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Abstract

This paper reports on the results of the analyses of 56 stone samples from Roman and pre-Roman artifacts from the ancient
town of Atria, currently preserved at the National Archaeological Museum of Adria. The city is located in the eastern Veneto
lowlands, close to the Po River delta, and far from the main rock outcrops of the region. The objective of this research is to
determine the provenance of the stones used in ancient Azria and their trade networks. The analytical techniques adopted
include polarized-light optical microscopy (PLM), X-ray fluorescence (XRF), and quantitative phase analysis by X-ray
powder diffraction (QPA-XRPD). The results reveal a widespread use of imported stones from the central-western territories
of Veneto, primarily comprising trachyte from the Euganean Hills and the soft limestone Vicenza Stone from the Berici
Hills/eastern Lessini Mounts. Rosso Ammonitico, Maiolica (Biancone) and Scaglia Rossa limestones are also documented.
From neighbouring regions, the imported stone types include Aurisina limestone from the Trieste Karst and Istrian Stone.
Sandstone was uniquely recognized in G. Popillius’s milestone. Moreover, advanced geochemical and mineralogical analyses
performed on the Euganean trachytes allow tracking accurately the quarry sites, revealing an extensive exploitation of the
main historical quarries of M. Oliveto, Monselice and M. Merlo, although some provenances from outcrops less systemati-
cally exploited were also detected. Notably, the use of rhyolite for manufacturing a pre-Roman gravestone provides new
insights regarding the exploitation of Euganean stone resources before the Roman era.
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Introduction
State of art

Provenance of stone materials in archaeology is a fascinat-
ing research topic for the reconstruction of the economics
and engineering skills of ancient societies, as it offers many
insights regarding the distribution of quarries and their
relationship with ancient cities, the exploitation patterns of
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natural resources, the trade routes of stone materials and
the ways of selection of rock types according to their final
utilization (Gutiérrez Garcia-Moreno 2009; Russell 2013;
Bonetto et al. 2014; Previato 2016; Freire-Lista 2021; Finkel
et al. 2022; Loyola et al. 2023).

The joint research promoted in the last years by the
Department of Cultural Heritage and the Department of
Geosciences of the University of Padua has substantially
contributed to decipher the dynamics of stone quarrying and
trade in Veneto and Friuli Venezia-Giulia regions back to the
Roman and pre-Roman ages (Previato et al. 2014; Previato
and Zara 2014; Previato 2015a; Previato 2015b; Previato
and Zara 2018; Zara 2018; Previato 2018; Paltineri et al.
2020; Boschetti et al. 2021). Those territories, in fact, are
characterized by the abundance and variety of good-quality
rock outcrops, which were intensively exploited for stone
supply in antiquity, by taking advantage of the articulated
waterway network of the Po plain and Adriatic coastline
that favoured stone transport and trade (Buonopane 1987;
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Calzolari 2003; Previato and Zara 2014; Previato 2015b;
Previato and Zara 2021).

Stone resources historically exploited in north-eastern
Italy are mainly constituted by sedimentary rock types, with
a prevailing attestation of limestones from quarry sites in
the Berici Hills, Veneto Prealps, Trieste Karst and Istrian
peninsula (Cornale and Rosano 1994; Lazzarini 2006; Pre-
viato 2015a, 2018; Rioda 2015), which were used both as
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construction materials and for the production of small arti-
facts (Fig. 1).

Alongside sedimentary rocks, stronger and more com-
pact volcanic rocks, primarily represented by trachyte, were
extracted in the Euganean Hills since the prehistory. That
is the main magmatic district of the Veneto region, charac-
terized by differentiated eruptive events occurred between
Eocene and Oligocene (Astolfi and Colombara 1990). These
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Fig. 1 Simplified geological map of north-eastern Italy with the localization of the town of Adria (modified from Salvini et al. 2023)
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volcanic rocks were also quarried to obtain both artefacts
(i.e. gravestones, millstones) and building materials for
infrastructures (i.e. road paving) and masonries (Zara 2018).

Stone provenance from sources in north-eastern Italy is
traditionally determined by scholars encompassing multiple
analytical approaches and characterization techniques. For
carbonate rock types, their provenance is usually defined
through the taxonomic recognition of index fossils by optical
microscopy analyses, useful for the classification of discri-
minant microfacies (Previato 2015a; Fliigel and Fliigel 1997,
Roffia et al. 2009; De Vecchi 2008; Falezza et al. 2015; Pre-
viato and Mazzoli 2018; Bonetto et al. 2021; Boschetti et al.
2021; Lazzarini 2022; Brajkovi€ et al. 2023). In that way,
the geological formation can be traced with good accuracy,
although the method generally does not allow the identi-
fication of specific quarries. Other analytical techniques,
such as geochemistry or isotopic analysis, when combined
with optical microscopy, in some circumstances can offer
more in-depth information for the determination of extrac-
tion sites, even though not conclusive (Maritan et al. 2003;
Brajkovic et al. 2022).

On the other hand, the Euganean volcanic rocks can be
distinguished according to their changing petrographic fea-
tures, which are diagnostic for the identification of specific
outcrops and eruptive geological episodes (Cattani et al.
1997; Previato et al. 2014; Bianchin Citton and De Vecchi
2015). Geochemical analyses offer further crucial elements
in this sense, as Euganean volcanic rocks return a signifi-
cant geochemical variability. Therefore, by combining these
techniques, the quarry identification for Euganean volcanic
rocks can be tracked with a high confidence level (Renzulli
et al. 1999, 2002; Capedri and Venturelli 2003; Capedri
et al. 2003; Antonelli et al. 2004; Antonelli and Lazzarini
2012; Maritan et al. 2013; Germinario et al. 2018a; 2018b).
Eventually, Germinario et al. (2018a) and Germinario et al.
(2018b) demonstrated that the greatest accuracy can be
obtained by investigating the phenocryst geochemical finger-
print by LA-ICP MS, which provides more straightforward
results for provenancing at very high resolution. However,
this is an expensive technique that may require longer tim-
ings for analyses and data processing.

Objective of the research

In this paper, stone samples from Roman and pre-Roman
stone artefacts, coming from the ancient city of Atria
(45°3'31.3" N; 12°321.7" E) and the nearby territories, and
currently preserved at the National Archaeological Museum
of Adria, were analysed. The objective of this research is the
determination of the geological provenance of the rock types

used in the city and the trade routes exploited by Adria in
antiquity for the supply of stone materials.

The site of Adria: location,
geomorphological context and history

Nowadays, the town of Adria (Rovigo, Veneto Region,
north-eastern Italy) is located in the Po Valley between
the Adige River to the north and the Po River to the south,
along the so-called Canal Bianco (Fig. 2) at a distance of
approximately 25 km from the Adriatic Sea.

The urban centre of ancient Atria dates back to the Iron
Age (6th c. BCE), but the area was already inhabited during
the Bronze Age (Balista 2013). The settlement was located
on a shallow river hump along an ancient branch of the
Po river (the Po of Adria) flowing out into the Adriatic
Sea. From the 6th c. BCE, that was replaced by the Tar-
taro/Canal Bianco river network (Piovan et al. 2010, 2012;
Balista 2013; Corrd and Mozzi 2017). Around the city, an
articulated system of lagoons and canals developed, some of
which were certainly navigable. The presence of numerous
waterways and the short distance from the sea (at approxi-
mately 12 km) made Atria an important commercial hub
and a connection point between the Adriatic Sea and the Po
Valley from the end of the Bronze Age to the Roman Age
(Bondesan et al. 1995; Stefani and Vincenzi 2005). In fact,
the city had a river port where the goods, coming from all
over the Mediterranean, were easily redistributed inland.

In pre-Roman times, the settlement consisted of build-
ings made of perishable materials (timber, clay and canes)
built on piles to overcome the instability of alluvial depos-
its. The site was characterized by a strong multi-ethnic
identity, as it was frequented by Venetii, Etruscans and
Greeks, who lived and traded their goods there (Bonomi
1993; Bonomi et al. 2002; Peretto et al. 2002).

The commercial role of Atria persisted and devel-
oped in Roman times, also thanks to the construction of
two consular roads, Via Annia and Via Popillia, which
crossed the city and connected it with other urban centres
in north-eastern Italy (Mimmo 2006). From the 1st c. BCE
onwards, the urban centre was surrounded by walls and
provided with new public and private buildings, mainly
built with non-perishable materials like stones and bricks
(Robino 2009). Subsequently, the city continued its life
without any interruption until the Middle Ages and beyond
(Robino 2009; Corro and Mozzi 2017).

Due to the lifelong continuity of the site, the remains
of the ancient buildings of Atria lie several meters below
the ground level and have only been partially investigated.
Their state of conservation is also very weak, as they have
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Fig.2 Location of the town of Adria in relation to the ancient local geomorphology (from Corrod and Mozzi 2017)

been largely spoiled during Medieval and Modern times.
Nevertheless, numerous Roman building stones and infra-
structures are still preserved in the National Archaeological
Museum in Adria, where also pre-Roman stone artefacts
found within and in the nearness of the city are stored.

