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ABSTRACT

Structural mortars constitute one of the most diffuse geomaterials, with stones and bricks, in ancient
monuments and architectural complexes, especially related to the Roman civilization, which pushed the
binder technology to technical levels unsurpassed until post-industrial revolution times. The archaeomet-
ric study of mortars is an essential tool to extrapolate great amounts of information concerning supply of
raw materials, technological skills of the ancient civilizations and, finally, relative and absolute chronolo-
gies of diachronic construction phases, both related to ancient and modern architectural modifications of
the buildings. In this contribution, a novel approach for the quantitative mineralogical analysis of ancient
mortars is proposed. The analytical process is based on the integrated application of quantitative phase
analysis (QPA) of mineral components by means of the Rietveld method applied to X-ray powder diffrac-
tion (XRPD) data and multivariate statistical treatment of the obtained results by means of the principal
component analysis. The methodology has been applied on a wide set of binding materials sampled from
different structural elements of the Sarno Baths, a five-storey building located in the Pompeii archae-
ological site. The building is characterized by a marked complexity both in terms of structural layout
and constructive techniques, being the result of several modifications in ancient times from the Late
Republican age up to the Vesuvius eruption in 79 AD. Furthermore, several poorly documented restora-
tions have been performed between the 19th century and the first half of the 20th century AD. In this
perspective, a quantitative characterization of the employed mortars resulted useful not only to define
ancient constructive technologies and relative chronologies, but also to discriminate between the original
and restored parts of the building for the execution of adequate restoration procedures. The statistical
clustering of the quantitative XRPD data clearly defined two ancient constructive phases and allowed a
precise definition of the structural elements rebuilt in recent times. Furthermore, the obtained results
have been cross-checked with additional analyses, namely XRD analyses on the separated binder frac-
tions, petrographic analyses and scanning electron microscopy-energy-dispersive microanalyses. Such
multi-analytical approach allowed the detailed characterization of the employed raw materials, of the
pozzolanic reactions between binder and aggregate and of the textural and microstructural characteris-
tics of the mortars. The data interpretation yielded interesting insights both on the advanced optimization
of mix designs of binding materials in Roman times, to improve the structural properties of the architec-
tural elements according to their functions, and on the formulation of the restoration products during
the historic excavations in Pompeii.

© 2019 Elsevier Masson SAS. All rights reserved.

Introduction

Decodifying mural stratigraphic sequences of ancient archi-
tectural structures has always been one of the crucial aims in
archaeological research, owing its enormous potentialities in defin-
ing not only the constructive phases of complex buildings, but also
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Fig. 1. Examples of the heterogeneous masonry textures of the Sarno Bath complex.

the technological evolution of the construction practices over the
entire service life of the structures and beyond.

In this perspective, the contribution of modern archaeometrical
research on the analysis of structural binding materials like bedding
mortars and concretes proved to be a fundamental weapon for the
definition of construction techniques and relative chronologies of
ancient architecture. This is mainly due to their widespread utiliza-
tion in the past, and owing the fact that they generally constitute
a univocal compositional proxy for each single construction phase
[1].

The potentialities of heritage science in interpreting synchronic
and diachronic evolutions of archaeological contexts is proved by
several recent studies, employing mainly a mix of petrographic,
geochemical and microstructural approaches [2-5]. In these works,
the application of mineralogical techniques such X-ray powder
diffraction is somewhat limited to qualitative verifications of
the textural and chemical outputs. Furthermore, when applied
through advanced approaches such as quantitative phase anal-
ysis by Rietveld refinement [6] and crystallographic studies [7],
the mineralogical characterization of binding materials is partly
biased by the low statistical significance, apart from a recent
contribution [8] showing the promising potentialities of a mixed
mineralogical-statistical approach for the study of archaeological
buildings characterized by complex mural stratigraphic sequences.

The Sarno Bath complex in Pompeii (Naples, southern Italy) is
a clear example of intricated structural palimpsest generated after
numerous and not well-defined architectural modifications both in
ancient and modern times.

