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Through the assistance of trace element and petrographic analyses on 14 samples of mortar
aggregates from Roman monuments, including the Porticus Aemilia, the Temple of Concordia,
the Temple of the Dioscuri, Temple B and other structures of the Area Sacra di Largo
Argentina, and the Villa di Livia, we establish the source area and we investigate the chrono-
logical employment of the volcanic materials used in ancient Rome’s masonry. In contrast to
previous inferences, the petrochemical data presented here show that systematic exploitation
of the local ‘Pozzolane Rosse’ pyroclastic deposit has occurred since the early development of
concrete masonry, at the beginning of the second century BC, through the early Imperial age.
Subsequently, exploitation was extended to the overlying Pozzolane Nere and Pozzolanelle
deposits. Only during the early phase of development of the concrete masonry in Rome,
volcaniclastic sediments outcropping near the construction sites were mixed with the sieved
remains of the tuff employed as the coarse aggregate, to produce the fine aggregate. The
results of the study on the investigated monuments suggest the possibility of establishing the
chronological identification of three different types of mortars, as a function of the composition
of the volcanic material employed in the fine aggregate, which, when implemented by future
studies, may contribute to the dating of monuments and archaeological structures.

KEYWORDS: ANCIENT ROMAN MORTARS, ROMAN MASONRY, MATERIAL PROVENANCE,
VOLCANIC ROCKS, TRACE ELEMENT ANALYSES, GEOLOGY OF ROME

INTRODUCTION

Since the beginning of the 20th century, a number of scholars (e.g., Van Deman 1912; Curtis
1913; Frank 1924; Blake 1947; Lugli 1957; Chiari et al. 1992; Oleson et al. 2004; Lancaster
2005; Jackson et al. 2006, 2007, 2010; Miriello er al. 2010) have agreed that the harenae
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fossiciae (quarry sands), described as the best aggregate for mortars by the first-century BC
Roman architect Vitruvius in Book II of De architectura (1997), are to be identified with the loose
ash and scoria pyroclastic deposits (pozzolan) erupted by the volcanic districts of central Italy,
which outcrop extensively in Tuscany, Latium and Campania (see Fig. S1). According to Curtis
(1913), who argued that it would have been easier to bring this material by ship from the harbours
of Campania rather than exploit the local pozzolan and transport it across the inland terrain, many
historians and archaeologists have thought that the concretes in Rome during the Republican age
were realized using pozzolan imported from the Phlegraean Fields (e.g., Lugli 1957), while
recent studies (Jackson et al. 2007, 2010) have identified the presence of the local pozzolan
(Pozzolane Rosse pyroclastic-flow deposits) only in the mortars of several Imperial-age build-
ings. However, the lithified pyroclastic-flow deposits (tuffs) outcropping in Rome and in its
surroundings (Fig. 1; see also Table 1) have been exploited intensively since early human settle-
ment to produce building stones. Similarly, in the present work we demonstrate that the local
incoherent, pyroclastic-flow deposits (pozzolan) have also been mixed with lime, along with the
rubble stone derived from the cutting of the lithified tuffs, to produce mortar and concrete since
the development of concrete masonry in the early second century BC. An up-to-date litho-
chronostratigraphic scheme of these volcanic products, along with the description of their use in
ancient Roman masonry and the related archaeological names, is provided in Table 1.

With the aim of identifying the provenance of the volcanic aggregates, we have performed
geochemical analyses on 12 samples of mortars and concretes from several Roman monuments
(Table 2), spanning from the second century BcC through to the third century AD, to compare their
Zr/Y versus Nb/Y and Th/Ta versus Nb/Zr compositions with those of the volcanic products of
central Italy that have been published in the recent literature (Marra et al. 2011, 2013; Marra and
D’ Ambrosio 2013). Moreover, in order to clarify some uncertain attributions, we introduce an
alternative classification diagram using TiO, abundance instead of Y, since the latter element has
revealed a greater mobility with respect to Zr and Nb, in the case of strong alteration affecting the
analysed samples, such as that induced by bathing in HCIl, which is mandatory in order to
separate the volcanic aggregate of the analysed mortar samples from the lime matrix (see the
Methods section). Indeed, the present study is focused on the identification of the volcanic
material employed in the mortar aggregate; therefore, we do not investigate the physical and
mechanical characteristics of the mortars, nor the chemical properties of the binder component,
which is destroyed during aggregate separation.

METHODS

Sample preparation

Fourteen samples of bedding mortar were collected from original concrete masonry structures
(walls, podiums etc.) of the Roman epoch (Table 2), under the supervision of the archaeologists
of the Soprintendenza Speciale per i Beni Archeologici di Roma and of the Sovrintendenza
Capitolina ai Beni Culturali, who were in charge of the different monuments. Thin sections of
each mortar sample were then prepared for preliminary petrographic observations at the optical
microscope. Subsequently, the clastic component employed as the aggregate in 12 of these
samples (Table 2 (a)) was separated from the lime manually (whenever possible), or by bathing
the samples in hydrochloric acid (HCI) for 4-5 days. It has to be remarked that the siliceous
volcanic component, which was the subject of the geochemical analyses, is faintly affected by
acid attack and, in any case, the elements whose ratios are used to classify the materials (i.e., Zr,
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Figure 1 A geomorphological map of ancient Rome (modified from Marra and Rosa 1995), showing the famous Seven
Hills, which represent the remnants of a volcanic plateau (Heiken et al. 2005) eroded by the Tiber River and its tributaries
during the middle-to-late Pleistocene periods of sea-level fall (Alvarez et al. 1996): chronostratigraphy after Karner and
Marra (1998), Marra et al. (2014) and Marra and Florindo (2014). The locations of the monuments investigated in the
present study are also shown.
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Volcanic aggregates used in ancient Roman mortars 183