Materials and methods
Sampling

In the framework of this research, 56 stone elements from
the National Archaeological Museum of Adria were selected
for analyses. Their chronology and function were con-
sidered in the sampling, in order to get an extensive and
correct picture of the rock types used and imported in the
ancient town (Fig. 3). In detail, samples were taken from 18
funerary gravestones, including stele and cippi (AD_002;
AD_013; AD_026; AD_038; AD_044; AD_046; AD_053;
AD_057; AD_062; AD_070; AD_074; AD_079; AD_150;
AD_188; AD_192; AD_197; AD_198; AD_199), three
sarcophagus lids (AD_166; AD_172; AD_181), one votive
altar (AD_018), one milestone belonging to the Via Popil-
lia (AD_083), seven paving stones (AD_118B; AD_141B;
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AD_143D; AD_145; AD_146B; AD_146F; AD_195) and
26 architectural elements (AD_024; AD_120B; AD_121;
AD_122; AD_124; AD_128; AD_130; AD_132; AD_133;
AD_138; AD_139; AD_151A; AD_151B; AD_151C;
AD_153; AD_155; AD_158A; AD_158B; AD_184;
AD_185; AD_187; AD_202; AD_203; AD_204; AD_205;
AD_206).

All the artefacts sampled date back to the Roman Age
(Bellintani et al. 1995; Bonomi et al. 2006; Bonomi and
Zega 2006; Bonomi and Zega 2010), except for two pre-
Roman gravestones (AD_197; AD_198), one of which
(AD_198) is characterized by a Venetic inscription (Mari-
netti 2008).

Methodology

All samples were cut using a diamond blade saw. Following
the macroscopic observation of fresh cross sections, they
were divided in two groups: one consisting of 26 sedimen-
tary rocks, primarily limestone, and the other comprising
30 volcanic rocks, primarily Euganean trachyte. These two
groups were characterized using distinct analytical protocols.

A detailed petrofabric analysis allowed determining
the sedimentary rock types and, in most cases, attributing
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Fig.3 A selection of the
archaeological artifacts
sampled from the National
Archaeological Museum of
Adria. AD_002=Roman
gravestone; AD_026=Roman
gravestone; AD_044 =Roman
gravestone; AD_053 =Roman
gravestone; AD_074=Roman
gravestone; AD_079=Roman
gravestone; AD_188 =Roman
gravestone; AD_199 =Roman
cippus; AD_197 =Pre-Roman
gravestone; AD_172 = Sar-
cophagus lid; AD_018 = Votive
altar; AD_083 =Milestone;
AD_146B =Road pav-

ing; AD_121=Ashlar
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them to specific geological formations based on the tex-
ture and fossil assemblages. In contrast, the volcanic rocks
underwent a comprehensive multi-analytical characteriza-
tion, allowing for the precise identification of their quarry
sites. We initially adopted a geochemical approach, com-
paring the bulk-rock composition of the archaeological
samples with geological samples collected from well-
known quarry sites. Our baseline consisted of a collection
of Euganean trachyte and rhyolite samples from the main
historical Euganean quarries (Calvino 1967), analysed
using XRF (X-ray fluorescence) and reported in Germi-
nario et al. (2018a) and Brombin (2014). This dataset was
augmented with additional rhyolite samples collected for
this study from Forche del Diavolo and Denti dea Vecia
outcrops. To further validate our results, we used a series
of archaeological samples attributed to specific Euganean
quarry sites based on PLM (polarized light optical
microscopy), bulk-rock XRF analysis and trace-element

composition of phenocrysts by LA-ICP MS (laser abla-
tion inductively coupled plasma mass spectrometry), as
detailed in Germinario et al. (2018b).

To ensure precision in the geochemical analyses and
avoid potential variations that may arise from different
techniques (e.g. the preparation method of powder pellets),
which could impact the reliability of the results (as previ-
ously noted by Maritan et al. 2013 and Germinario et al.
2018a), we prepared the archaeological stone samples for
XRF using the same procedure described in Germinario
et al. (2018a).

We compared the distribution of the archaeological sam-
ples to the geological baseline by creating binary scatterplots
with major and trace elements serving as quarry tracers for
Euganean trachyte (Na,O, Al,O;, K,0, TiO,, V, Rb, Sr, Zr,
Nb, Ce, Nd, based on Germinario et al. 2018a; Germinario
et al. 2018b) and rhyolite (SiO,, Ba, Sr based on Milani et al.
1999; Bartoli et al. 2015, and Rb, based on Brombin 2014).
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Unfortunately, the use of binary diagrams alone proved
insufficient to unequivocally determine the original quarry
for some archaeological samples due to partial geochemical
overlap of certain Euganean quarry samples.

To enhance the accuracy of our analysis and fully utilize
the bulk-rock geochemical data, we applied discriminant
analysis (DA). This multivariate statistical method is com-
monly used to validate the classification of known data
into categories or assign unknown observations to these
categories. When DA is used for predictive purposes (pre-
dictive discriminant analysis, Boedeker and Kearns 2019),
it estimates the probability for an unknown observation to
belong to a specific group based on a set of descriptive var-
iables (posterior probability). This powerful technique has
previously been employed in archaeology (Kovarovic et al.
2011) to relate new observations with already classified
data, and it has successfully assessed the provenance of
artefacts with unknown origin (Tykot 1997; Montana et al.
2011; Charlton et al. 2012, Brandl et al. 2018; Columbu
et al. 2019; Schiirch et al. 2022; Dilaria et al. 2023a, b;
Prochaska 2023).

In this work, we employed DA to identify the best
probabilistic matches between the archaeological volcanic
rock samples and the quarry samples, using the known
geological provenance as the classification factor and a
selected set of discriminant chemical elements as inde-
pendent variables. At the same time, the method assessed
the accuracy of the known observations by measuring
the statistical proximity of each geological sample to a
quarry site, based on the distance from the group cen-
troid (where 100% indicates completely correct classi-
fications). Through DA, carried out using the integrated
tools of Statgraphics Centurion Pro 19, the provenance
definition of each archaeological volcanic rock sample
was further refined through the detection, in probabilistic
terms, of one or, in just few cases, two reliable quarry
sites.

Provenance determination of volcanic samples was
eventually confirmed by comparing the results inferred
from discriminant analysis and scatterplots with PLM.
PLM can be embraced to effectively narrow down the
number of potential quarry areas by the detection of dis-
criminant petrofabrics, based on the comparison between
the archaeological samples and a collection of thin sections
from historical Euganean quarries stored at the Depart-
ment of Geosciences of the University of Padova. Finally,
via QPA-XRPD, the mineralogical profiles of a selection of
representative archaeological samples correlated to specific
quarries after geochemical, multivariate statistical and PLM
analyses were described. As already disclosed by previous
1-XRF analyses (Germinario et al. 2016, 2018a), a differen-
tiation among different quarries can be detected even from
mineralogy, thus highlighting the potential of a quantitative
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mineralogical characterization, which is little explored so
far for the Euganean volcanic rocks and might consolidate
provenance determination.

Analytical equipment

The samples were analysed by PLM in transmitted light (TL)
on 30-pm thin sections under a Leica DM750 P microscope
operating with an integrated digital camera FLEXACAM
C1, in order to describe the textural and mineralogical fea-
tures of the rocks.

The XRF analyses were performed on volcanic rock sam-
ples with a WDS Panalytical Zetium sequential spectrome-
ter, operating under vacuum conditions, equipped with a 2.4-
kW Rh tube. The samples were calcined to determine their
loss on ignition (L.O.1.) by placing them in a muffle furnace
at 860 °C for about 20 min, and then at 980 °C for about
2 h. The samples for the actual XRF analyses were then
prepared in beads using lithium tetraborate (Li,B,0,) flux
with a dilution of 1:10, and melting was carried out using a
Claisse Eagon 2 bead mill (maximum temperature achieved
of about 1150 °C). The calculated major elements are Si, Ti,
Al, Fe, Mn, Mg, Ca, Na, K, and P (expressed as percentages
of the relative oxides). The L.O.1. was calculated separately.
The calculated trace elements (expressed in ppm) are Sc, V,
Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Nd,
Pb, Th, and U. Instrumental precision (defined by repeated
analyses on the same sample) is within 0.6% relative for
major elements and within 3.0% relative for trace elements.
Detection limits for Al, Mg, and Na are within 0.01%, within
0.2% for Si, and within 0.005% for Ti, Fe, Mn, Ca, K and P;
for trace elements, they are (in ppm): Sc=3, V=35, Cr=6,
Co=3,Ni=3,Cu=3,Zn=3,Ga=3,Rb=3,Sr=3,Y=3,
Zr=3,Nb=3, Ba=10, La=10, Ce=10, Nd=10, Pb=5,
Th=3,U=3.

The QPA-XRPD analyses, performed on a selec-
tion of representative volcanic rocks, were done using a
Bragg—Brentano 6-6 diffractometer (PANalytical X Pert
PRO, Cu Ka radiation, 40 kV and 40 mA) equipped with a
real-time multiple strip (RTMS) detector (Malvern PANa-
lytical, Malvern, UKPIXcel by Panalytical). Data acquisi-
tion was performed operating a continuous scan in the range
3-85 (°20), with a virtual step scan of 0.02 (°26). The dif-
fraction patterns were interpreted with X Pert HighScore
Plus 3.0 software by PANalytical (Malvern PANalytical,
Malvern, UK), qualitatively reconstructing mineral pro-
files of the compounds by comparison with PDF databases
from the International Centre for Diffraction Data (ICDD).
The quantification of both crystalline and amorphous con-
tent was obtained through the addition of 20 wt% of zincite
to the powders as internal standard. Then, the quantitative
phase analysis (QPA) was performed using the Rietveld
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method (Rietveld 1967). Refinements were carried out
with TOPAS software (version 4.1) by Bruker AXS. The
observed Bragg peaks in the powder patterns were modelled
through a pseudo-Voigt function, fitting the background with
a 12-coefficient Chebyshev polynomial. For each mineral
phase, lattice parameters, Lorentzian crystal sizes and scale
factors were refined. Any residual preferred orientation
effect was modelled during the refinement with the March
Dollase algorithm (Dollase 1986). The starting structural
models for the refinements were taken from the International
Crystal Structure Database (ICSD). For the quantification of
low-angle smectite-like peaks, detected in some samples,
BGMN-Profex software with dedicated fitting functions for
Rietveld refinements of clay phases was adopted (Taut et al.
1998).

