origin of
the combustion residues also for this class of renders. The higher

amounts of the phase with respect to the ASH sample indicate
that finer fractions of combustion residues were added in greater
extents to the original mixes, as confirmed by the higher organic
carbon aliquots, always above 2 wt% (Table 4). The isotopic compo-
sition of organic carbon in the analyzed samples is between —24.9
and —23.8%. VPDB (Table 4). As observed for the ASH sample, the
heavier values with respect to the average isotopic composition of
C3 plants in non-desert Mediterranean environments support the
incorporation of animal-related organic matter in the render mixes.
Finally, scarce aliquots of silicate and oxide phases are present. They
are related to the residual fine aggregate fractions, apart from diop-
side and hematite, likely identifiable as high-temperature firing
products of the ceramic powder additive [33].

The analyzed CP binder-concentrated sample (Table 3, Fig. 8b)
is mainly constituted of anthropogenic calcite and paracrystalline
phases, the latter is more than double the former. The insoluble
unreacted residue of ceramic powder is lower than the solu-
ble paracrystalline pozzolanic phases, and a reduced aliquot of
poorly crystalline Ca- based carbonate-AFm phase was detected.
Aggregate and firing-derived crystalline phases are present in
concentrations around 2 wt%, and reduced halite aliquots were
detected, likely correlated to marine salts depositions [46].

Finally, an association of anthropogenic calcite and paracrys-
talline phases constitutes the PUM-CP binder-concentrated sample
(Table 3, Fig. 8b), with the latter significantly higher than the for-
mer and characterized by a slight prevalence of insoluble residues
of pozzolanic additives over soluble paracrystalline pozzolanic
phases. Residual silicates are present in concentrations around
2 wt’%.

4.3.2. Spectroscopic characterization of the binder fractions

The analysis of the 29Si and 27 Al MAS-SS-NMR spectra obtained
from the binder-concentrated fractions provided better insights
on the incidence of pozzolanic reaction amongst the determined
classes of renders. More in detail, the analysis of the —60 -
—120 ppm 29Si chemical shift is crucial for the determination of the
degree of condensation of SiO,4 tetrahedra [47], while the analysis
of the 90 — —40 ppm 27Al chemical shift region gives information
on the coordination of Al atoms [48].

Nevertheless, the discrimination of siloxane units according to
the number of covalent bonds in the polymer network bonded
over a bridging oxygen is perturbed in the analyzed systems by
the aluminosilicate nature of the employed pozzolanic additives
and, most likely, of the silicate-based pozzolanic products (M-A-
S-H and C-A-S-H phases [49]). Indeed, the replacement of silicon
atoms by aluminum in the second coordination sphere signifi-
cantly influences the resulting chemical shift in the obtained 29Si
MAS NMR spectra [47]. Furthermore, as a consequence of the
paracrystalline nature of the analyzed constituents (pozzolanic
additives and pozzolanic phases), the corresponding 2°Si NMR sig-
nals of the individual units are usually broadened, overlapping
each other, thus creating a large broad signal without characteristic
features (Fig. 9a) [47]. In this perspective, a detailed deconvo-
lution of the resulting 29Si MAS NMR spectra was discarded in
favor of a more qualitative interpretation of the extent of the poz-
zolanic reaction by considering the shift of the fitted center of the
peak from very negative chemical shift values (completely con-
densed Q* siloxane building units of the unreacted pozzolanic
additives [45] at about —100/—105ppm) to less negative chem-
ical shift values (Q! and Q? siloxane dimers and chains of the
C-S-H/C-A-S-H phases [50] at about —85 ppm). According to this
analytical interpretation (Table 5, Fig. 9a), ASH renders are the ones
showing the lower extent of silicates pozzolanic reaction (maxi-
mum of distribution at —101 ppm), while a progressive increase
in the reaction rate is observed in PUM-CP renders (maximum of
distribution at —97.1 ppm), CP renders (maximum of distribution
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Fig. 9. a) 2°Si MAS-SSNMR analyses of representative binder-concentrated samples for each render typology applied in the Nora cisterns (ASH: C13_11.a; ASH-CP: C28.12.b;
CP: C29.11.b; PUM-CP: C91.11.b). The raw spectra are reported below, while the fitted peaks are reported above, together with the FWHM bars and the typical intervals for
Q', Q?, Q% and Q* SiO4 tetrahedra [41,42]. b) 27 Al MAS-SSNMR spectra of representative binder-concentrated samples for each render typology applied in the Nora cisterns
(ASH: C13.I1.a; ASH-CP: C28_12.b; CP: C29.11.b; PUM-CP: C91.11.b), reporting the fitted peaks.