Y, Nb, Th, Ta and TiO,) are substantially immobile ones (Cann 1970; Floyd and Winchester 1975;
Pearce 1996; Duzgoren-Aydin et al. 2002). Therefore, their mutual abundances are expected to
remain stable when the bulk composition is determined. However, recent studies have shown that
even these ‘immobile’ elements can be involved in the alteration processes under particular
conditions (see, e.g., Rubin et al. 1993; Salaiin et al. 2011). In particular, it is likely that specific
mineral phases may be removed by acid attack and, in the event that one of the investigated
elements should be present in a selective way within these phases, a variation of the ratios may
occur. For this reason, and especially when very small amounts of sampled material are con-
cerned, the results of the analyses must be discussed with care. To overcome this limitation, we
have integrated the Zr/Y versus Nb/Y diagram with another diagram, where Y is replaced by TiO,,
for those cases in which we suspected the occurrence of selective depletion of the former element
due to acid attack.

Methods of analysis

Bulk samples of the volcanic component separated from the mortar aggregates—either single
scoria and pumice clast or, when the grain size of the aggregate was too small, several clasts
selected for their homogeneous texture—were analysed, along with four rock samples collected
in the field, for trace element composition at Activation Laboratories, Canada, by lithium
metaborate/tetraborate fusion ICP-MS. The fused samples were diluted and analysed using the
PerkinElmer Sciex ELAN 6000, 6100 or 9000 ICP-MS. Three blanks and five controls (three
before the sample group and two after) were analysed per group of samples. Wet chemical
techniques were used to measure the loss on ignition (LOI) at 900°C. International rock standards
have been used for calibration and the precision is better than 5% for Rb and Sr, 10% for Ni, Zr,
Nb, Ba, Ce and La, and 15% for the other elements.

RESULTS

In this section, we present the geochemical and petrographic data of mortars sampled from the
Porticus Aemilia, which is the earliest (beginning of the second century BC) still preserved
example of concrete masonry in Rome, and from two other structures of the second century BC:
the Temple of Concordia and the Temple of Castor and Pollux (the Dioscuri). We also present
petrographic studies and trace element analyses on seven mortar samples collected from different
structures of the Area Sacra di Largo Argentina, spanning from the second century Bc through to
the third century ap. Finally, we have performed geochemical analyses on two samples of
volcanic scoria and pumice collected in an ancient Roman quarry in Prima Porta, north of Rome,
to compare their composition with those of the mortars sampled nearby at the Villa di Livia, built
under Emperor Augustus in around 30 Bc, along with another mortar sample from a local building
of late Republican age.

Colour photographs of mortar samples and separated volcanic aggregates, the sampling loca-
tion, and scan images and microphotographs of thin sections are provided as supplementary
online material (Figs S2-S6).

Petrochemical data

Figure 2 shows an overall plot of the analysed mortar aggregates in the Zr/Y versus Nb/Y and the
Th/Ta versus Nb/Zr diagrams, to compare with the compositional fields of the Alban Hills and

© 2015 University of Oxford, Archaeometry 58, 2 (2016) 177-200
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Figure 2 Zr/Y versus Nb/Y (a) and Th/Ta versus Nb/Zr (b) diagrams comparing the compositions of the analysed mortar
samples with those of the three pyroclastic-flow deposits (a—c) erupted by the Alban Hills volcanic district (after Marra
etal. 2011; Marra and D’Ambrosio 2013). The overall compositional fields of the explosive products of the Monti
Sabatini and of the Campanian districts (Marra and D’Ambrosio 2013) are also shown.
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Monti Sabatini products outcropping around Rome, as well as with those of the Campanian
magmatic region (Peccerillo 2005, and references therein), previously computed and presented
graphically (Marra et al. 2011, 2013; Marra and D’ Ambrosio 2013). In interpreting the results, it
has to be taken into account that these previous studies have provided evidence of the great
stability of the Zr/Nb ratio characterizing each specific volcanic product, with respect to a larger
variability of the Y content, determining a series of sub-rectilinear compositional fields, stretch-
ing radially from the origin of the axis towards the outer Zi/Y versus Nb/Y diagram. The
compositional fields defined in Figure 2 (a) after the literature data are therefore to be taken as
indicative of the distribution trend of the Zr/Y versus Zr/Y values of each product or district, with
an undefined upper limit, as indicated by the dashed portion of the contour lines of the fields.

The samples analysed in this work indeed display a systematic tendency to plot beyond or
close to the upper limit of the sub-rectilinear compositional fields defined by the literature data.
A likely explanation of this fact is that the apparent depletion in Y may be a consequence of the
strong acid attack undergone by the small amount of analysed material. With the aim of testing
the effective problem with Y abundances, we have tentatively replaced Y with TiO,: an immobile
element the abundances of which are commonly used to assess the uniformity of pre-pedogenic
parent material in geochemical studies of palaeosols (Ashley and Driese 2000; Driese et al.
2000). Unlike Y, TiO, revealed a greater stability in the samples treated with HCIl, and the
alternative Nb/TiO, versus Zr/TiO, diagram has also proved to be extremely useful in separating
several compositions of products that were overlapping in the other trace element diagrams,
enhancing the possibility of attributing the mortar aggregate samples to specific volcanic units
(Fig. 3).