Situated in the south-western part of Pompeii (Regio VIII, Insula
2, nos. 17-21), the building stands on the slopes of the city hill,
not far from the forum. Due to its position, it has a peculiar plan
developed on 5 different levels connected by stairs and tunnels.
The facade of the building, heading south, is about 40 meters long,
decorated with windows and niches.

According to most of the scholars [9-11], the first building phase
of the complex dates back probably to the Late Republican age (2nd
century BC): in this period, two different atrium houses were built.
They were mainly extended on the ground level of the ancient
city (level 0), with a probable occurrence of lower rooms (levels
-1, —2, =3, —4). At a later stage, another house was built in the
triangular space between the two atria, together with a bathing
complex at level -3. Then, a new apartment was built over the baths.
The Sarno Baths were partly destroyed by the earthquake which
affected Pompeii in 63 AD, and renovation works were undertaken
invarious parts of the complex, still in progress during the Vesuvius
eruption of 79 AD.

The Sarno Baths remained buried under the pumices until the
end of the 19th century, when in few years (1887-1893) the major-
ity of the complex, starting from the upper level, was dug up under
the supervision of Antonio Sogliano and August Mau [10]. At that
time, the southern facade was almost entirely covered by excava-
tion dumps and only its upper part was visible (level —3), because
in previous times the area along the front of the building had been
used as adump. On this occasion, the complex was heavily restored,
especially in its inner part [12].

New restoration works were performed starting from the 1930s
under the supervision of Amedeo Maiuri [10], when modern stone
walls were constructed and iron bars were inserted in the structure
to close doorways and windows. Finally, during the early 1950s the
dump on the southern side of the building was removed and the
southern facade was cleared.

Each of the building phases and activities (ancient and modern)
here briefly presented (see [13,14] for a more detailed description)
determined modifications both in the layout and in the structural
members of the Sarno Bath complex, clearly indicated by the com-
plexity of the masonry textures (Fig. 1). These interventions are very
difficult to recognize, also because there is no documentation about
the renovation works which took place in the last two centuries.
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Fig. 2. a, b, c: Plan of the mortar sampling points on the fagade (orthophotograph by Achilli et al. [41]) and in the inner levels; d: score plot and e: loading plot of the principal
component analysis of the mineralogical quantitative data: the first two components (PC1 and PC2) have been plotted, representing 37% and 14% of the total variance,
respectively. The four defined mineralogical groups are indicated by coloured ellipses in the score and loading plots, and the sample names and locations in the maps are

coloured according to the mineralogical group of pertinence.

Such architectural complexity is clearly stated by loppolo [11],
who points out the difficulty in discriminating ancient and mod-
ern architectural contributions, also due to the tendency in using
the same types of building materials for the masonry units over
time [11]. The clue to solve such complex archaeological issue is
indicated by Ioppolo itself, stating that “. . .a continuous chemical-
mineralogical analysis for each wall portion would be necessary to
distinguish such interventions from the original structures” [11].
Starting from the positive outputs obtained in a recent study of
evolution of the flooring Vitruvian recipes in the city of Aquileia
[15], this work is aimed at employing the multivariate statisti-
cal analysis of mortars quantitative mineralogical profiles as a
fundamental tool to study construction techniques and relative
chronologies of the Sarno Bath complex. The obtained results
have been crosschecked through the application of standard pet-
rographic and microstructural characterization techniques.

Materials and methods

The sampling of the structural mortars was preceded by an accu-
rate on-site survey to define the most suitable samples to collect in
terms of archaeological and architectural significance. A total num-
ber of 47 samples was taken, limiting the area of investigation to
the fully preserved levels of the building (level —3 and level —4)
and to the external facade and taking into account only structural
mortars (bedding mortars and concretes). Samples were removed
mechanically with hammers and chisels, paying attention in avoid-
ing external and clearly altered portions, in order to study materials
as close as possible to the original conservation state. The full list of
analyzed materials is reported in Table S1, together with their posi-
tion and structural element of pertinence (either perimeter walls,
internal walls or vaults). A detailed map with the sample positions
is reported in Fig. 2a, 2b, 2c. Sample M290 was collected from a
portion of collapsed wall related to level -3 and unearthed during

a survey excavation [16], so it can be considered as a reference for
the original binding materials.