Table 5

Results of the fitting procedure on the 2°Si MAS-SSNMR spectra of the binder-
concentrated samples of the render mixes employed in the Nora cisterns. Center
of the fitted peaks and their full widths at half maximum (FWHM) are reported.

Sample Type Center (ppm) FWHM (ppm)
C1311.a ASH -101.0 17.5
C28.12.b ASH-CP -91.5 14.2
C29.11.b CP -94.5 18.2
C91.11.b PUM-CP -97.1 173

at —94.5 ppm) and ASH-CP renders (maximum of distribution at
—91.5 ppm). These data are in line with the determined ratios of sol-
uble over insoluble paracrystalline phases in the analyzed samples.
Furthermore, despite the high concentrations of phyllosilicate-
based M-S-H phases in the ASH-CP sample, which would imply
an increase in the relative NMR contributions within the chemical
shift ranges of Q3 siloxane building units, the overall signal of the
sample is mainly shifted toward the typical regions of Q! and Q2
sites. This is in accordance with the small size of the phases in the
ab plane due to their nanocrystalline characteristics, implying rel-
evant truncation of the silica sheets with consequent increase of
edge sites density [45].

The 27Al MAS-SS-NMR spectra of the analyzed samples are
always characterized by the presence of two distinct peaks (Fig. 9b).
The main one is an asymmetric peak with maximums of distri-
bution within typical chemical shift intervals of tetra-coordinated
IV[AI*3] atoms in chemical environments characterized by the
occurrence of Q4 siloxane units in the second coordination sphere
[48]. This region of the spectrum (—60 to —40 ppm) has been fitted
in all the analyzed samples with two peaks, a narrower one with
maximums of distribution between 53.5 and 56.5 ppm, and a wider
one with maximums of distribution between 45.2 and 48.0 ppm
(Table 6, Fig. 9b). Both peaks may be ascribed to the Al atoms in the

distorted tetrahedral networks of both the paracrystalline silica-
based pozzolanic phases, corroborating the hypothesis of C-A-S-H
and M-A-S-H gels formation, and the unreacted residues of the
amorphous pozzolanic additives. Interpreting the relative inten-
sities of the two peaks in light of the reactivity deduced by XRPD
analyses, the peak at higher ppm values may be ascribed to the
pozzolanic phases, showing higher intensity in the most reacted
CP and ASH-CP samples. On the other hand, the one at lower ppm
values, more intense in the less reacted ASH and PUM-CP samples,
may be associated to the NMR contribution related to the unreacted
pozzolanic additives.

Furthermore, all the spectra are characterized by the occurrence
of a secondary isolated peak with maximums of distribution within
typical chemical shift intervals of Al atoms in hexagonal AlV! coor-
dination (in the region approximately —20 to 0 ppm) [48] (Fig. 9b).
The peak presents symmetric shape and maximum of distribution
at 7.9 ppmin the analyzed ASH sample, and it is likely related to the
Al atoms in the octahedral sites of Mg-based carbonate AFm phase
[51], whose abundant occurrence was already determined by XRPD.
In the ASH-CP samples, the peak is asymmetric and it has been fit-
ted by the convolution of two peaks (Table 6, Fig. 9b), a narrower
one with maximum of distribution at 4.9 ppm and likely related
to the Al atoms in the octahedral sites of carbonate AFm phases,
and a main wider one with maximum of distribution at —3.6 ppm.
This peak is to be ascribed to the Al atoms in the octahedral sites
of M-A-S-H phases, suggesting a partial dioctahedral nature of the
anthropogenic phyllosilicate gels. The analyzed CP sample is as well
characterized by an asymmetric secondary peak, fitted with a first
sub-peak centered at 8.2 ppm and likely ascribable to the Al atoms
in the octahedral sites of Ca-based carbonate AFm phase, and a main
wider one centered at —1.5 ppm (Table 6, Fig. 9b). This second con-
tribution may be related to the Al atoms in the distorted octahedral
sheets of partially calcined clays of the crushed ceramics fraction
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Table 6

Results of the fitting procedure on the 27 Al MAS-SSNMR spectra of the binder-concentrated samples of the render mixes employed in the Nora cisterns. Peak types, relative
area fractions, centers of the fitted peaks and their full widths at half maximum (FWHM) are reported.