The Porticus Aemilia The Porticus Aemilia, built in 193 Bc, was a wide complex of warehouses
connected to the nearby river port (Emporium); completed in the late third century Bc south of the
Aventino Hill (Fig. 1), it is the earliest still preserved monument in Rome to record the use of the
opus caementicium (with the exception of a small portion of the original structure of Temple of
Saturn, built in 380-360 BC, incorporated within later restorations of the monument). The
aggregate separated from one sample of mortar collected in the original second-century BC
structure (sample PAE; Figs S2 (b) and S2 (b”), and Table 2 (a)) is constituted by angular, lithoid
tuff fragments (Fig. S2 (c)), showing in thin section the presence of orange glass fragments of the
lithified pyroclastic-flow deposit known as Tufo Lionato (Gaeta 1998; Marra et al. 2009), along
with several more scoriaceous clasts, rich in pyroxene and leucite crystals, displaying an inter-
mediate aspect between the Tufo Lionato and the unlithified facies of the same pyroclastic-flow
deposit (‘Pozzolanelle’; Freda et al. 1997: see Fig. S3 (a). The trace element composition of the
aggregate constituting mortar sample PAE matches the Tufo Lionato compositional field defined
by Marra and D’ Ambrosio (2013) (Fig. 2). Sample PAE is well aligned to the Zr/Y versus Nb/Y
trend II (Fig. 2 (a)), defined by the compositional field ‘c’ given by the distribution of all the
analysed samples from the literature data (Marra et al. 2011). It plots consistently inside the
equivalent field ‘c’ in the Th/Ta versus Nb/Zr diagram of Figure 2 (b). As previously noted,
the greater distance from the origin of the axes in the Zr/Y versus Nb/Y diagram with respect to
the average TL composition reflects a certain depletion in Y, probably as a consequence of the
acid treatment of sample PAE. Consistent with this hypothesis, PAE plots well inside the TL
compositional field in the alternative Zr/TiO, versus Nb/TiO, classification diagram of Figure 3.

The temple of Concordia The temple dedicated to the Roman goddess Concordia was probably
built in 218 Bc; it was restored in 121 Bc and completely rebuilt between 7 BC and AD 10 (Coarelli
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Figure 3 A Zr/TiO, versus Nb/TiO, diagram comparing the compositions of mortar samples analysed in this and
previous work with those determined here for the principal pyroclastic-flow and pumice-fall deposits of the Alban Hills
and Monti Sabatini volcanic districts.

2008, and references therein). One mortar sample (TCO) from a remnant of the 121 BC restoration
was analysed at the optical microscope. The aggregate (Fig. S2 (e)) is composed of yellow sand

with pyroclastic
rock fragments.
Sabatini product

and sedimentary (carbonate) grains and coarser (~1 cm), vacuolar, calcareous
Besides loose sanidine crystals and pumices clearly derived from the Monti
s outcropping on the banks of the Tiber River Valley in central Rome (i.e., Tufo
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Volcanic aggregates used in ancient Roman mortars 187

Giallo di Prima Porta and the Grottarossa Pyroclastic Sequence; Karner ef al. 2001a), the
majority of the volcanic scoriae displays a texture typical of the Pozzolanelle, with high crys-
tallinity and the presence of abundant clinopyroxene, or of the Pozzolane Nere pyroclastic-flow
deposit (Marra et al. 2009), characterized by subheudral leucite phenocrysts and acicular mica
microlites (Fig. S3 (c)). Moreover, several orange glass fragments of Tufo Lionato are also
present (Fig. S2 (d)). Two selected samples of scoria clasts were analysed for trace element
composition: one rounded, red scoria showing evidence of transport and re-sedimentation (TCO-
1), and several small, orange tuff fragments (TCO-2) (Table 2 (a)). Due to the very friable
character of the mortar, separation of the aggregate was possible without bathing the sample
in HCI. Consistent with previous inferences about the effect of acid attack, both samples display
an apparent Y depletion (Fig.2), and plot within the Pozzolane Rosse and within the
TL-Pozzolanelle fields of the Zr/Y versus Nb/Y and the Zr/TiO, versus Nb/TiO, diagrams,
respectively (Fig. 3). These observations allow us to identify the aggregate of the mortar of the
Temple of Concordia as deriving from the volcaniclastic sedimentary deposit of the Aurelia
Formation (350-320 ka; Karner and Marra 1998), which outcrops extensively on the north-
eastern flanks of the Capitoline Hill (Fig. 1).

The temple of Castor and Pollux A sample of mortar (CAST, Table 2 (a)) was collected from the
117 BC construction in opus incertum incorporated in the AD 6 restoration of the Temple of Castor
and Pollux (the Dioscuri) (Coarelli 2008, and references therein) and analysed for its geochem-
istry. Due to its incoherent character, it was unnecessary to bath the sample in acid.

The aggregate is entirely composed of millimetre-sized dark grey, poorly vesicular volcanic
scoriae along with several fragments of orange and dark grey tuffs, probably deriving from the
coarse aggregate employed in the concrete. Poorly vesicular scoriae as well as brownish glass
fragments with small leucite crystals characterized by starry habit are observed in the aggregate
of this mortar at the optical microscope, similar to those observed in the basal fallout (Marra et al.
2009) and in the distal facies (Freda et al. 2011) of the Pozzolane Rosse pyroclastic-flow deposit.
However, the presence of apatite crystals in the glass (Fig. S3 (e)) seems to exclude such
correlation, whereas the macroscopic features of the dark grey, leucite-bearing tuff fragments
(Fig. S2 (f)) suggest that it may be Tufo del Palatino. Small fragments of Tufo Lionato tuff, with
characteristic elongated glass shards (‘fiammae’; see Fig. S3 (f)), are also present in the thin
section.

Grey scoria clasts were selectively handpicked from a mortar sample (CAST), avoiding
bathing in HCI. Geochemical analysis of this aggregate yielded a TL-Pozzolanelle composition
in the Zr/Y versus Nb/Y, Zr/TiO, versus Nb/TiO, and Th/Ta versus Nb/Zr diagrams (Figs 2 and
3); however, the lack of reference analyses on Tufo del Palatino prevents us from attributing it to
one tuff or the other.