Results and discussion
Sedimentary rocks

The sedimentary rocks analysed are primarily carbonate
rocks. The main group includes the soft limestones known
as Vicenza Stone (11 samples). Other limestones are present
in smaller amounts, such as Rosso Ammonitico Veronese
(three samples), Maiolica (two samples), Scaglia Rossa (two
samples), Aurisina Stone (three samples), crystalline lime-
stone of uncertain provenance (three samples), and, possibly,
Istrian stone (one sample). Only one sample is a sandstone
(AD_83). These rocks are among those historically exploited
and used as building materials in the Veneto region since the
ancient times (Buonopane 1987; Lazzarini 2006; Previato
2015a, 2015b; Zara 2018). The full petrographic description
of these rock types is provided below.

Vicenza Stone

Most of the sedimentary rocks are Vicenza Stone (Pietra di
Vicenza). This stone, also known as “Pietra Tenera” (Soft
Stone), is a soft and easily workable limestone quarried in
the Berici Hills and eastern Lessini Mounts, respectively
south and west of the town of Vicenza in Veneto. All sam-
ples refer to the Oligocene Castelgomberto Limestone For-
mation (Cattaneo et al. 1976; Cornale and Rosano 1994),
and they can be classified into four different petrofacies,
based on specific petrographic features.

Petrofacies 1 comprises five samples (AD_74, 133, 139,
151C, 205). According to Dunham’s classification (Dun-
ham 1962), the samples can be described as grainstone with
sparite cement. Abundant encrusting and articulated red
algae are present, along with benthic foraminifera of the
Miliolida order (with size up to 30—40 um), including Quin-
queloculina sp., Archaias sp. and Textularia sp. There is also

the minor presence of hyaline foraminifera (with diameter up
to 70-110 um), represented by Nummulites sp. and individu-
als of the Rotaliida order (Amphistegina sp., Asterigerina sp.
and Neorotalia sp.). Less commonly, there are occurrences
of bryozoans, serpulids, echinoderms, small bivalves, gas-
tropods and corals (Fig. 4a). Localized concentrations of
goethite-limonite were observed. The abundance of benthic
foraminifera is characteristic of the Costozza Stone variety
of Pietra di Vicenza (Cornale and Rosano 1994; Salvini et al.
2023).

Petrofacies 2 includes two samples (AD_124 and
AD_128). These can be defined as moderately sorted rud-
stone/boundstone, with abundant micrite and predominantly
intergranular, occasionally intragranular, sparitic cement.
The key feature of this petrofacies is the presence of large
hyaline foraminifera, including Nummulites sp. (with size up
to 240-250 um), Operculina sp. and Rotaliida (Asterigerina
sp., up to 100 um; Amphistegina sp., up to 150 uym and to a
lesser extent, Neorotalia sp.). Occasional benthic foraminif-
era of the Miliolida order (Austrotrillina sp.), serpulids
(Ditrupa sp.), encrusting red algae (Lithothamnion sp., up
to 300 um), echinoderms (often rimmed with a syntaxial cal-
cite cement), bryozoans, corals and planktonic foraminifera
are also present (Fig. 4b). The porosity is moderate.

Petrofacies 3 encompasses three samples (AD_26, 204
and 206). These are well-sorted grainstones with small
to medium-sized clasts (averaging 30—40 um) and abun-
dant micritic clasts, articulated red algae and echinoderms
(including crinoids). Benthic foraminifera are also abundant,
including small individuals of Amphistegina sp. (up to 700
um ca), Neorotalia sp., serpulids (Ditrupa sp.), agglutinated
foraminifera (Textularia sp.), small mollusc shells (pimar-
ily bivalves), planktonic foraminifera and sponge spicules
(Fig. 4c). Minute quartz grains and goethite were observed
in the spaces among bioclasts.

Petrofacies 4 consists of only one sample (AD_62). This
is a wackestone/floatstone with intracrystalline sparitic
cement, characterized by abundant intraclasts, often oxi-
dized articulated and encrusting red algae, and subordinate
benthic and encrusting foraminifera (including Miliolida
and Gypsina sp.). There are occasional hyaline-shelled
foraminifera (Amphistegina sp.), gastropod shells and bryo-
zoans (Fig. 4d).

Rosso Ammonitico Veronese

Three samples (AD_121, AD_158B and AD_155)
are limestones characteristic of the Rosso Ammonit-
ico Veronese (RAV) Formation, with an age ranging
from the late Bajocian to the Tithonian. This forma-
tion comprises pelagic limestones, often nodular and
locally cherty, distinguished by the skeletal remains
of planktonic and benthic organisms within a micritic
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Fig.4 PLM micrographs (plane polarized light) of representative
samples of sedimentary rocks. a AD_151C (Vicenza Stone, petrofa-
cies 1 — Costozza Stone variety; b AD_124 (Vicenza Stone, petrofa-
cies 2); ¢ AD_204 (Vicenza Stone, petrofacies 3); d AD_64 (Vicenza
Stone, petrofacies 4); (e) AD_121 (Rosso Ammonitico Veronese);
f AD_202 (Maiolica, with dolomitization phenomena); g AD_185
(Maiolica, with pronounced dolomitization phenomena); h AD_53
(Scaglia Rossa); i AD_151 (Aurisina Stone); j AD_184 (possibly

matrix. Ammonite moulds are frequently found and, at
times, microbial mats have stromatolithic layers (Mar-
tire 1990, 1996; Lukeneder 2011). These rock types,
displaying a distinctive reddish, yellowish or whitish
colour and thinly bedded, nodular structure, have been
quarried since Roman times primarily from the west-
ern Lessini Mounts in the Venetian Prealps, north of
Verona. Presently, they are extracted in the Valpolicella
Valley (Verona) and on the Asiago plateau (Clari et al.
1984; Martire 1996; Martire et al. 2006). The samples
are either wackestones (AD_155 and AD_158B) or

@ Springer
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Istrian Stone); k AD_203 (Crystalline limestone); 1 AD_83 (Litaren-
ite). RA, Red Algae; Nm, Nummulites sp.; Ml, Miliolida; As, Aster-
igerina sp.; Am, Amphistegina sp.; Br, Briozoans; Pl, Peloids; Cr,
Crinoids; Byv, Bivalves; Cp, Calpionellids; Dol, dolomite; Gt, Glo-
botruncana sp.; Rs, Radiolarians; Gl, Globigerina sp.; Rd, Rudists;
Sp, Sparite; Ed, Echinoderms; MC, Micritic Carbonates; Mi, Micas;
Qz, Quartz; Fs, Feldspars

thin-shelled bivalve-rich packstones (AD_121), with a
micritic matrix. Abundant thin-shelled bivalves (up to
70-100 um) are accompanied by occasional ostracod,
small calpionellid loricas (around 10-20 um), plank-
tonic foraminifera (globigerinids), dinoflagellates and
sporadic radiolarians and sponge spicules (Fig. 4e). In
the case of sample AD_158B, sponges and spicules are
prevalent, alongside crinoid ossicles, and remnants of
dasycladacean algae (Clypeina sp.). Stylolites are filled
with iron hydroxides, while fractures are sealed with
sparitic calcite.
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Maiolica (Biancone)

Two samples (AD_185 and AD_202) relate to the Maiolica
Formation (formerly known as the Biancone Formation in
the early literature about the Southern Alps). This forma-
tion is characterized by white pelagic mudstones and wacke-
stones deposited from the late Jurassic to the early to middle
Cretaceous (early Tithonian to early Aptian). It is exposed in
multiple regions of the Italian peninsula (Petti and Falorni
1990a). The Maiolica Formation is widely distributed in the
Veneto Region (Channell and Grandesso 1987; Astolfi and
Colombara 1990; Lukeneder 2015; Zuccari et al. 2021) and
is quarried as dimension stone in the area of Lessini Mounts
(Faraoni et al. 1996), the Asiago Plateau (Martire et al.
2006) and, to a lesser extent, the Euganean Hills (Astolfi and
Colombara 1990). The samples analysed can be categorized
as wackestones/mudstones with a micritic matrix. They are
characterized by abundant calpionellids, radiolarians, dino-
flagellates (10-20 um) and planktonic foraminifera (Glo-
bigerina sp.). Sponge spicules, bivalves and echinoderms are
infrequent (Fig. 4f). Dolomitization phenomena are evident
in both samples, particularly in AD_185 (Fig. 4g). Some
zones are enriched in iron hydroxides.

Scaglia Rossa

Two samples, AD_53 and AD_122, are associated with the
late Cretaceous to early Eocene Scaglia Rossa Formation
(Turonian—Maastrichtian). This formation is observable in
various regions of the Italian peninsula (Petti and Falorni
1990b). The samples are wackestones with a micritic cement
and abundant planktonic foraminifera (Globigerina sp.,
Globotruncana sp.), along with calcispheres and radiolar-
ians. Conversely, calpionellids, bivalves, echinoderms and
sponges are infrequent (Fig. 4h). Iron hydroxides and clay
minerals are typically localized along stylolites. The out-
crops of Scaglia Rossa in the Veneto region are primarily
located in the north/northwestern area of the region (Dal
Piaz, et al. 1990). The outcrops closer to Adria encompass
the sedimentary sequences of the Euganean Hills (Astolfi
and Colombara 1990) and Western Prealps in the Lessini
Mounts (Massari and Medizza 1973), where this stone is
also known as Pietra di Prun.