Mineralogical analyses were performed both on the bulk frag-
ments of mortar (both binder and aggregate) and on selected
binder-concentrated samples through X-ray powder diffraction
(XRPD). As for the bulk samples, the analyses were carried out
after micronization of the materials through a McCrone microniz-
ing mill, using a plastic jar with agate grinding elements and ethanol
99% as micronizing fluid, while the binder-concentrated samples
were obtained through the Cryo2Sonic 2.0 separation procedure
[17]. Data were collected using a Bragg-Brentano 0-0 diffractome-
ter (PANalytical X’Pert PRO, Cu Ka radiation, 40kV and 40 mA)
equipped with a real time multiple strip (RTMS) detector (PIX-
cel 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 with X'Pert
HighScore Plus 3.0 software by PANalytical, qualitatively recon-
structing mineral profiles of the compounds by comparison with
PDF databases from the International Centre for Diffraction Data
(ICDD). Then, quantitative phase analysis (QPA) was performed on
the sole bulk samples using the Rietveld method [18]. Refinements
were accomplished with TOPAS software (version 4.1) by Bruker
AXS. The determination of both crystalline and amorphous content
was calculated on most samples by means of the internal standard
method, with the addition of 20 wt% of zincite to the powders as
internal standard. The observed Bragg peaks in the powder patterns
have been 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 have been refined. Although samples were prepared with
the back loading technique to minimize preferred orientation of
crystallites a priori, during the refinement, any residual preferred
orientation effect was modelled with the March Dollase algorithm
[19]. The starting structural models for the refinements were taken
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Fig. 3. Petrographic, microstructural and microchemical characteristics of the three main groups of mortars. Group 1: TL-OM micrographs at crossed polars, samples M138
(a) and 187 (b); sample M187, backscattered electrons image (BSI) of a volcanic scoria aggregate particle and EDS microanalysis of a leucite crystal (c). Group 2: TL-OM
micrographs at crossed polars, samples M124 (d) and 208 (e); sample 208, BSI of a crystalline volcanic rock aggregate particle and EDS microanalysis of a Na-sanidine crystal
(f). Group 2: TL-OM micrographs at crossed polars, samples M124 (d) and 208 (e); sample 208, BSI of a crystalline volcanic rock aggregate particle and EDS microanalysis of
a Na-sanidine crystal (f). Group 3: TL-OM micrographs at crossed polars, samples M206A (g) and 212 (h); sample 212, BSI of a tephritic foam lava aggregate particle and EDS

microanalysis of a plagioclase crystal (i).

from the International Crystal Structure Database (ICSD). In order
to interpret possible reciprocal correlations between the miner-
alogical profiles of the samples, the quantitative mineralogical data
were subjected to multivariate statistical treatment by means of
the principal component analysis (PCA). PCA was performed on
logtransformed data, using the covariance matrix. All statistical
analyses were performed using Statgraphics Centurion XVI soft-
ware.

The mineralogical data were crosschecked through petro-
graphic analyses, following macroscopic and microstratigraphic
analytical procedures for the study of mortar-based building mate-
rials described in UNI Norm 11176:2006 “Cultural heritage -
Petrographic description of a mortar: The study was performed
both on massive portions, through macroscopic and stereomi-
croscope observations, and by transmitted polarized light optical
microscopy (TL-OM) on 30 um thin sections. Finally, the thin
section samples were microstructurally and microchemically char-
acterized by Scanning Electron Microscopy (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: accelerating voltage
20kV; filament current 1.80A; emission current 20 pA; aper-
ture current 300 nA; working distance 20-30 mm. Furthermore,
an EDAX-EDS energy dispersive X-rays fluorescence spectrometer
was used for chemical microanalysis, mounting a Sapphire Detec-
tor composed by a LEAP+Si(Li) crystal and a Super Ultra Thin
Window. Qualitative interpretation of spectra and semiquantita-
tive chemical analysis were performed through SEM Quant Phizaf
software.