The Area Sacra di Largo Argentina (LA) Seven mortar samples from different structures of the
Area Sacra di Largo Argentina (see the inset map in Fig. S4), spanning in age from the second
century BC through to the first century AD, have been investigated. The oldest mortars analysed for
the present work were sampled from the foundation in opus incertum of the cella (sample LA-C2,
Table 2 (a)) and from the foundation of the podium (sample LA-C40, Table 2 (a)) of Temple B,
the construction of which is assumed to follow the severe fire of 111 Bc (Caprioli 2010; and
references therein). Two other mortar samples (LA-C30 and LA-C15) are from the nucleus and
from the foundation of the donario (a low structure made of tuff blocks, probably a basement for
groups of statues) that was completed in the first half of the first century BC on the southern side
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of Temple B, with a symmetrical construction on the northern side. A fifth mortar sample
(LA-C18) was collected in the nucleus of the first contropodio: a circular retaining wall that was
constructed during the second half of the first century BC to consolidate the podium, which was
suffering lateral failure, probably due to the subsidence of the underlying alluvial soil on which
the temple is founded. Samples LA-C30 and LA-C18 were analysed only at the optical micro-
scope, while LA-C15 was analysed for its trace element composition (Table 2 (a)). Finally, two
more mortar samples were collected from the brick-faced wall adjacent to column 7 of Temple
B (LA-C10, Table 2 (a)), constructed in the second half of the first century ap, and from the
brick-faced wall belonging to building ‘E’ (LA-C29, Table 2 (a)), to the west of Temple B, built
in the third century AD (the era of Caracalla; 211-217 Bc—see Coarelli et al. 1981). The
aggregate of these mortar samples is prevalently constituted by sub-centimetre sized, red and
black scoria (Figs S4 (a) — S4 (e)). Only the aggregate of sample LA-C40, from the Temple B
podium foundation, revealed a roughly proportional mixing of red scoriae and white pumices
(Figs S4 (b) and S4 (b")).

Thin-section observation of five mortar samples (LA-C2, LA-C10, LA-C15, LA-C18 and
LA-C30; Fig. S5) showed that the fine aggregate of all these mortars is essentially composed of
scoria clasts of the Pozzolane Rosse pyroclastic-flow deposit, characterized by leucite crystals
with a starry habit, along with occasional crystals and lithics, which also occur in this volcanic
deposit. The allochthonous constituents of these mortars are represented only by occasional, tiny
orange tuff and brick fragments (Figs S5 (b) and S5 (b")), probably deriving from the coarse
aggregate (caementa) of the concrete. In contrast, several millimetre-sized, altered (zeolitized)
fragments, as well as granular ash containing sanidine (Figs S5 (b") and S5 (d")), are most
probably derived from the uppermost, pedogenized portion of the pyroclastic-flow deposit, and
from the colluvially reworked ash-fall deposit from the Monti Sabatini volcanic district, that
ubiquitously overlies the Pozzolane Rosse eruptive unit (PR) in outcrops (Jackson et al. 2007,
2010), respectively.

When plotted in the Zr/Y versus Nb/Y identification diagram, samples LA-C15, LA-C2 and
LA-CI10 define a linear trend (the thin black arrow in Fig. 2 (a)) that is aligned with trend I
(bordered by the dashed lines), which in turn is determined by the distribution of the literature
data samples within compositional field ‘a’ of the PR. However, similar to sample PAE, two of
these samples display an anomalous distance from the origin of the axis (i.e., Y depletion) with
respect to the literature data samples. Comparison with the Th/Ta versus Nb/Zr diagram of
Figure 2 (b) shows that LA-C2 and LA-C10 indeed have a tight Nb/Zr clustering within the PR
trend I, but—unlike sample PAE, which plots within the compositional field ‘c’ of Tufo Lionato
in this diagram—they also display Th depletion (the vertical arrows in Fig. 2 (b)) and plot lower
with respect to the compositional field ‘a’ defined based on the literature data for the PR.
Remarkably, both of these effects (Y and Th depletion) have been recognized as the consequence
of particularly strong alteration processes affecting volcanic rock (Marra et al. 2011). A more
direct identification of the volcanic product is achieved using the Zr/TiO, versus Nb/TiO,
identification diagram of Figure 3, where samples LA-C15, LA-C2 and LA-C10 are tightly
clustered to each other and plot inside a small compositional field defined by the other PR
samples from the literature data set (Marra et al. 2011). In contrast, the composition of LA-C29
in the three diagrams of Figures 2 and 3 shows a correlation with the Pozzolane Nere pyroclastic-
flow deposit.

The Zr/Y versus Nb/Y composition of the mortar pumice sample LA-C40P clearly indicates a
Monti Sabatini provenance, ruling out a Campanian origin for this sample (Fig. 2; see also Fig.
S6). Moreover, the Zr/TiO, versus Nb/TiO, diagram of Figure 3 suggests a correlation with the
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Fall Al layer of the Tufi Terrosi con Pomici Bianche eruptive sequence (Karner et al. 2001a;
Sottili et al. 2004), erupted by the Monti Sabatini district. Pumice from this volcanic district has
also been identified in the mortars of the Forum of Caesar, and in those of the Basilica Ulpia and
the Grande Aula of Trajan’s Markets, mixed with other pumice of Campanian origin (Marra ef al.
2013). Based on their Zr/Y versus Nb/Y composition, which is almost identical to that of two
pumice samples collected from outcrops in Rome, these mortar pumice samples were also
attributed (Marra et al. 2013) to the Fall Al layer (see also Fig. S6). The sub-rectilinear spread
of all the samples analysed in previous work (Marra et al. 2013) (VT, GR, BU-pl, GA-pl and
FC) and LA-C40P is consistent with their attribution to Fall Al (Fig. 3).

The Villa di Livia The Villa di Livia in Prima Porta, located on the western side of the
Tiber River, north of Rome (Fig. S7 (a)), is named after Emperor Augustus’ wife, Livia
Drusilla, and it was probably built between 30 and 25 Bc. Later enlargements and reconstruc-
tions were carried out, mainly in the second-to-third and third-to-fourth centuries AD (Messineo
2004).