Aurisina Stone

AD_18, 24 and 151A samples refer to Aurisina Stone, a
limestone belonging to the late Cretaceous Sezana Forma-
tion (late Turonian—early Santonian) and Lipica Formation
(Santonian—Campanian) (Cucchi and Piano 2013; Cucchi
et al. 2015; Jurkovsek et al. 2016). This limestone is com-
mercially known by several names, such as Aurisina fiorita,
Aurisina granitello and Roman stone. It has been historically

exploited in specific quarries (e.g. the top portion of the so-
called “Roman Quarry”’; Maritan et al. 2003), located in the
Classic Karst region of Friuli Venezia-Giulia (Carulli and
Onofri 1969; Cucchi and Gerdol 1985; Salvini et al. 2023).
Aurisina Stone is composed of various types of biomicritic
and fossiliferous limestones, typically distinguished based
on their textural features, grain size and roundness. The sam-
ples under study are primarily grainstones, with the excep-
tion of AD_151A, which is classified as a wackestone. This
type of stone features micritic matrix and bioclasts filled
with sparite. Fragmented rudists (ranging from 50 to 100 up
to 250 um) are abundant, while benthic foraminifera (Mili-
olida and Textulariidae), fragmented red algae and green
algae (Thaumatoporella parvovesiculifera) are present in
lower concentrations. Occasional echinoderms, sponges and
bryozoans are also visible (Fig. 4i). In the case of sample
AD_24, observations reveal the presence of dolomitization
processes. Porosity across the samples is notably low.

Istrian Stone (?)

One sample (AD_184) is a mudstone with abundant micritic
mud and occasional fossils, including large bivalve shells
(5 mm) in dissolution and filled with coarse sparitic calcite,
alongside scattered remains/ghosts of echinoderms, sponges,
bivalves, calcispheres and planktonic foraminifera (Fig. 4j).
The porosity is very low. The petrography of the sample is
consistent with that of Istrian Stone, pertaining to the Istria
Mesozoic carbonate platform (Lazzarini 2006), although
attribution remains uncertain. In Roman times, the quarries
were primarily located along the coastline on the western
side of the Istrian peninsula (gprem 2020, 2021).

Crystalline limestones

Three samples are crystalline limestones (AD_203, 151B
and 138), each exhibiting different textures. AD_203 fea-
tures sparite grains ranging from 1-2 to 10-15 um. Recog-
nizable recrystallized remnants of corals, echinoderms and
sponges can be observed (Fig. 4k). AD_151B is a porous
crystalline limestone with a consistent homogeneous fine-
grained sparite matrix and occasional recrystallized relicts
of bivalves, echinoderms and algae. AD_138 displays sparite
grains with a size up to 50 pm and abundant recrystallized
relics of colonial corals. The provenance of these stones can-
not be determined based on PLM observations.

Sandstone
Sample AD_83 is a polygenic litharenite, characterized by
the presence of numerous sub-angular clasts of quartz (and

occasionally quartzites), which prevail over sub-rounded
micritic carbonate and sub-angular cherts/chalcedony grains.
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Micas, feldspars and opaque minerals are present in traces.
The cement is primarily carbonate, with localized precipi-
tation of iron hydroxides (Fig. 4j). Determining the prov-
enance of this stone using PLM is challenging. The sample
is compatible with the consolidated early Miocene turbidites
of the Molassa formation, cropping out in the Veneto Prealps
around Conegliano and Treviso (i.e. the historical quarry of
Caglieron and Combai). Its petrofabric is also compatible
with other turbidite formations, as the clay-interstratified fly-
sch outcrops of the Trieste coastline in Friuli Venezia Giulia
(north-eastern Italy), with historical exploitation in Muggia
(Calligaris 1999; Cucchi and Piano 2013) or with the main
Northern-Apennine sandstones of the Marnoso-Arenacea
formation in Emilia Romagna, south of Adria (Mutti and
Ricci Lucchi 1972; Gandolfi and Paganelli 1983; Conti et al.
2019).

Volcanic rocks

Thirty samples are volcanic rocks. All of them were analysed
by XRF in order to describe their bulk-rock geochemical fin-
gerprint (Suppl. Tab. 1). According to the TAS (Total Alkali
vs. Silica) classification (Le Bas et al. 1986), most samples
fall in the field of trachyte (Fig. 5), while only AD_197
falls in the field of rhyolite, due to the high content of SiO,
(72.15%). AD_198 and AD_057 plot close to the boundary
between those two fields. The geochemistry is compatible
with that of differentiated volcanic rocks (trachytes and rhyo-
lites) of the Euganean magmatic units (Astolfi and Colom-
bara 1990).

For provenance determination, the archaeological sam-
ples were firstly compared with geological samples from
known Euganean quarries on the basis of a selection of
major and trace chemical elements, considered as discrimi-
nating for trachyte (Fig. 6) and rhyolite (Fig. 7).

In detail, the V/Nb scatterplot is one of the most
informative diagrams (Fig. 6a), as it allows clustering
some of the main Euganean trachyte quarries. In particu-
lar, the trachyte from Monselice (45° 14’ 30.5" N; 11° 45’
28.8" E) is clearly distinguished from the others due to the
high Nb concentration (> 120 ppm). Around the reference
cluster of Monselice, five samples plot (AD_143D, 146B,
146F, 150 and 153), mainly referring to urban infrastruc-
tures (paving stones and road elements). Their correlation
with Monselice quarries can be verified also in the other
diagrams, and in particular in Rb/Zr (Fig. 6e), TiO,/Zr
(Fig. 6b) as well as Rb/SiO, and Rb/Sr in Fig. 7a and ¢
respectively, due to the high concentrations of Rb.

In the V/Nb scatterplot (Fig. 6a), two other samples
(AD_118B and AD_120B) clearly overlap the field of the
V-enriched trachyte of M. Rosso (45° 22" 21.5" N; 11°
45'09.7" E). This clear overlap can be noticed also in the
discriminant diagrams TiO,/Zr (Fig. 6b) and TiO,/K,0
(Fig. 6¢), due to the characteristic high-Ti and low-Zr and
low-K rates of M. Rosso quarry samples.

Finally, in the V/Nb scatterplot (Fig. 6a), some sam-
ples (in particular, AD_145, 172, 181, 166, 188), primar-
ily collected from sarcophagus lids, distribute inside or
close to the field of M. Merlo (45° 22’ 42.6" N; 11° 42’
06.0" E) trachyte. The relationship of these samples with

Fig.5 Total alkali vs silica geo-
chemical distribution diagram 18 - _
(TAS) of the volcanic rock sam- i ® Road pawpg
ples analysed by XRF (after Le 1 (P Ssarcoph. lid
16 © Arch. El
Bas et al. 1986). The samples | rch. Elem.
falling within the rhyolite field @ Roman Gravestone
or close to the boundary with 144 @ pre-Roman Gravestone
the trachyte field are labelled °
X 124 o0
S ©
2 o 0 o res
Q) —_
Q\: 0 - (] ” ©AD_197
X a O
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o
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Fig.6 V/Nb, TiO,/Zr, TiO,/K,0O, Na,O/Zr and Rb/Zr scatterplots
used for provenance discrimination of the archaeological volcanic
rock samples (geological marker samples plotted from Germinario
et al. 2018a; Germinario et al. 2018b; Brombin 2014; Denti dea Vecia

Zr (ppm)

and Forche del Diavolo samples were analysed in this work). The
reference clusters with homogeneous samples from the same quarry
sites are bordered marked by dotted lines. Certain archaeological
samples are labelled and described in detail in the main text
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Fig.7 Rb/SiO,, Ba/SiO,, Rb/Sr scatterplots used for provenance dis-
crimination of the archaeological volcanic rock samples. Geological
marker samples are taken from Germinario et al. (2018a), Germi-
nario et al. (2018b); Brombin (2014). Denti dea Vecia and Forche del

M. Merlo quarries can be also detected in the TiO,/Zr
diagram (Fig. 6b), where M. Merlo samples are slightly
detached from the main core of the other quarries due to
the relevant concentrations of Zr and TiO,, which appear
positively correlated.

Most of the gravestone samples might match the clusters
of M. Oliveto (45° 19" 03.7" N; 11° 46’ 51.6" E). Unfortu-
nately, these quarry samples do not exhibit a peculiar geo-
chemical fingerprint. Therefore, their clustering in the scat-
terplots is minimized, except for TiO,/K,O (Fig. 6¢), due to
the low-K rates negatively correlated with Ti.

On the other hand, this latter scatterplot is discrimi-
nant for the trachyte samples from M. San Daniele (45°
20" 33.1" N; 11° 45" 41.6" E), characterized by a low Na
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Diavolo samples were analysed in this work (see Suppl. Tab. 1). The
reference clusters with homogeneous samples from the same quarry
sites are bordered by dotted lines. Certain archaeological samples are
labelled and described in detail in the main text

content. Within this field, only one sample (AD_187) falls
univocally. A strong correlation of AD_187 with that quarry
can be observed also in the TiO,/Zr (Fig. 6b), TiO,/K,0
(Fig. 6¢), Na,O/Zr (Fig. 6d) and Rb/Zr (Fig. 6¢) scatterplots.

Two samples (AD_141B and 195) in the TiO,/Zr diagram
(Fig. 6b) plot inside the cluster of the trachytes from M.
Murale (45° 14" 32.8" N; 11° 39" 44.4" E) or M. Cero (45°
15" 13.2" N; 11° 39’ 58.9" E), characterized by the high-Zr
content.