Sample Type Peak type Area Fraction (%) Center (ppm) FWHM (ppm)
C1311.a ASH AlV_01 323 53.5 11.6
AlV_02 45.6 45.2 20.2
AlV'_01 22.1 7.9 6.4
C2812.b ASH-CP AlV_01 39.9 56.5 17.8
AlV_02 13.9 48.0 18.7
AlV'_01 10.8 4.9 11.7
AlV'_02 354 -3.6 32.0
C29.11.b cp AlV_01 46.1 54.0 14.0
AlV_02 315 45.8 28.8
AlV'_01 4.7 8.2 9.0
AlV'_02 17.7 -15 24.2
C91.11.b PUM-CP AlV_01 34.1 54.4 104
AlV_02 55.4 48.0 18.8
AlV'_02 10.4 0.5 283

fired at lower temperatures. Such hypothesis is corroborated by the
presence of a secondary isolated peak with broad full width at half
maximum and centered at comparable ppm values (0.5 ppm) in the
PUM-CP sample (Table 6, Fig. 9b), which presents the same crushed
ceramics type in the render mixture.

5. Discussion
5.1. Chronology and cultural influences

A crosscheck between render typologies and their articulation
in diachronic coating phases distinguished several coating systems,
constituted of up to 4 render layers and clustered within 3 main
groups (Fig. 10):

a. Coating systems 1 (CS1) are made of 1 or 2 render layers rich in
combustion residues and they can be distinguished into two sub-
groups. In the CS1a system, preparatory and finishing layers are
both made of ASHrender, as attested in cistern C13, while in CS1b
system ASH-CP renders were generally employed. A thin layer of
pure lime render (PL) is sometimes set as superficial polishing.

b. Coating systems 2 (CS2) present at least one layer made of PUM-
CPrender and they are subdivided in two subgroups. The first one
(CS2a)is usually composed of 1 or 2 preparatory layers of ASH-CP
render, while the finishing one is made of PUM-CP render. In the
second variance (CS2b), all layers are made of PUM-CP renders
(i.e. later restorations of cisterns C4 and C5), sometimes with a
preparatory one made of CP render (i.e. C91).

c. Coating systems 3 (CS3) are rare and are usually composed of 1
up to 3 CP layers, with an increasing comminution of the ceramic
aggregate towards the external portions.

Concerning floors, all Nora cisterns present only one layer of
concrete with crushed ceramics (CCC). No restorations have been
identified, so it is possible to assume that such floors were much
more durable than wall renders, which needed several repair inter-
ventions.

Analyzing the sequences of the wall coating systems under
a stratigraphic and chronological perspective, CS1 systems are
always placed in direct contact with masonry (Fig. 10), thus they
can be identified as the oldest ones in terms of relative chronology,
while CS2 systems are almost exclusively employed for restorations
apart from one case (C91). Considering absolute chronologies of
properly excavated cisterns, a single parietal coating activity made
of a CS1 system may be observed in the cistern excavated in the
Roman forum (C2), which was made in the second half of 2nd cen-
tury B.CE. and obliterated before the building of the forum in the
second half of 1st century B.C.E. [2]. This chronological constraint

matches published radiocarbon analyses on a charcoal fragment
taken from the inner ASH-CP render layer of C92 cistern, provid-
ing a terminus post quem for the conversion of this Punic grave
into a cistern between the 2nd century and the first half of the
1st century B.C.E. [4,52]. These two well-dated contexts provide a
good chronological constraint for the introduction of CS2 system.
In fact, this technique is employed as original coating only in the
cistern excavated in the “Favonia house” (C91). This is a housing
context established, according to preliminary data, between the
1st and the 2nd century C.E. [53]. However, these well-dated con-
texts are exceptions when compared with the majority of Nora
cisterns, which were excavated without stratigraphic methods in
the 1950s. Nevertheless, relative sequences could demonstrate a
progressive shift in production technologies from systems employ-
ing mainly ASH and ASH-CP renders (CS1a, CS1b) to pumice-based
systems (CS2b), with CS2a systems possibly representing a transi-
tional phase.