Ancient tunnels in the pozzolanaceous deposits of the Grottarossa Pyroclastic Sequence
(GRPS) and of the unlithified facies of the Tufo Giallo di Prima Porta (TGPP) pyroclastic-
flow deposit (Karner ef al. 2001a) have been discovered on the hill in front of the villa,
during the excavation of an archaeological site close to a medieval tower (the Torre di Prima
Porta; Fig. S7 (b)). The excavations also exposed the remains of concrete masonry structures,
among which is a retaining wall in opus incertum dating to the second-to-first centuries
BC, from which mortar sample TPP was collected (Figs S7 (e¢) and S7 (¢”)). Two other mortar
samples, one from the early Augustan era and the other from the second and third con-
struction phases of the Villa di Livia, were collected from an opus raeticolatum retaining wall
(LIV-R; Figs S7 (c) and S7 (¢’)) and from a brick-faced wall (LIV-L; Figs S7 (d) and S7 (d"))
pertaining to the first century BC and to the second-to-third century AD construction phases,
respectively.

One sample of pozzolan outcropping in the ancient quarry (TPP-GRPS; Table 2 (b) and
Figs S7 (g) and S7 (g")) was collected to compare with the mortar samples. Another pozzolan
sample was collected at an outcrop of GRPS close to the villa (GRPS-a; Fig. S7 (b) and
Table 2 (b)).

The trace element compositions of mortar samples from the Villa di Livia and the Torre di
Prima Porta indicate different provenances for the late Republican and the Augustan-age samples
(TPP and LIV-R) with respect to the second-to-third century ap sample (LIV-L) (Figs 2 and 3).
The mortar samples TPP and LIV-R plot close to TPP-GRPS in the Zr/TiO, versus Nb/TiO,
diagram of Figure 3, where a well-constrained compositional field is also defined for the GRPS
by other outcrop samples analysed in this and in previous work (the dark grey area). Moreover,
these samples plot within the MS compositional field C in Fig. S6, which is characteristic of the
dark grey scoria occurring in the MS products (Marra and D’ Ambrosio 2013; Marra et al. 2014).
In contrast, LIV-L plots within field II, defined by TL and PL-II compositions, ruling out
correlation with any MS product, in agreement with petrographic observation, which identifies
this aggregate as Pozzolanelle. Indeed, observation in thin section provided evidence of the high
crystallinity of these scoriae (Fig. S3 (b)) and the presence of abundant clinopyroxene crystals
and accessory mica, which is typical of the Pozzolanelle scoriae. The presence of characteristic
leucite + clinopyroxene holocrystalline lithics (‘Italite’; Freda ef al. 1997—see Fig. S3 (g))
definitively supports the attribution of these scoriae to the Pozzolanelle pyroclastic-flow
deposit. In contrast, observation in thin section of the GRPS-b scoria clasts shows that these are
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characterized by a lesser crystallinity and by the presence of rare sanidine crystals (Fig. S3 (h)),
which do not occur as xenocrystals in the Pozzolanelle, allowing us to eliminate any possible
ambiguity in the identification of these scoriae.

DISCUSSION

The statistical significance of the investigated data set

The investigated data set of mortar samples includes all the still preserved masonry structures
of the early period of development of this construction technique (second century BC) in Rome
(i.e., the Porticus Aemilia and the original portions of Temple of Concordia and Temple of Castor
and Pollux), with the exclusion of the remnants of the original podium of the Temple of Saturn
(380-360 BC), for which we rely on observations reported in Jackson et al. (2010). Moreover, we
investigated a selected number of monuments spanning from the first century BC through to the
second century AD, which integrate previous observations on mortar components of the Forum of
Caesar, the Tomb of Caecilia Metella, the Portico d’Ottavia, the Theatre of Marcellus, the
Colosseum, Trajan’s Forum and Markets, the Basilica Argentaria and the Temple of Adrian. All
the mortars of this later set of monuments contain Pozzolane Rosse as the main aggregate,
exclusively, as established on the basis of thin-section observation at the optical microscope
(Jackson et al. 2010).

However, despite the apparent homogeneity of the mortar types so far investigated, the reduced
amounts of samples analysed are not sufficiently statistically significant to extrapolate general
rules of employment of raw materials by the Romans over such an extended chronological span.
For this reason, the following considerations should be regarded as inferred on the basis of the
investigated set of monuments, whereas further investigations are required in order to improve
our knowledge on the chronological employment of different volcanic aggregates in Rome.

Types of mortar aggregates

In contrast with inferences of the early (Van Deman 1912) as well as the most recent studies
(Jackson et al. 2007, 2010) on the composition of Roman mortars of the Republican epoch, the
results of the present study on seven samples of mortar collected from monuments spanning from
the end of the second century Bc through to the beginning of the first century AD demonstrate that
all these mortars contain a fine aggregate that was realized using the local Pozzolane Rosse
granular volcanic ash. Only the mortars of the three earliest examples of concrete masonry in
Rome (the Porticus Aemilia, the Temple of Concordia, and the Temple of Castor and Pollux, 193
through 117 Bc) do not contain Pozzolane Rosse in the fine aggregate, which was obtained from
the scrap material derived after cutting the tuff employed as the coarse aggregate, mixed with
volcaniclastic material of sedimentary origin.

Moreover, the mortar of the foundation of the podium of Temple B in the Area Sacra di Largo
Argentina (constructed soon after 111 BC) revealed the presence of a mix of Pozzolane Rosse
scoriae and white pumices, for which the geochemical signature provides evidence of a prov-
enance from the Fall A pumice deposit erupted by the Monti Sabatini volcanic district, occur-
ring in the subsurface of Rome, below the Pozzolane Rosse layer (Fig. 4 (a)). Besides predating
its employment in the early phase of development of the concrete masonry in Rome, the
occurrence of this pumice in the mortar of podium of Temple B also testifies to the consolidated
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use and refinement of this material, despite its scarce availability due to the paucity of pumice
deposits among the volcanic products outcropping in the surroundings of Rome (Marra ef al.
2011).