Results
Mineralogical clustering of the mortars

The quantitative mineralogical profiles of the analyzed mortars
(Table S1) highlighted a dominant occurrence of silicate phases
for all the samples, namely labradoritic plagioclase, sanidine (both
pure and Na-substituted, but never simultaneously present in the
same sample), leucite, augite, biotite and analcime, with a sporadic
occurrence of amphibole. The clear volcanic origin of such phases
indicates the utilization of locally available materials as aggregate
fraction [20]. The occurrence of quartz and sporadic dolomite is
to be related to limited colluvial contaminations of the aggregate,
while hematite is to be related either to the colluvium and the
volcanic fraction. All the samples are characterized by the occur-
rence of highly variable amounts of calcite, clearly related to the
carbonated calcic binder of the materials. Furthermore, relevant
fractions of amorphous compounds are present, related either to
glassy components of the volcanic aggregates and to paracrystalline
hydrated calcic aluminosilicates, namely C-S-H and AFm phases,
formed after pozzolanic reaction between the reactive components
of the volcanic aggregates and the lime binder [21]. The occurrence
of pozzolanic reaction processes is fully consistent with the use of
locally supplied reactive sands [22], renowned since ancient times
for their reactive properties [23], and confirmed by the occurrence
of crystalline calcium monocarboaluminate AFm phase in several
samples [24]. Also, the presence of metastable calcium carbonate
polymorphs (vaterite and aragonite) is a further indication of poz-
zolanic reaction, being reported as common alteration products of
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Fig. 4. Mineralogical properties of the binding matrices of group 1 mortars; a: Scatterplot of carbonate vs. amorphous and hydrated phases from the bulk XRPD QPA’s;
b: XRPD analyses of the binder fractions, samples M133 (c) and M240 (d); c: Sample M133, BSI and EDS microanalysis of the binder matrix; d: Sample M240, BSI and EDS

microanalysis of the binder matrix.

C-S-H cementitious binders in hydraulic mortars [25]. Concerning
the binder phases, sample M150 is characterized by the occurrence
of detectable aliquots of tricalcium silicate C3S and dicalcium sili-
cate C,S, common constituents of modern Portland cement-based
binders [26]: this is a clear indication that the structural element
related to such sample was made during a recent restoration inter-
vention. Finally, several samples are characterized by the limited
occurrence of secondary phases, namely gypsum, syngenite, halite,
sylvite and gaylussite, clearly related to alteration process due
migration and crystallization of soluble salts [27].

The multivariate statistical treatment of the mineralogical
dataset by principal component analysis, performed excluding
sample M150 of clear modern origin and recalculating the quanti-
tative profiles excluding the alteration phases, allowed to evaluate
the correlations between the primary phases, leading to a clear
clustering of the analyzed mortars into four groups (Fig. 2d,
2e).

Group 1 is strongly correlated with the abundance of augite,
leucite and sanidine, while the correlation with calcite suggests
the occurrence of high amounts of carbonated binder. The analyses
by TL-OM and SEM-EDS fully confirmed the mineralogical observa-
tions: the aggregate fraction of the materials is entirely constituted
by euhedral subangular crystals of clinopyroxene (Fig. 3a), asso-
ciated with subrounded grains of vesicular volcanic scoria with
holohyaline texture (Fig. 3b) and rich in equidimensional euhedral
leucite crystals (Fig. 3c). The widespread utilization of such type of
aggregate has been already attested in the Pompeii archaeological
site, and it is fully consistent with local alluvial and coastal sands
[22,28]. Sample M191 is slightly differentiated from the other mor-
tars of the group by the occurrence of millimeter-sized carbonate
aggregates.