Comparing the results of this research with other studies per-
formed on cistern wall renders, relevant similarities are observable
between the Nora technologies and the ones employed in several
Mediterranean sites. Archaeometric analyses indicated the pres-
ence of cistern coatings based on ash renders mixed with sporadic
crushed ceramics in other sites of Sardinia, such as Tharros [54,55].
Furthermore, similar renders are commonly found in Carthage at
least from the 4th century B.C.E. to the late Punic period [46,56,57].
Therefore, this practice might represent a technological specificity
of the Punic building tradition, with a recurrent use documented
in several Punic centers of the western Mediterranean [58-60].
This use of charcoal and ash particles as pozzolanic additives in
mortars and renders was later preserved in Carthage also during
Roman and Byzantine times [46], in addition to crushed ceramics.
Carthaginians probably knew the pozzolanic properties of coc-
ciopesto mortars, most likely derived from the Aegean tradition
[61], as house floor coatings are often layered with such material,
the so-called opus signinum [62,63]. Nevertheless, the use of abun-
dant fractions of crushed ceramics for cistern wall renders appears
to be uncommon, apart from rare cases [64]. Considering CS1 sys-
tems as the result of a technological transfer in Nora, brought about
by Carthaginian craftsmen during the Punic domination of Sardinia
and still in use during the Roman Republican period, the produc-
tion of ASH-CP renders rich in crushed ceramics could be ascribed
to a combination of Punic practices with the traditional cocciopesto
technique, frequently employed by Romans for floor and parietal
coatings.

On the other hand, pumice occurrence in renders strongly recalls
the pulvis puteolana cited by Vitruvius in his treatise De Architec-
tura [65] and commonly employed and traded in Roman times at
least since the 1st century B.C.E., as attested by the occurrence of
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Fig. 10. Coating systems of the Nora cisterns. Render typologies and discrimination of the plastering activities (construction/restorations) are reported in the upper part of
the figure. Graphical representations and compositional variances of render strata for each coating system are reported in the bottom of the figure.

Phlegraean pyroclastic sands in the concrete structures of several
harbors along the Mediterranean Sea [66]. Pozzolanas have been
found also in loads of Roman shipwrecks as the ones discovered in
Pisa [67,68]. Several pyroclastic deposits were exploited in ancient
times, also before the time of Vitruvius, and it has been proven
that even Carthaginians knew the pozzolanic properties of tuffs and
pumices, again a knowledge likely derived from the Aegean world
[56,57,61,69,70]. However, even if the properties of volcanoclastic
aggregates appear to be known by Punics, a diffuse utilization of
pumices seems to be related to the Roman period, as suggested by
the lack of use of CS2 systems in the cisterns of Nora dated before
the imperial age. Further geochemical analyses on pumice clasts
aimed at identifying their provenance will provide a useful tool to
solve this problem.

Lastly, CS3 systems seem to be the most closely related to Roman
traditional cocciopesto. In fact, also the rectangular shape of the
cistern appears unusual in Punic societies.

5.2. Materials technology

Under a technological perspective, the variation of ancient mix
designs formulated by Roman craftsmen under diverse cultural
influences deeply influenced the cohesion and durability of the
coating systems, shifting the reaction of lime-based binding mix-
tures from standard aerial carbonation.

In ASH renders, the addition of organic matter combustion
residues may be interpreted as an intentional technological choice
to increase the pozzolanic properties of the binding mixtures,
and thus the water-sealing capacity of the cisterns. Inorganic ash

residues of animal origin like dung ash, whose at least partial occur-
rence was demonstrated in the analyzed samples, are constituted
of highly amorphous, mainly aluminosilicate compounds [27], thus
characterized by potential pozzolanicity. Nevertheless, its addition
to ASH renders produced only a partial pozzolanic effect favoring
the formation of alumina-based compounds over silica-based ones,
whose crystalline features are less efficient for binding purposes
[37]. The resulting AFm phases were mainly Mg-based, indicating
autogenous reaction of the ash clusters after dissolution in alkaline
solution without significant interaction with the calcic component
of the lime binder, with a consequent shift toward the aerial reac-
tion in the competition between carbonation and hydration of the
pozzolanic system [71]. Such processes may have been influenced
by the low specific surface of the pozzolanic additive, whose sandy
dimensions indicate an addition within the render mixture without
significant comminution processes.

More pronounced pozzolanic properties were observed in the
render typologies based on crushed ceramics and pumice, espe-
cially the CP ones, characterized by a higher degree of reaction of
both the silicate and the aluminate components with respect to the
PUM-CP ones. Such different properties may be related both to the
lower specific surface of pumice particles with respect to the fine
ceramic powder of CP renders, and to the exclusive employment of
pozzolanic additives derived from low temperature, less vitrified
ceramics in PUM-CP renders.