Finally, it must be outlined that at least one sample
(AD_197, pre-Roman gravestone) exhibits weak correla-
tions with all the marker samples from trachyte quarries,
while it returns a stronger compatibility with Euganean
rhyolites, as noticeable in the discriminant scatterplots for
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both trachyte (Fig. 6) and rhyolite (Fig. 7). In detail, the
associations with rhyolitic outcrops of Forche del Diavolo
(45° 19" 40.0" N; 11° 40 41.1" E) and Denti dea Vecia
(45°19'33.8" N; 11°40' 57.3" E) are recurrent, as notice-
able in the Rb/Si0, diagram (Fig. 7a), as well as in Rb/Sr
(Fig. 7¢) and Ba/SiO, (Fig. 7b). In fact, AD_197 is SiO,-
and Rb-enriched (Brombin 2014) and Ba- and Sr-depleted,
in agreement with the peculiar features of Euganean rhyo-
lites (Milani et al. 1999; Bartoli et al. 2015), with the sole
exception of M. Oliveto trachyte, which can have low Ba
rates too.

For the remaining samples, univocal associations are
hardy detectable in the scatterplots. Nevertheless, it can
be assumed that no samples present evident affinities with
Zovon area, Rocca di Pendice, M. Trevisan, M. Lispida and
M. della Madonna quarries.

Therefore, the discriminant analysis was crucial for cer-
tifying the provenance of the archaeological volcanic stone
samples. The chemical elements used in the explorative

scatterplots for trachyte (Na,O, K,O, TiO,, V, Rb, Sr, Zr, Nb,
plus Al,O3, Nd, Ce, adopted by Germinario et al. 2018a, b as
subordinate discriminant elements) and for rhyolite discrimi-
nation (SiO,, Ba, Rb and Sr) were selected as independent
variables. The known quarry attributions of geological sam-
ples were indicated as classification factors.

The DA processing returned 97.55% correct classifica-
tions of the quarry samples, highlighting that the selected
variables are suitable for adequately distinguishing the geo-
chemical signature of each quarry site. The results reported
in Table 1 confirm the observations already suggested on
the basis of the scatterplots and pinpoint the best matches to
quarry sites for the remaining unassociated archaeological
samples.

Moreover, the DA results were confirmed, in most cases,
by the PLM analyses (Table 2), according to the peculiar
textural and mineralogical features of reference quarry sam-
ples, as reported in Germinario et al. (2018a). DA and PLM
cross-matched results confirm the provenance of the main

Table 1 Results of the

U : Sample Provenance 1st Prob. (%) Provenance 2nd Prob. (%)
discriminant analysis of the
archaeological volcanic stone AD 002 M. Oliveto 100.0 Null
Ziﬁ‘;i?jaﬁsdeztiﬁffl' Tab. 2 for AD_013 M. Oliveto 100.0 Null
AD_038 M. Oliveto 100.0 Null
AD_044 M. Oliveto 100.0 Null
AD_046 M. Oliveto 99.0 M. Alto 1.0
AD_057 M. Oliveto 100.0 Null
AD_070 M. Oliveto 100.0 Null
AD_079 M. Oliveto 99.7 M. Alto 0.3
AD_118B M. Rosso 100.0 Null
AD_120B M. Rosso 100.0 Null
AD_130 M. Merlo 97.4 M. Alto 1.8
AD_132 M. Bello 84.6 M. Lonzina 15.4
AD_141B M. Murale 97.4 M. Cero 2.7
AD_143D Monselice 100.0 Null
AD_145 M. Merlo 100.0 Null
AD_146B Monselice 100.0 Null
AD_146F Monselice 100.0 Null
AD_150 Monselice 100.0 Null
AD_153 Monselice 100.0 Null
AD_158A M. Lozzo 98.9 M. Oliveto 0.7
AD_166 M. Merlo 100.0 Null
AD_172 M. Merlo 100.0 Null
AD_181 M. Merlo 100.0 Null
AD_187 M. San Daniele 100.0 Null
AD_188 M. Merlo 100.0 Null
AD_192 M. Oliveto 100.0 Null
AD_195 M. Cero 93.6 M. Murale 6.4
AD_197 Forche del Diavolo 100.0 Null
AD_198 M. Grande 100.0 Null
AD_199 M. Oliveto 99.8 Null 0.2
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Fig.8 PLM micrographs (crossed polars) of representative samples
of Euganean volcanic rocks. a AD_79 (Trachyte, petrofabric compat-
ible with M. Oliveto quarry, with feeble compatibility also with M.
Alto); b AD_153 (Trachyte, Monselice quarry); ¢ AD_172 (Trachyte,
petrofabric compatible with M. Merlo and M. Lozzo quarries); d
AD_120B (Trachyte, petrofabric compatible with M. Rosso quarry);
e AD_187 (Trachyte, petrofabric compatible with M. San Daniele
quarry, with affinities also with M. Grande and M. Rusta quarries); f
AD_132 (Trachyte, petrofabric compatible with M. Lonzina quarry);

group of samples from M. Oliveto (Fig. 8a), followed by
Monselice (Fig. 8b), M. Merlo (Fig. 8c), M. Rosso (Fig. 8d)
and M. San Daniele (Fig. 8e).

Unfortunately, for the remaining samples, the DA does
not report univocal attributions. Regarding AD_132,
a prevalent compatibility with M. Bello (84.57%) is
reported by the DA, with M. Lonzina ranking as sec-
ond highest probability (15.42%). However, based on
the PLM observation, AD_132 is compatible with M.
Lonzina (45° 22" 03.3" N; 11° 43" 32.2" E), due to the
characteristic micro- to crypto-crystalline texture and
felty-trachytic groundmass. For the samples AD_141B
and 195, the DA attribution between M. Cero and M.
Murale is not straightforward and the PLM analyses can-
not distinguish the two sources, since both show similar
mineralogical and textural features.

g AD_195 (Trachyte, petrofabric compatible with M. Cero and M.
Murale quarries, with affinities with M. Oliveto quarry); h AD_198
(Trachyte, petrofabric compatible with M. Grande, M. Rusta and M.
San Daniele quarries); i AD_197 (Rhyolite, petrofabric compatible
with Forche del Diavolo outcrop, with affinities to Si-enriched terms
of M. San Daniele trachyte). An, Anorthoclase; Bt, Biotite; Pl, Pla-
gioclase; Krs, Kaersutite; Sa, Sanidine; Qz, Quartz (mineral phases
are labeled according to Whitney and Evans 2010)

AD_158A is ascribed by DA to M. Lozzo (45° 17" 40.2"
N; 11° 37" 15.8" E), with an almost null probability with
M. Oliveto, but unfortunately, it was not possible to certify
this provenance due to the shortage of left-over material for
other analyses.

According to the DA, the two Pre-Roman gravestones,
when compared with all the Roman gravestones, report
diverging provenance attributions. In agreement with the
scatterplot clusters, AD_197 appears compatible with
Euganean rhyolites. In fact, by DA, it matches the rhyolite
outcrop of Forche del Diavolo (Fig. 9a) with a 100% confi-
dence level for the 1st probability. The geochemical affin-
ity is confirmed also by PLM, as AD_197 is completely
compatible with FD_01, a geological sample coming from
that rhyolitic dyke (Fig. 9b). In fact, both samples show a
glomero- or cumulo-porphyritic hiatal texture with felty
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Fig.9 a The columnar rhyolite dyke intruded within basalts at the
Forche del Diavolo outcrop (western Euganean Hills). At the base,
many naturally shaped blocks detached from the main outcrop are
present; b cross section of the sample FD_01, with clearly recogniz-
able phenocrysts in a compact groundmass; ¢, d PLM micrographs
(crossed polars) of sample FD_01 and AD_197 respectively; both

microcrystalline groundmass and with sanidine as the main
rock-forming mineral, slightly prevalent over quartz (Fig. 9¢
and d). However, it must be outlined that this petrofabric is
similar to that of M. Grande and M. Rusta trachytes, and
even more of M. San Daniele trachyte, showing the great-
est affinity to Euganean rhyolites, also from a geochemical
point of view.

On the other hand, the provenance of the second Pre-
Roman gravestone sample (AD_198) is not straightforward
from the scatterplot analysis. By PLM, it displays a petrofab-
ric similar to AD_197, but, according to the DA, it matches
with M. Grande (45° 21' 33.4" N; 11° 40" 29.3"E), suggest-
ing this quarry as the favourite candidate for its source.

Finally, following the attribution to the quarry sites, a
selection of representative archaeological samples of the
volcanic rocks were analysed by XRPD (Fig. 10) to deter-
mine whether they could also be distinguished according
to mineralogical criteria. It resulted that the samples pre-
sent extremely variable concentrations of mineral phases,
which are substantially in agreement with the petrographic
features detected by PLM, although with slight variations.
In detail, cristobalite and tridymite minerals were uniquely

@ Springer

these samples have a glomero- or cumulo-porphyritic hiatal texture
with recognizable phenocrysts of sanidine (Sa) and anorthoclase
(Ano), in a felty microcrystalline groundmass with abundant miner-
als of quartz (Qz). The accessory minerals are biotite (Bt) and opaque
minerals (Opq)

parametrized via XRPD. These phases are high-temperature
polymorphs of quartz, coherent within the Euganean mag-
matism (Cucato et al. 2012), and were not detected by PLM
probably because of their scattered distribution and very fine
grain size, blending into the other microcrystalline compo-
nents of the groundmass. In some cases, this applies also to
augitic clinopyroxenes, quartz and the quantitative ratios of
feldspars. On the other hand, it was not possible to detect
and quantify the concentration of some accessory minerals,
probably because their amount is below the detection limit
of XRPD technique.