Group 2 is strongly correlated with the abundance of
Na-sanidine, analcime and amorphous fraction. While the cross-
correlation between analcime and amorphous phase may suggest
a high amount of glassy volcanic aggregate, being zeolites widely
attested as secondary alteration products of hypohyaline volcanic
rocks [29], the high amorphous concentrations may also be related
to a higher incidence of pozzolanic reactions than the samples of
the previous group, as attested by the strong correlation between

this cluster of samples and AFm phase and calcium carbonate
metastable polymorphs. Such hypotheses are strongly corrobo-
rated by TL-OM and SEM-EDS analyses: the aggregate is composed
of a fine yellowish volcanic ash intimately dispersed in the bind-
ing matrix, with abundant vesicular aggregates of hypocrystalline
pumice often showing interfacial dissolution features related to
pozzolanic reaction processes (Fig. 3d, 3e). Furthermore, it is
attested the occurrence of crystalline volcanic rock fragments with
trachytic texture rich in Na-sanidine microlites (Fig. 3f). Clinopy-
roxene crystals are significantly less abundant with respect to the
previous group. All these features suggest the use of an aggregate
fraction constituted of pumiceous volcanic ash pozzolan quarried
from unconsolidated levels of the Neapolitan yellow tuff forma-
tion, widely attested as common pozzolanic addition during Roman
times [25].

Group 3, constituted by two samples (M206 A, M212), shows
strong correlation of with hematite and labradorite: these phases
are related to the aggregate fraction, entirely constituted of red-
dish vesicular phonolitic tephrite grains with hypohyaline texture
(Fig. 3g, 3h), rich in hematite microcrystals finely dispersed in
the groundmass and large phenocrysts of geminated plagioclases
(Fig. 3i), clinopyroxenes and leucite. All these features suggest the
utilization of an aggregate fraction obtained after fine comminution
of tephritic foam lava fragments quarried from the Civita volcanic
formation on which the building lies [20].

Group 4 is constituted by two isolated samples (M136, M153)
characterized by an aggregate fraction rich in labradorite and Na-
sanidine crystals.

Mineralogical properties of the binding matrices

A first compositional insight on the binding matrices of group
1 mortars is given by the ratios of carbonate vs. amorphous and
hydrated phases extrapolated from the bulk mineralogical pro-
files (Fig. 4a): the majority of the samples lies within a narrow
compositional range characterized by concentrations of carbon-
ates between 14 and 22 wt%, suggesting a good standardization of
the mix designs for such materials. XRPD analyses on the binder-
concentrated samples showed that they are almost exclusively
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QPA’s; c: XRPD analyses of the binder fractions, samples M162 (d), M188 (e) and M120 (f); d) Sample M162, BSI and EDS microanalysis of the binder matrix; e) Sample M188,
BSI and EDS microanalysis of the binder matrix; f: Sample M120, BSI and EDS microanalysis of the binder matrix.

composed of calcite with a total absence of crystalline pozzolanic
phases (Fig. 4b), indicating a low degree of aggregate reactiv-
ity. This is further confirmed by SEM-EDS (Fig. 4c), showing the
mainly calcic composition of the matrices, with the lack of extensive
dissolution features on the volcanic aggregates. The mineralogi-
cal differentiation of sample M191, characterized by significantly
higher carbonate values, is justified by the occurrence within the
mortar of millimeter-sized carbonate aggregates. On the other
hand, samples M238, M239 and M240, taken from the vault of
room 12, are characterized by remarkably lower calcite content.
The XRPD analyses of the binder fractions showed the occurrence
of relevant amounts of carbonate-AFm phase, associated with high
zeolites and low calcite contents (Fig. 4b): such analytical outputs
indicate the addition of fine volcanic ashes to the binding mix-
ture to confer relevant pozzolanic properties, and it is confirmed
by SEM-EDS analyses on the binder matrices, showing high silica
and alumina values (Fig. 4d).