Finally, the mortar of a third-century AD brick-faced wall in the Area Sacra di Largo Argentina
revealed the presence of black scoriae of the Pozzolane Nere, a pyroclastic-flow deposit that has
never been identified in mortars of Imperial age in previous work (Jackson et al. 2010, and
references therein). The occurrence of Pozzolanelle in the aggregate of a brick-faced wall of the
Villa di Livia ascribed to the second-to-third centuries AD suggests that by the end of the second
century AD, the exploitation of pozzolan had been extended to the two pyroclastic-flow deposits
overlying the Pozzolane Rosse.

Chronological interpretations

The composition of the earliest mortars reflects the near-site geological setting, revealing the use
of materials occurring in the adjacent outcrops, or directly exposed by excavations in the
construction yard, suggesting the lack of an established system for the refinement of pozzolan at
that time. Indeed, to produce the fine aggregate of the mortar of the Porticus Aemilia, the
constructors used the crushed material resulting from the rough cutting of the decimetre-sized
Tufo Lionato blocks that constitute the coarse aggregate of the concrete. Moreover, they probably
integrated it with the less coherent fraction of the pyroclastic-flow deposit occurring at the
excavation site where the Tufo Lionato was quarried. A transitional facies between the lithified
pyroclastic-flow deposit and the incoherent Pozzolanelle deposit is usually associated with the
Tufo Lionato outcrops occurring on the hills in the City of Rome (see Fig. 4 (a)). In particular,
such a facies occurs on the Aventino Hill, rising immediately north-east of the alluvial plain of the
Tiber River, where the Porticus Aemilia was built (Fig. 1). Here, ancient tunnels for the excava-
tion of Tufo Lionato have been detected by means of subsurface geotechnical investigations
(Federici and Santoro 1997).

The concrete of the Temple of Concordia, built at the south-eastern foot of the Capitol Hill
(Fig. 2), contains a complete record of its stratigraphy, revealing the same approach used by
constructors of the Porticus Aemilia for supplying the building materials. Indeed, the mortar of
the Temple of Concordia contains the whole range of volcanic and sedimentary materials
occurring in the deposit of the Aurelia Formation, outcropping to the rear of the temple.
Moreover, the abundant fragments of Tufo Lionato (Fig. S2 (¢”)) provide evidence that, similar to
that of the Porticus Aemilia, the mortar for the Temple of Concordia was realized using the
crushed material resulting from the cutting of the caementa, mixed with abundant volcaniclastic
fraction, derived from the sedimentary deposit of the Aurelia Formation overlying the Tufo
Lionato at the Capitol Hill. Also, as at the Aventino Hill, a wide network of tunnels is excavated
within the Tufo Lionato deposit on the Capitol Hill, revealing its intensive and long-lasting
exploitation (Corazza et al. 2004).

According to these observations, Jackson ef al. (2010) also indicated the sedimentary deposit
of the Aurelia Formation as the source of the aggregate employed in the original podium of the
Temple of Saturn (380-360 BC).

Finally, the mortar of Temple of Castor and Pollux (117 BC) is also realized with the crushed
material deriving from the tuffs employed as rubble stone in the concrete: Tufo del Palatino and
Tufo Lionato.

The mortar from Temple B of Area Sacra of Largo Argentina, dating after the fire of 111 Bc,
represents the turning point in the development of the concrete masonry in Rome, based on
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observations on the available set of monuments of this early age. This is the first mortar, among
those investigated so far, to use Pozzolane Rosse in the aggregate, a material that was refined
specifically for this purpose, instead of the more accessible sandy material outcropping in the
vicinity of the construction yard. Remarkably, all the investigated mortars of the Area Sacra di
Largo Argentina, dating from after the fire of 111 Bc through to the second half of the first century
BC, contain a fine aggregate realized using quarried volcanic sand (harena fossicia), in which the
occasional presence of tiny Tufo Lionato fragments has to be considered to derive from the friable
external surface of the caementa, or is purely accidental.

That this technical revolution occurs after the great fire of 111 BC, which destroyed a large
number of buildings in Rome (Lugli 1952), does not seem accidental. The successive recon-
structions required the availability of large amounts of building materials, probably leading to
the exploitation of new sources and to the development of more systematic extraction methods.
It is probable that the exploitation of the Pozzolane Rosse deposits by means of tunnels
(arenarii) began in this epoch. Tunnel exploitation of tuffs had already been in progress since
the archaic epoch, as testified by the large network of ‘latomiae’ (cuts) affecting the Tufo del
Palatino (Cifani 2008, and references therein) in the underlying geological strata of Rome, from
which were cut the blocks of ‘cappellaccio’ (the archaeological name for Tufo del Palatino;
Table 1), which were largely employed from the early settlement on the Palatine Hill through
to the early Republican epoch (Lanciani 1897; Lugli 1957). The stratigraphic section of the
Stazione Termini in Rome reported by Italian geologist De Angelis D’Ossat (1948) (Fig. S8)
shows tunnels excavated in the pozzolan deposits directly overlying the latomiae in the Tufo del
Palatino. We have reinterpreted the stratigraphy of the Stazione Termini section (see Fig. S8) in
the light of the most recent achievements on the volcanic stratigraphy of this region (Karner
et al. 2001a; Marra et al. 2009, 2014), showing that the Pozzolane Rosse deposit occurring
within the centre of Rome has probably been exploited by means of arenarii since the end of
the second century BC, as suggested by occurrences of this pozzolan in the mortars of monu-
ments of this age.