According to the QPA-XRPD results (Table 3), the main
discriminating component of the selected volcanic rock
samples is the concentration of the SiO, minerals (Fig. 11),
which is extremely variable. In fact, the sum of the SiO,
minerals ranges from 23.4 wt% in AD_197 (Forche del
Diavolo) to 1.93 wt% in AD_150 (Monselice). In the sam-
ples AD_132 (M. Lonzina or M. Bello) and AD_118 (M.
Rosso), cristobalite concentration is significant, while quartz
prevails in the remaining samples. This phase is >20 wt%
only in AD_197 and in the geological sample FD_01, and
it progressively downgrades below 20 wt% in AD_187 (M.
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Fig. 10 XRPD profiles of selected archaeological volcanic rock
samples plus the geological sample FD_01 from the rhyolitic out-
crop of Forche del Diavolo. For each phase, the principal peaks are
highlighted. Mineral phases are labelled according to Whitney and
Evans 2010: Ano, Anorthoclase; Bt, Biotite; Chl, Chlinochlore; Cpx,
Clinopyroxene; Crs, Cristobalite; Hbl, Hornblende (Kaersutite); Ilm,
Ilmenite; Mag, Magnetite (opaque mineral); Pl, Plagioclase; Qz,
Quartz; Sa, Sanidine; Sme, Smectite; Tri, Tridymite

San Daniele) and AD_198 (M. Grande), in agreement with
the PLM analyses. Tridymite, when detected, represents a
totally subordinate component.

The concentration of sanidine is very variable too. The
highest rate of this phase was detected in AD_187, fol-
lowed by the geological sample FD_01 and AD_197. How-
ever, this phase is abundant also in AD_150 (Monselice),

characterized by the lowest amount of quartz in the data-
set. Plagioclases, on the other hand, are negatively corre-
lated with the SiO, minerals and sanidine, as they decrease
progressively from 51.6 wt% in AD_195 (M. Cero or M.
Murale), to 49.7 wt% in AD_192 (M. Oliveto), 46.1 wt% in
150 (Monselice) and finally 45.7 wt% in 130 (M. Merlo).
In all the remaining samples, the plagioclase component
is below 35 wt%. Anorthoclase reports a lower variability,
ranging from 10 to 20 wt% in most samples. However,
only in AD_197 and FD_01 its concentration is lower than
10 wt%, remarking the strong correlation between these
two samples also from a mineralogical point of view.

Most of the remaining crystalline phases have minor con-
centrations, usually lower than 1 wt%. Nevertheless, it must
be outlined that clay minerals (smectite) are attested only
in AD_192, AD_187 and, in particular, AD_118B from M.
Rosso samples, where smectite reaches the 6.3 wt%, evi-
dencing that argillification phenomena are strongly devel-
oped in this stone.

Archaeological inferences and implications
The artefacts and their rock types

The archaeometric analysis allowed defining the rock types
constituting the sampled artefacts and their geographic prov-
enance at various degrees of resolution. For the sedimentary
stones, we assessed a compatibility at the stage of geologi-
cal formation, while the provenances of the volcanic stones
were detected more precisely, by identifying one or at least
two probable quarry sites for almost all samples (Table 4).

In general, the results show that a wide range of rock
types were imported in Atria from extraction basins located
at significant distances from the town. Among the analysed
samples, the volcanic rocks from the Euganean Hills occur
most frequently (30 samples out of 56). Most of them are
trachytes coming from M. Oliveto, M. Merlo and Mon-
selice, representing some of the quarry sites most inten-
sively exploited in ancient times. However, the analyses
demonstrated the provenance of some artefacts from other
historical quarry sites, such as M. Rosso, M. San Daniele,
M. Cero/M. Murale and M. Grande.

Vicenza Stone, from the Berici Hills or eastern Lessinia,
represents the second most attested rock type (11 samples),
followed by other sedimentary rocks, that is, Rosso Ammo-
nitico Veronese (three samples), Scaglia Rossa (two sam-
ples) and Biancone/Maiolica (two samples). In these last
cases, the exact location of the quarry areas cannot be deter-
mined, but their provenance can be confidently traced within
the central-western areas of the Veneto region.

Imported rock types from the northern Adriatic Arc are
also documented. These are Aurisina Stone, quarried in the
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Trieste Karst (three samples), and, possibly, Istrian stone
(one sample). This framework is further enriched by the
presence of three artefacts made of a crystalline limestone
of unknown origin and a sandstone sample, whose exact
provenance cannot be determined.

Considering the relationship between these rock types
and their ways of use (Fig. 12), it can be observed that
Euganean trachyte was primarily used for the production
of gravestones, in the form of cippi in pre-Roman times,
and stelae in Roman times. The latter are mostly made of
trachyte from M. Oliveto, although the trachytes from Mon-
selice and M. Merlo are also attested in few samples. This
result matches the archaeometric analyses carried out by
Capedri et al. (1997) and Capedri and Venturelli (2003) that
identified M. Oliveto as the quarry site for the Roman grave-
stones of Reggio Emilia (Emilia Romagna region). Trachyte
also constitutes the three Roman sarcophagus lids analysed,
all coming from M. Merlo quarries. This split provenance
distribution between gravestones and sarcophagus lids may
be explained with the diversification of the professional
domains of stoneworker companies in the quarries of the
Euganean Hills. Otherwise, it could rely on an intentional
choice based on the physical features of the volcanic stones
of those two outcrops (see also Germinario et al. 2017).

Trachyte was also used for the making of all the road
paving stones analysed, coherently with other attestations
of Roman roads in northern Italy (Germinario et al. 2018b;
Zara 2018; Previato and Zara 2021). Regarding the prov-
enance, a certain variability of source quarry areas for road
paving stones was highlighted, demonstrating that the pro-
duction of this building material was not organized accord-
ing to professional domains, as the sources attested from
previous studies (Previato et al. 2014; Zara 2018) comprise
most of the Euganean historical quarry sites.

Much more limited is the use of trachyte for architectural
elements, comprising 1 smooth column shaft and 1 frag-
ment of a fascia lintel. This probably depends on the difficult

AD_195
AD_192
AD_198
AD_187
AD_197

FD_01

AD_150
AD_130

workability of trachyte as well as its dark colour, which was
not much appreciated in architecture in comparison with
light-coloured stones, for example limestones, especially
those most easily workable.

This is the case of the soft Vicenza Stone, whose utiliza-
tion in Atria is recurrent. This rock type was used for making
gravestones (three elements), column shafts (two plain and
one fluted) and ashlar blocks. It should be highlighted that
the three Vicenza Stone gravestones are “disk stelae” type,
possibly suggesting that in the Berici Hills/eastern Lessinia,
a manufacture centre of this kind of funerary artefact was
located. The import of these artefacts was maybe motivated
by a specific request from the patrons, linked to their aes-
thetic taste.

The remaining rock types were mainly used for the pro-
duction of more or less elaborate structural and architectural
elements (i.e. flooring slabs, columns and pillar plinths). The
sole artefact having no structural function made with stone
materials other than trachyte and Vicenza Stone is a votive
altar made of Aurisina stone, a gravestone made of Scaglia
Rossa and G. Popillius’s sandstone milestone.

Unfortunately, the discussion about possible differences
in the utilization of the stone materials along time is not
doable as most of them are generally dated to the Roman
Era between the 1st c. BCE and the 1st-2nd c¢. CE, and also
because very few pre-Roman artefacts were analysed.

Nevertheless, trying to outline a sort of timeline in the
selection of quarry districts on which ancient Atria relied,
it seems that in pre-Roman and Republican times, the
city imported stone materials almost exclusively from the
Euganean basin. Later on, from the end of the 1st c. BCE
onward, a larger array of rock types are attested, demonstrat-
ing the extent and articulation of the commercial networks
in which the town was included. From the Augustan age
onwards, in fact, stone materials imported from different
quarry basins located mainly in central-western Veneto (i.e.
Vicenza Stone and Rosso Ammonitico Veronese), but also
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Table 4 The analysed samples and their provenance determined after the scientific investigations