The principal component analysis on the bulk mineralogical pro-
files of group 2 mortars highlighted a clustering to positive PC1
values of the samples taken from the —4 level (Fig. 5a). The correla-
tion between positive PC1 values and binder phases, showed by the
loading plot, indicates the adoption of higher binder to aggregate
ratios for the mortars of the lower level of the building. The plot of
the carbonate vs. amorphous and hydrated phases ratios (Fig. 5b)
is characterized by a higher dispersion of values with respect to
the previous group of samples, suggesting a lower standardiza-
tion of the mix designs. The materials are clustered within two

main groups, a first one characterized by carbonate values over
20 wt¥%, and a second one with carbonate values lover than 16 wt%
and higher amorphous + hydrated phases values. The XRPD analy-
ses on the binder fractions of the first cluster indicate that they are
almost exclusively composed of calcite with no pozzolanic phases
(Fig. 5¢), suggesting a prevalence of aerial reaction by carbonation
of lime over pozzolanic reaction. This is confirmed by the SEM-EDS
analyses (Fig. 5d), showing both a prevalence of calcic compounds
on the matrices, and the occurrence of limited dissolution features
on the pumice shards. On the other hand, the binding matrices
of the samples related to the second cluster are characterized by
the simultaneous occurrence of calcium carbonates and carbonate-
AFm phase, as showed by XRPD patterns (Fig. 5¢), indicating the
mutual triggering of both carbonation and pozzolanic reaction. This
is confirmed by SEM-EDS (Fig. 5e), showing both higher silica and
alumina values on the matrices than the previous cluster, and rel-
evant dissolution features on the pumice shards. Finally, sample
M120 is characterized by low amounts of carbonate phases both
in the bulk and binder-concentrated XRPD analysis, with a com-
plete lack of crystalline pozzolanic phases and high amounts of
zeolites in the separated fractions (Fig. 5c): such evidences may
suggest generally low reactivity levels of the binding material due
to unbalanced proportions between lime and pozzolanic additions
in the adopted mix design. The low calcium amounts in the bind-
ing matrix and the lack of reaction features in the pumice shards, as
determined by SEM-EDS (Fig. 5f), constitute a further confirmation
of such hypothesis.
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Finally, the samples of group 3 are characterized by a rele-
vant occurrence of crystalline carbonate-AFm phase in the binding
matrices, associated with calcite formed after partial carbonation
of the lime binder (Fig. 6a), indicating a high degree of pozzolanic
reactivity of the tephritic foam lava powder employed as aggregate.
This is fully confirmed by microchemical analyses (Fig. 6b), showing
high silica and alumina concentrations on the matrices and rele-
vant dissolution features on the glassy fraction of the pozzolanic
particles.

Discussion and conclusions

The definition of chronological constraints on representative
samples of each mineralogical group allowed to interpret the
heterogeneous distribution of the binding materials in terms of
architectural development of the building over time. More in detail,
sample M159 from group 1 has been taken from a partition wall of
the calidarium surely related to recent restoration interventions, as
confirmed by the thermoluminescence dating of one of the bricks
constituting the sole masonry unit typology of the structural ele-
ment. On the other hand, sample M290 of group 2, taken from a

portion of wall collapsed from level -3 and unearthed during the
archaeological excavation in the area in front of the southern facade
[16], can be surely considered as a reference binding material for
the main early Imperial construction phase, before the 63 AD earth-
quake.

Reinterpreting the spatial distribution of the samples in this
perspective (Fig. 2a, 2b, 2¢), it is clearly observable a preferential
concentration of the restoration materials in the uppermost pre-
served level of the facade and in correspondence of the majority of
the vaults and the internal partition walls, while the lower level of
the facade, the foundational layers and the perimeter walls are still
maintaining the original structural mortars. The distribution of the
restoration interventions deduced from the analysis of the mortars
allows to chronologically constrain them to the first phases of exca-
vation of the building, under the direction of Antonio Sogliano and
August Mau [10], and confirm that at that time only the upper part
of the facade was unearthed and restored, while its lower part was
still externally covered by debris. Furthermore, the extensive occur-
rence of restoration materials in the horizontal structural elements
and in the partition walls indicates a widespread poor conserva-
tion state of the internal part of structure before the 19th century
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studies. Such hypothesis finds confirmations in the written works
of Mau, referring to massive structural interventions in the rooms
of levels —3 and —4 propaedeutic to the execution of the archaeo-
logical excavation [12].

Concerning the cement-containing sample (M150) and the
materials of group 4, their relation to more recent restoration inter-
ventions is corroborated by the position in relation to group 1
samples and by the nature of the structural element of pertinence
(e.g. internal walls and vaults).