In this light, the quarries for exploitation of the Grottarossa Pyroclastic Sequence pozzolan
deposit in Prima Porta may be regarded as the local equivalent of the arenarii dug into the
Pozzolane Rosse within the city of Rome, possibly attesting to the establishment of tunnel
excavation as a means of supplying raw material for masonry since around the end of the second
century BC.

Amongst the mortars analysed in this work, the occurrence of scoriae of the Pozzolane Nere
and Pozzolanelle deposits only in those of the third century BC suggests that exploitation of these
upper pozzolan layers began at a later date, as a probable consequence of the growth of the city
and the increasing demand for building materials during the Imperial age. It is likely that by this
time, tunnel excavation in the underlying geological strata had been extended to the Pozzolane
Nere, as the uppermost tunnel in the Stazione Termini section suggests, as well as to the southern
sector of the area of Rome, where thicker strata of the three pyroclastic-flow deposits outcrop
extensively along the flanks of the Caffarella and Tor Carbone Valleys (Figs 4 (a) and 4 (b)).

CONCLUSIONS

Based on the results of the petrographic and geochemical study on the investigated set of
monuments, is possible to establish the chronological use of different types of mortars, as a
function of the composition of the volcanic material employed in the fine aggregate. However,
given the statistically limited significance of the analysed number of mortar aggregates, the
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possibility of considering this chronology as representative of the evolution of the masonry
technique in Rome, and its reliability with regard to indicating the construction date, relies on the
implementation of the data set and on the availability of new archaeological information.

A chronological framework for the different aggregate compositions identified in the present
study can be outlined by the following three groups (see also Table 2):
(a) Early second century BC: no use of Pozzolane Rosse; the fine aggregate is realized using the
remains of the Tufo Lionato tuff, employed as coarse aggregate, mixed with the volcaniclastic
sediments associated with it and outcropping near the construction sites.
(b) End of the second century BC to first century AD: the almost exclusive use of Pozzolane
Rosse, exploited locally by means of tunnel excavation (arenarii), or its local equivalent in the
sectors where this pyroclastic-flow deposit is missing (e.g., the Grottarossa Pyroclastic Sequence
in Prima Porta, north of Rome). Mixing with the local Fall A pumice deposit is occasionally
observed.
(c) Second-to-third centuries AD: combined or alternative use of Pozzolane Rosse, Pozzolane
Nere and Pozzolanelle, with Pozzolane Rosse deposits remaining the main source.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the
publisher’s web-site:

Figure S1 Map of Central Italy showing the location of the volcanoes of the Roman
Co-magmatic Region and the outcropping areas of the pyroclastic rocks employed in ancient
Roman masonry.

Figure S2 A - Porticus Aemilia

a) Map and sampling location; b-b”) Particular of the southeastern wall where one mortar sample
(PAE) was collected from the lower, older portion of the original structure, characterized by an
overall dusky aspect, with a prevailing lime matrix and a finer aggregate, which ranges in color
from dark grey to brown and orange, binding the coarse aggregate made of Tufo Lionato (TL)
fragments; c) Aggregate of mortar sample PAE, separated from the lime matrix after bathing in
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HCI, which was analyzed for trace-element; d) Scan image of a thin section of sample PAE,
before separation of the aggregate, showing the occurrence of large fragments of Tufo Lionato
(TL) and crystalline scoriae (TL/PL) that at the optical microscope revealed transitional texture
between Tufo Lionato and Pozzolanelle (see microphotograph of Supplementary Figure 3a);
loose, pale green clinopyroxene crystals (cpx) also occur.

Figure S2 B — Temple of Concordia

e) aggregate separated from mortar sample TCO, from which selected scoria clasts were hand-
picked and analyzed for trace-element; e”) Scan image of a thin section of sample TCO, before
separation of the aggregate, showing the occurrence of several fragments of Tufo Lionato (TL),
crystalline scoriae of Pozzolanelle (PL) and Pozzolane Nere (PN), and abundant loose crystals,
including clinopyroxene (cpx) and sanidine, as well as rare pumice clasts (see text and Supple-
mentary Figure 3c). The occurrence of these heterogeneous volcanic components, along with the
abundant sedimentary fraction (including cm-sized travertine fragments: TR in (e)), indicate
provenance from the Aurelia Formation cropping out on the flanks of Capitol Hill, at the back of
the Temple of Concordia (see Supplementary Figure 1).

Figure S2 C - Temple of Castor and Pollux

f) aggregate separated from mortar sample CAST; ') Scan image of a thin section of sample
CAST, before separation of the aggregate, showing the occurrence of several grey scoriae
displaying macroscopic texture similar to that of Tufo del Palatino (TP) and large fragments of
Tufo Lionato (TL) (see Supplementary Figure 3f).

Figure S3 — Microphotographs of mortar samples

Horizontal field of view is 2 mm for all pictures.

a) Volcanic glass showing intermediate feature between Tufo Lionato and Pozzolanelle in the
IInd century b.C. mortar sample PAE from Porticus Aemilia; b) Image at crossed nichols
highlighting abundant clinopyroxene crystals (cpx) within a typical Pozzolanelle scoria,
occurring in the IInd-Illrd century A.D. mortar of sample LIV-L from Villa di Livia: ¢) Pozzolane
Nere scoria with characteristic, subhedral leucite phenocrysts (L) and acicular mica microlites
(not shown), occurring as the reworked, volcaniclastic fraction of the of Aurelia Formation
sedimentary deposit, in the IInd century b.C. mortar sample TCO of Temple of Concordia; d)
Typical Pozzolane Rosse scoria, showing a poorly crystalline texture and the characteristic starry
habit of leucite crystals, from the Ist century b.C. mortar sample LA-C18 of Temple B of Area
Sacra di Largo Argentina; e) Interstitial volcanic glass with starry leucite and apatite crystals in
the IInd century b.C. mortar sample CAST from the Temple of Dioscuri, attributed to Tufo del
Palatino; f) Typical Tufo Lionato glass shard with characteristic elongated vesicules (“fiammae”)
in mortar sample CAST; g) Holocrystalline leucite + clinopyroxene inclusion (“Italite”), typi-
cally occuring in the Pozzolanelle pyroclastic-flow deposit (Freda et al., 1997), in mortar sample
LIV-L; h) Crystalline scoria clast with characteristic sanidine crystals (s) in an outcrop sample of
Grottarossa Pyroclastic Sequence unit b (GRPS-b).