Sample Artefact type and Age Rock type Commercial name  Extraction basin/ Archaeological
find-site coord. quarry site references
(when known)
AD_002  Gravestone 1st c. BCE — Ist Volcanic rock Euganean trachyte ~ Euganean Hills, M. Bonomi et al. 2006;
45°04"28.0"N c.CE Oliveto Bonomi and Zega
12°03'30.2"E 2006 (I1.G. 12728)
AD_013  Gravestone End of the Istc. Volcanic rock Euganean trachyte ~ Euganean Hills, M. Bonomi et al. 2006
45°02'55.5"N BCE Oliveto (I1.G. 180164)
12°03'03.9"E
AD 018 Votive altar First half of the Ist ~ Compact limestone Aurisina Stone Triestin Karst Bonomi et al. 2006
45°02'55.5"N c.CE (I1.G. 12740)
12°03'03.9"E
AD_024  Architectural ele- First half of the I1st ~ Compact limestone Aurisina Stone Triestin Karst Bonomi et al. 2006
ment c.CE (I1.G. 15061)
(pillar plinth)
AD_026  Gravestone 1st c. BCE — 1st Soft limestone Vicenza Stone Berici Hills/Eastern Bonomi et al. 2006;
45°02'46.2"N c. CE (facies 3) Lessinia Bonomi and Zega
12°05'59.1"E 2006 (1.G. 12761)
AD_038 Gravestone 1st c. BCE Volcanic rock Euganean trachyte Euganean Hills, M. Bonomi et al. 2006;
45°02'48.5"N Oliveto Bonomi and Zega
12°03'38.6"E 2006 (1.G. 12757)
AD_044  Gravestone Istc. BCE Volcanic rock Euganean trachyte ~ Euganean Hills, M. Bonomi et al. 2006
45°02'59.9"N Oliveto (I1.G. 180166)
12°04'12.1"E
AD_046  Gravestone Istc. BCE Volcanic rock Euganean trachyte ~ Euganean Hills, M. Bonomi et al. 2006;
45°02'45.2"N Oliveto Bonomi and Zega
12°03'19.9"E 2006 (1.G. 1256)
AD_053  Gravestone beginning of the 1st Compact limestone Scaglia Rossa Euganean Hills/Mt. Bonomi et al. 2006;
45°05'59.7"N c.CE Lessini Bonomi and Zega
12°03'30.3"E 2006 (1.G. 12713)
AD_057  Gravestone Istc. BCE — 1st Volcanic rock Euganean trachyte ~ Euganean Hills, M. Bonomi et al. 2006
c. CE Oliveto (I.G. 12771)
AD_062  Gravestone 1st c. BCE — 1Ist Soft limestone Vicenza Stone Berici Hills/Eastern Bonomi et al. 2006
45°02'59.9"N c.CE (facies 4) Lessinia (1.G. 12721)
12°04'12.1"E
AD_070  Gravestone Ist c. BCE — 1st Volcanic rock Euganean trachyte ~ Euganean Hills, M. Bonomi et al. 2006
c.CE Oliveto (I.G. 12776)
AD_074  Gravestone 1st c. BCE — Ist Soft limestone Vicenza Stone Berici Hills/Eastern Bonomi et al. 2006
45°02'55.5"N c.CE (facies 1 — Cos- Lessinia (1.G. 12742)
12°03'03.9"E tozza)
AD_079  Gravestone Istc. BCE — 1st Volcanic rock Euganean trachyte ~ Euganean Hills, M. Bonomi et al. 2006
45°02'55.5"N c.CE Oliveto (1.G. 12736)
12°03'03.9"E
AD_083  Milestone end of the 2nd c. Sandstone n.d n.d Bonomi and Zega
45°03'03.0"N BCE 2006
12°03'33.0"E
AD_118B Road paving Roman Age Volcanic rock Euganean trachyte ~ Euganean Hills, M.
45°03'01.9"N Rosso
12°03"23.0"E
AD_120B Architectural ele- Roman Age Volcanic rock Euganean trachyte ~ Euganean Hills, M.
ment Rosso
(ashlar block)
45°03'01.9"N
12°03"23.0"E
AD_121  Architectural ele- Roman Age Compact limestone Rosso Ammonitico  Mt. Lessini/Asiago
ment plateau
(ashlar block)
45°03'01.9"N
12°03"23.0"E
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Table 4 (continued)

Sample Artefact type and Age Rock type Commercial name  Extraction basin/ Archaeological
find-site coord. quarry site references
(when known)
AD_122  Architectural ele- Roman Age Compact limestone Scaglia Rossa Euganean Hills/Mt.
ment Lessini
(ashlar block)
45°02'56.1"N
12°0328.6"E
AD_124  Architectural ele- Roman Age Soft limestone Vicenza Stone Berici Hills/Eastern
ment (column) (facies 2) Lessinia
45°02'56.1"N
12°03"28.6"E
AD_128  Architectural ele- Roman Age Soft limestone Vicenza Stone Berici Hills/Eastern
ment (column) (facies 2) Lessinia
45°02'56.1"N
12°03"28.6"E
AD_130  Architectural ele- Roman Age Volcanic rock Euganean trachyte ~ Euganean Hills, M.
ment (column) Merlo
45°02'56.1"N
12°03"28.6"E
AD_132  Architectural ele- Roman Age Volcanic rock Euganean trachyte ~ Euganean Hills,
ment M. Lonzina (M.
(sub-circular section Bello)
block)
45°02'56.1"N
12°03"28.6"E
AD_133  Architectural ele- Roman Age Soft limestone Vicenza Stone Berici Hills/Eastern
ment (facies 1 — Cos- Lessinia
(ashlar block) tozza)
45°02'56.1"N
12°03"28.6"E
AD_138  Architectural ele- Roman Age Compact limestone Crystalline lime- n.d
ment (column?) stone
45°02'56.1"N
12°03"28.6"E
AD_139  Architectural ele- Roman Age Compact limestone Vicenza Stone Berici Hills/Eastern
ment (facies 1 — Cos- Lessinia
(ashlar block?) tozza)
45°02'56.1"N
12°03"28.6"E
AD_141B Road paving Roman Age Volcanic rock Euganean trachyte ~ Euganean Hills, M.
45°02'51.9"N Murale (M. Cero)
12°03'12.9"E
AD_143D Road paving Roman Age Volcanic rock Euganean trachyte ~ Euganean Hills,
45°02'51.9"N Monselice
12°03'12.9"E
AD_145  Road paving Roman Age Volcanic rock Euganean trachyte ~ Euganean Hills, M.
45°02'51.9"N Merlo
12°03'12.9"E
AD_146B Road paving 2nd — Istc. BCE  Volcanic rock Euganean trachyte  Euganean Hills,
45°02'51.9"N Monselice
12°03'12.9"E
AD_146F Road paving 2nd — Istc. BCE  Volcanic rock Euganean trachyte  Euganean Hills,
45°02'51.9"N Monselice
12°03'12.9"E
AD_150  Gravestone Istc. BCE — lIst Volcanic rock Euganean trachyte ~ Euganean Hills,
45°02'58.2"N c.CE Monselice
12°03'11.8"E
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Table 4 (continued)

Sample Artefact type and Age Rock type Commercial name  Extraction basin/ Archaeological
find-site coord. quarry site references
(when known)
AD_151A Architectural ele- Istc. BCE — 1st Compact limestone Aurisina Stone Triestin Karst
ment (n.d.) c.CE
45°02'58.2"N
12°03'11.8"E
AD_151B Architectural ele- Istc. BCE — 1st Compact limestone Crystalline lime- n.d
ment (n.d.) c.CE stone
45°02'58.2"N
12°03'11.8"E
AD_151C Architectural ele- 1st c. BCE — 1st Soft limestone Vicenza Stone Berici Hills/Eastern
ment (n.d.) c. CE (facies 1) Lessinia
45°02'58.2"N
12°03'11.8"E
AD_153  Architectural ele- Ist c. BCE — Ist Volcanic rock Euganean trachyte ~ Euganean Hills,
ment (n.d.) c. CE Monselice
45°02'58.2"N
12°03'11.8"E
AD_155  Architectural ele- Istc. BCE — Ist Compact limestone Rosso Ammonitico  Mt. Lessini/Asiago
ment (stone slab) c. CE plateau
45°02'58.2"N
12°03'11.8"E
AD_158A Architectural ele- Istc. BCE — Ist Volcanic rock Euganean trachyte ~ Euganean Hills, M.
ment (n.d.) c. CE Lozzo
45°02'58.2"N
12°03'11.8"E
AD_158B Architectural ele- Ist c. BCE — 1st Compact limestone Rosso Ammonitico ~ Mt. Lessini/Asiago
ment (n.d.) c. CE plateau
45°02'58.2"N
12°03'11.8"E
AD_166  Sarcophagus lid Ist c. BCE — st Volcanic rock Euganean trachyte ~ Euganean Hills, M.  Bellintani et al. 1995
45°02'58.2"N c.CE Merlo
12°03'11.8"E
AD_172  Sarcophagus lid Istc. BCE — lIst Volcanic rock Euganean trachyte ~ Euganean Hills, M.  Bellintani et al. 1995
45°02'58.2"N c.CE Merlo
12°03'11.8"E
AD_181  Sarcophagus lid Istc. BCE — 1st Volcanic rock Euganean trachyte ~ Euganean Hills, M.  Bellintani et al. 1995
45°02'58.2"N c.CE Merlo
12°03'11.8"E
AD_184  Architectural Istc. BCE — 1st Compact limestone Istria Stone (?) Istrian peninsula?
element (semi- c.CE
column)
45°02'58.2"N
12°03'11.8"E
AD_185  Architectural ele- Istc. BCE — 1st Compact limestone Biancone/Maiolica  Euganean Hills/Mt.
ment (cornice) c.CE Lessini/Asiago
45°02'58.2"N plateau
12°03'11.8"E
AD_187  Architectural ele- Istc. BCE — 1st Volcanic rock Euganean trachyte ~ Euganean Hills, M.
ment (lintel?) c.CE San Daniele
45°02'58.2"N
12°03'11.8"E
AD_188  Gravestone Istc. BCE — 1st Volcanic rock Euganean trachyte ~ Euganean Hills, M. 1.G. 12764
45°02'58.2"N c.CE Merlo
12°03'11.8"E
AD_192  Gravestone Istc. BCE — 1st Volcanic rock Euganean trachyte ~ Euganean Hills, M.
45°02'58.2"N c.CE Oliveto
12°03'11.8"E
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Table 4 (continued)

Commercial name

Extraction basin/
quarry site

Archaeological
references

Euganean trachyte

Euganean rhyolite

Euganean trachyte

Euganean trachyte

Biancone/Maiolica

Crystalline lime-
stone

Vicenza Stone
(facies 3)

Vicenza Stone
(facies 1 — Cos-
tozza)

Vicenza Stone
(facies 3)

Euganean Hills, M.
Cero (M. Murale)

Euganean Hills,
Forche del Dia-
volo outcrop

Euganean Hills, M.
Grande (?)