Finally, group 3 materials can be considered as reference mor-
tars for the first construction phase of the complex, owing their
location in proximity to the NW perimeter wall, recognized by
Ioppolo as a remnant of the foundational wall sustaining the
upper Republican domus [11]. The chronological collocation of such
structural element and their binding constituents finds a further
confirmation considering the widespread utilization of the local
tephritic foam lava as construction material in Pompeii during
Republican times and especially in the lower parts of the walls [30],
as observed also in the southern fagade of the Sarno Baths [31].

Apart from the recognition of the different construction
phases, crucial technological details on the construction materi-
als employed over time can be determined through the analyses
of the binding matrices. Concerning the restoration materials, the
utilization of local volcanic sand with high crystalline fraction and
low pozzolanic activity indicates the intentional formulation of mix
designs aimed at promoting pure aerial reaction processes by lime
carbonation. The only exception is related to the structural mor-
tars used for the restoration of the vaults sustaining the calidarium,
where the utilization of fine volcanic ashes accurately intermixed
with the lime binder promoted massive pozzolanic reaction pro-
cesses. Such technological choice may be aimed at guaranteeing
higher structural performances to the related masonry element,
given the importance and the large dimensional span of the upper-
most room.

On the other hand, the original binding materials are charac-
terized by the utilization of poorly crystalline aggregate fractions
rich in fine volcanic ashes and characterized by relevant pozzolanic
reactivity, which allowed to shift the reaction path of the bind-
ing matrices towards the formation of insoluble Ca-based hydrous
compounds characterized by higher mechanical performances and
durability with respect to standard aerial binders [32]. It is interest-
ing to note that the utilization of such hydraulic materials is attested
in the Sarno Bath complex since Republican times, exploiting the
properties of local reactive materials like the Pompeian tephritic
foam lava instead of the Phlegrean pyroclastites suggested by Vit-
ruvius in his De Architectura [30], which were employed in the
subsequent early Imperial construction phase.

Furthermore, the mineralogical characteristics of the early
Imperial binding materials gave information on the architectural
optimization of the mix designs and on the crucial role of the
constituents proportions in the triggering of the binder reac-
tion processes. Firstly, the statistical analysis of the quantitative
mineralogical profiles indicated the adoption of higher binder to
aggregate ratios for the mortars of the lower —4 level. This can be
interpreted as a structural solution employed by Roman masons to
increase the load-bearing capacity of complex multi-story build-
ings like the one analyzed, in accordance with the widely attested
Roman tendency to variate the composition of masonry along the
height of buildings (as regards Pompeii, see [30]) and in particular
to gradate the density of the concrete by employing lightweight
aggregates in the upper parts of constructions, as observed in the
Pantheon [33] and in many other Roman monuments [34,35]. This
information is also consistent with the structural analysis of the
building [36,37].

On the other hand, the heterogeneous reaction paths observed
in the analyzed mortars can be interpreted in the framework of the

competition between carbonation and hydration in lime-pozzolan
binding systems. The reaction kinetics is strongly influenced by the
solubility properties of reactants, especially pozzolan, by environ-
mental factors, mainly CO, partial pressure and moisture content,
and by synergic effects between the different influencing factors
[38]. Such parameters have little or no influence in case of high
reactivity of the pozzolanic material [39], as observed in the present
study for the Republican mortars with highly amorphous tephritic
foam lava, while their influence is more pronounced for het-
erogeneous pozzolanic materials like the Phlegrean pyroclastites
employed in the Imperial construction phase. At equal proportions
and nature of the constituents, the local availability of CO, and the
water saturation conditions critically control the reaction kinet-
ics. In this perspective, local variations in environmental conditions
may have influenced the progression of the reaction processes in
the different areas of the analyzed building. However the major
factor is the high heterogeneity of the mix proportions observed
in the Imperial mortars, especially regarding the amount of added
lime, favoring carbonation at increasing values in pozzolanic and
geopolymeric systems [40].
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