Figure S4 A — Area Sacra di Largo Argentina — Republican age mortars

Inset map shows location of mortar samples that have been analyzed for trace elements.

a) Aggregate extracted after HCI bathing from sample LA-C2, collected in the IInd century b.C.
wall of the Cella of Temple B (a’);

b) Aggregate extracted after HC] bathing from sample LA-C40, collected from the Ist century
b.C. foundation of the podium of Temple B (b”-b” ”); white pumice clasts (b") were separated
from the red scoriae and analyzed for trace-elements;

c) Dark grey scoriae handpicked from sample LA-C15, collected from the nucleus of the
Donario (¢');
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Figure S4 B — Area Sacra di Largo Argentina — Imperial age mortars.

d) Red scoriae collected from the nucleus (d”) of a Ist century A.D. brick faced wall (d”); the
scoriae were bathed in HCI to remove the lime adhering to the external surface, before underwent
geochemical analysis;

e) large scoriae handpicked from the nucleus of a IIlrd century brick faced wall (¢); only the
black scoria (2), which required no HCI bathing, was analyzed for trace-elements.

Figure S5 Thin sections of mortar samples from the Area Sacra di Largo Argentina. See inset
map of Supplementary Figure 4 for location. Description of the volcanic components is provided
in the text. Legend: PR = Pozzolane Rosse; I-II-III indicate three progressive degrees of increas-
ing alteration of the scoriae, based on their color and corresponding to weathering indexes
established by Jackson et al., 2010; TL: TufoLionato; Cpx: clinopyroxene; Lc: leucite; Lv: lava
lithic fragment; Ps: altered ash deriving from pedogenized layer (paleosol); Br: brick fragment.
Figure S6 Zr/Y vs Nb/Y compositions of the pumice sample LA-C40 P and of the aggregates
of the mortars from Villa di Livia and Prima Porta are compared to the compositional fields
determined from literature data (Marra and D’ Ambrosio, 2013) for the Monti Sabatini and the
Alban Hills pyroclastic products, and to other compositions determined for this (GRPS-a,
GRPS-b PAL) and previous work (Marra et al.; 2011, 2014) (GRPS-b, GRPS-e). In particular,
composition of ancient Roman mortar pumice samples analyzed in this and previous (Marra
et al., 2013) work, are compared to those of the pumice deposits Fall A and Fall B, occurring in
the subsurface of Rome (see Figure 4).

The compositional fields of the pumice-fall deposits of Vesuvius and Phlegracan Fields (light
grey areas)’ are also reported to show the lack of correlation with the investigated mortar samples.
Figure S7 A - Villa di Livia and Torre di Prima Porta mortar samples

a-b) Sampling location; c) Ist century b.C. opus raeticolatum wall, d) IInd-IIIrd century A.D.
brick faced wall and e) early Ist century b.C. opus incertum wall, from which mortar samples
LIV-R, LIV-L and TPP were collected; ¢’, d” and e’ show the correspondent aggregates extracted
after HCl bathing;

Figure S7 B — Ancient Roman quarries in Torre di Prima Porta

g) Remnants of Roman age tunnels for exploitation of the local pozzolan (incoherent facies of
Tufo Giallo di Prima Porta -TGP- and Grottarossa Pyroclastic Sequence -GRPS®); a pumice layer
(p) occurs at the base of the exposed pyroclastic succession;

g’) sample of scoriae collected from the GRPS layer excavated at Torre di Prima Porta quarries
and analyzed in this work for trace-elements.

Figure S8 The stratigraphic section of Stazione Termini reported by De Angelis D’Ossat’
shows tunnels excavated in the pozzolan deposits directly overlying the latomiae in the Tufo del
Palatino. Although De Angelis D’Ossat did not recognize these pozzolan layers as the Pozzolane
Rosse and Pozzolane Nere, our re-interpretation of the section, based on comparison with the
stratigraphic logs of boreholes drilled in this area, and on the new achievements on the
chronostratigraphic features of the Alban Hills and Monti Sabatini volcanoes (Karner et al.,
2001; Marra et al., 2009; Marra et al., 2014), demonstrates he was wrong. We have recognized
the typical succession occurring in Rome (see stratigraphic scheme of Figure 4a), with the Tufi
Terrosi con Pomici Bianche (including either Fall A and Fall B: Pla and P1b) between Tufo del
Palatino and Pozzolane Ross (Karner er al., 2001; Sottili ez al., 2004). Moreover, according to
their temporal range, we have attributed the thick succession of fallout deposits above the
Pozzolane Nere to the “Tufi Stratificati Varicolori della Storta” (Corda et al., 1978). In particular,
based on its stratigraphic position between Pozzolane Nere (407 ka) and Tufo Lionato (365 ka),
we correlate the pumice layer [15] that De Angelis D’Ossat identified as “Granturco” with the
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distal deposit of the Vico B pumice fallout (P2), which is dated at 404 + 7 ka (Cioni et al., 1993).
Similarly, we correlate the air-fall deposit between Pozzolane Rosse and Pozzolane Nere with
Fall E and Fall F, erupted 350 £ 4 and 347 * 7 ka, respectively, during thew final sateges of the
Tufo Rosso a Scorie Nere eruption cycle (Marra et al., 2014), as well as with VIco o, erupted
419 + 7 ka from the Vico Volcano (Cioni et al., 1993).

Appendix Mortars
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