Nevertheless, the more pronounced pozzolanic properties were
observed in ASH-CP class of renders. Despite their proportional
inhomogeneity, the simultaneous addition in the binding mixtures
of amorphous, aluminosilicate-based combustion ashes and pow-
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ders derived from highly vitrified ceramics led to the best overall
pozzolanic properties, with the highest reaction degree of sili-
cates and still a remarkable level of hydrous calcium aluminates
precipitation. Such marked pozzolanic properties may have been
influenced by specific treatments of the pozzolanic additives before
and during the render mixing, such as a comminution of the com-
bustion residues, possibly through co-grinding with the ceramic
scraps, which led to greater amounts of fines in the mixture and
consequent improved pozzolanic reactivity due to the higher spe-
cific surface. Furthermore, the systematic occurrence of chlorine
and sodium both in the binding matrices and in the pozzolanic
lumps may suggest the employment of saltwater during render
preparation. It has been demonstrated that salt content in lime-
based pozzolanic systems increases silicates dissolution, due to
the pH increase promoted by sodium hydroxide formation after
the interaction between calcium hydroxide and sodium chloride
[72,73], thus the utilization of saltwater in place of freshwater
may be considered an intentional choice of Roman craftsmen to
enhance renders’ binding properties. Finally, a relevant contribu-
tion in the final cohesive and water-sealing properties of ASH-CP
renders may be ascribed to the formation of M-S-H/M-A-S-H phyl-
losilicate gels during the pozzolanic reaction processes together
with C-S-H/C-A-S-H products. The precipitation of these nanos-
tructured anthropogenic compounds was favored thanks to the
shift of the chemical system into the Si/Al/Mg stability fields [45] at
high silica and alumina activities [41], which was promoted by the
simultaneous employment of Mg-rich pozzolanic additives such as
animal ashes [28] and crushed ceramics. Furthermore, apart from
their contribution to the overall strength and durability properties
of renders, the precipitation of nanostructured phyllosilicates hav-
ing high specific surface area and marked water absorption and
cationic exchange capacities [74,75], should have further bene-
ficiated the long-term operative conditions of the cisterns, both
in terms of leakage/infiltration prevention and filtering behavior
against chemical pollutants.

6. Conclusions

This paper has investigated the cultural influence of Punic and
Roman technological traditions in the Mediterranean area, tak-
ing as a benchmark the evolution of the coating systems used to
waterproof several cisterns in the ancient city of Nora (Southern
Sardinia). The analytical approach applied to characterize the ren-
der layers of the systems, based on a combination of mineralogical
and spectroscopic techniques, allowed not only a discrimina-
tion and categorization according to their compositional profiles
functional to the definition of relative and absolute plastering
chronologies, but also to decipher the reactive processes respon-
sible for their final cohesive and waterproofing properties.

From a socio-cultural perspective, CS1a system, employing ASH
renders based on combustion residues, faithfully recalls Punic
traditions, while CS1b systems, widely employing ASH-CP ren-
ders based on a combination of combustion residues and broken
ceramics, refer to Punic traditions probably influenced by Roman
practices. CS2b systems, mainly employing PUM renders based on
pumiceous aggregates, seem to be related to Roman traditions, even
though late Punic influences cannot be totally excluded, while CS2a
systems employing both ASH-CP and PUM renders could represent
a transition phase between CS1b and CS2b. Finally, CS3 systems,
based on broken ceramics, seem to be fully ascribed to Roman
practices.

The obtained results confirm how Punic practices and traditions
were still adopted in construction techniques in Nora over 100
years after the establishment of the province of Sardinia et Corsica,
as observed for building techniques and metric standards [2,76,77].

This shows, once again, how the real technical-cultural Romaniza-
tion of the island occurred long after the institutional date of 227
B.C.E., with a long series of older influences maintained for decades
[78], directly influencing composition and properties of materials.

Indeed, even though Roman renders showed better pozzolanic
properties with respect to Punic ones, the best overall charac-
teristics in terms of degree of hydraulic reaction, cohesion and
waterproofing capacity were observed in ASH-CP renders, consti-
tuting a clear example of technological synthesis conjugating in its
complex mix design both Punic and Roman traditions. Such excel-
lent properties were significantly influenced by the precipitation
of M-S-H/M-A-S-H phyllosilicate gels, reported for the first time in
ancient binders.

The study of magnesium-silicate-hydrates formation in modern
cementitious systems has been the subject of a growing interest
in recent times, thanks to their potential applications in low pH
binding composites for waste encapsulation and refractory systems
[79-81] and to their excellent mechanical and durability properties
when compared to classic Ca-based cements [82-85]. Their perva-
sive precipitation in ancient binding systems is a further proof of
the high level of technological evolution reached by Punic-Roman
craftsmen within the complex framework of the Mediterranean
cultural koine.
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