Euganean Hills, M.
Oliveto

Euganean Hills/Mt.
Lessini/Asiago
plateau

n.d

Berici Hills/Eastern
Lessinia

Berici Hills/Eastern
Lessinia

Berici Hills/Eastern
Lessinia

Marinetti 2008 (I.G.
2498)

Sample Artefact type and Age Rock type
find-site coord.
(when known)
AD_195  Architect. element ~ Roman Age Volcanic rock
(road paving?)
45°02'51.9"N
12°03'12.9"E
AD_197  Gravestone Pre-Roman Age Volcanic rock
45°03'01.6"N
12°03'22.4"E
AD_198  Gravestone 350 BCE Volcanic rock
45°17"25.9"N
12°07'30.8"E
AD_199  Gravestone Istc. CE Volcanic rock
45°02'50.8"N
12°03'08.1"E
AD_202 Architectural ele- Roman Age Compact limestone
ment (lintel?)
45°02'50.8"N
12°03'08.1"E
AD_203  Architectural ele- Roman Age Compact limestone
ment (cornice?)
AD_204  Architectural ele- Roman Age Soft limestone
ment (column)
AD_205 n.d Roman Age Soft limestone
AD_206  Architectural ele- Roman Age Soft limestone
ment (threshold?)
30 4 [ Milestone
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[ ] Architectural element
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254 ] sarcophagus lid
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Fig. 12 The rock types documented in ancient Atria and their func-
tional attribution

in the eastern sector of the region (Aurisina stone, maybe
Istrian stone), were used in Atria.

In addition, it can be observed that the provenance of
both the two pre-Roman gravestones substantially differs
from that of the other archaeological materials from the
Roman times (Dilaria et al. in press). In particular, the uti-
lization of Euganean rhyolites is intriguing, since there are
no pieces of evidence about the exploitation of this rock
type in antiquity verified with an archaeometric approach.
On an archaeological basis, a funerary stone in “rhyolite”
was reported for the pre-Roman necropolis in Patavium
excavated in the modern Via S. Eufemia (Paltineri et al.
2020), but on this element, further research is required to
scientifically establish the actual rock type. From what we
observed, the geochemical and petrographic features of the
rhyolite sample AD_197 strongly match those of the geo-
logical sample from Forche del Diavolo (FD_01). Forche
del Diavolo is a rhyolite dyke intruded within basalts in
the central-western Euganean Hills and, although there is
no evidence of quarrying there, the size of the outcrop can
be considered suitable for extraction. This might represent
the first proved evidence of utilization of Euganean rhyo-
lite in antiquity, highlighting the need for a more detailed
geochemical and petrographic mapping of the Euganean
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volcanic rocks, apart from the trachytes. Eventually, the
parametrization of the distinguishing features among all
the different Euganean rock types might be needed. The
case of M. San Daniele quarries is illustrative, since the
rock extracted therein is a trachyte but, considering its
composition, is also the closest to Forche del Diavolo
rhyolites, here analysed.

Inferences on trading networks and commercial
strategies

The data about the provenance of stone materials in Adria
can generate other inferences on the trade network in which
the city was included and the transport routes connect-
ing the quarry districts with the Po delta in antiquity. This
region is well known thanks to ancient essays (Servius, In
Vergilii Georgica comm., 1.262; Strabo, Geographia, 5.1.5
and 5.1.8; Pliny the Elder, Naturalis Historia, 3.126—130)
and palaeoenvironmental studies (Balista 2013; Corro and
Mozzi 2017; Mozzi et al. 2020) for its exceptional network
of waterways, which connected the cities and the inland
territories with the lagoon of Venice and the Adriatic Sea
(Bonetto 2009). These waterways, constituting an easy and
economical way for transporting heavy goods, were probably
used for the movement of stone loads over medium and long
distances, as commonly documented in the ancient world
and in later ages up to the modern era (Russell 2013).

Considering the layout of these waterways, a detailed
reconstruction of the trade routes by which the stones
reached Adria can be proposed (Fig. 13).

The first point concerns the prevalence in the town of
stones from the Euganean district (around 60% of the whole
sample collection). This can be explained by the excellent
quality of the volcanic rock cropping out there and the geo-
graphic position of the quarry area, the closest to Adria.

However, the Euganean district was not directly con-
nected by waterways to the ancient town. In fact, accord-
ing to the most recent palacoenvironmental reconstruc-
tions, until the sixth century BCE, Adria was lapped
by the northern branch of the Po river, which was later
replaced by the Tartaro-Canal Bianco river system (Pliny
the Elder, Naturalis Historia, 3.121), connecting the terri-
tory around Verona to the sea, but without passing nearby
the Euganean Hills. However, at least two possible water
routes allowing the Euganean stones to reach Adria can
be traced based on geomorphological studies. In fact,
the southern part of the Euganean Hills was lapped by
a palaeo-branch of the river Adige, flowing eastwards to
the sea and reaching the southern sector of today’s Venice
Lagoon. This river could have been used in antiquity to
transport the stones extracted in the western and southern
Euganean quarries. A second waterway for the transport of
Euganean stones down to the coast can be identified with
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the Vigenzone canal, nowadays extending with a straight
course from the southeastern side of the Hills to the south-
ern Lagoon of Venice. This canal can be identified in the
Togisonus mentioned by Pliny the Elder (Naturalis His-
toria, 3.121) as flowing towards the lagoon from the ter-
ritory of ancient Patavium (ex Patavinorum agris). This
could be the route exploited for the transport of the stone
materials quarried in the eastern and northern part of the
Euganean Hills.

From the coastline, the transport ships could have con-
tinued southwards along the system of inland lagoons and
artificial ditches, such as the fossa Clodia mentioned by
Pliny (Naturalis Historia, 3.121), connecting together the
river delta placed between Ravenna and Aquileia (Rosada
1984) and finally entering to Atria through the Tartaro/Canal
Bianco river.

However, the transport of Euganean stones to Atria
through waterways does not represent the only possibility.
In fact, at least from the mid-2nd c¢. BCE, Adria was crossed
by the Via Annia road, promoted by the consul T. Annius
Luscus (Uggeri 2012), connecting Rome to Aquileia and
passing close to the Euganean area. Small blocks, possibly
already processed or even finished, could have been trans-
ported through this land route.

Also Vicenza Stone, attested in significant concentrations
in the town (around 20% of the samples analyzed here), was
probably transported through waterways following the Bac-
chiglione river, as testified by the discovery of a wreck with
a stone cargo of semi-finished architectural elements (Pre-
viato and Zara 2014). In antiquity, this river flowed down
from the Prealps, passing by the north-eastern area of the
Berici Hills, near Costozza, and proceeding eastwards to the
Lagoon of Venice. From this point, the ships, following the
peri-lagoonal canalization systems, could have entered the
Tartaro/Canal Bianco finally reaching Atria.

The final part of this coastal path (Lagoon of Venice —
Tartaro/Canal Bianco — Atria) was probably used also for
the transport of the stone types imported from the northern
Adriatic Arc (i.e. Aurisina Stone, Istrian Stone) to Atria.
Considering the great distance between the Trieste and
Istrian quarry areas to Adria, it is likely that the maritime
route was preferred over land transports, being more eco-
nomically convenient.

Tracking at the same resolution the path of the other stone
types documented in Atria is more difficult as their origin is
not uniquely defined from a geographic point of view. Most
of them (Rosso Ammonitico Veronese, Biancone/Maiolica,
Scaglia Rossa) possibly come from different outcrops in
the Prealps, from western Lessinia to Asiago plateau to the
east and the Euganean Hills. Even in this case, they were
probably transported through the alpine rivers of the region
(Adige, Brenta, Piave) to the coast and then followed the
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aforementioned peri-lagoonal and Tartaro/Canal Bianco
route.

In conclusion, the results show the presence in Atria of
a wide range of different rock types from extraction basins
mainly located in north-eastern Italy. Two aspects are
extremely evident. The first is the prevalence of rock types
from the central-western area of Veneto. This testifies the
great extent of the commercial relationships of Atria with
the inland territories, rather than with the Adriatic area, as
far as the stone trade was concerned; in fact, stone trans-
port probably relied on a branched river and peri-lagoonal
waterway network, thanks also to the key role played by the
Tartaro River/Canal Bianco. Moreover, it can be outlined
that the amount of imported stone material progressively
decreases as the distance between the quarry basins and the
city increases. This clearly relates to the economic conveni-
ence and timings of material transport (Russell 2013).

Conclusions

The results obtained in this research offer important insights
for reconstructing the trade dynamics and use of stone mate-
rials in the ancient town of Atria. They can be summarized
in three main points:

e Methodology. As primary objective, this study aimed
at establishing a protocol to define the provenance of
ancient stone materials from northern Italy, adopting
cost-effective analytical methods to efficiently process
large datasets. Considering the different resolution rate
achievable in the provenance determination of volcanic
rocks in respect to sedimentary ones, the stone samples
were analysed adopting two analytical approaches. Sedi-
mentary stones were uniquely analysed via PLM. The
recognition of index fossils allowed determining, in most
cases, the correlation with specific geological formations.
The main problem of this fast and low-cost approach
is the high uncertainty about the area of origin, as the
same sedimentary formations may outcrop in scattered
locations within the regional territory, or even in extra-
regional territories (i.e. Scaglia Rossa limestone, Rosso
Ammonitico Veronese limestone and, in particular, sand-
stone). On the other hand, as far as the volcanic rocks are
concerned, the analysis was more sophisticated, and an
updated protocol combining the results of XRF, PLM
and QPA-XRPD analyses with published petrographic
and geochemical datasets of Euganean trachytes from
different sources was developed. This protocol allows
assigning most of the samples to specific quarry sites
in the Euganean district. This workflow demonstrates to
be efficient for provenance determination of Euganean
volcanic rocks, allowing processing and identifying at
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high resolution, in most cases, the quarry sites, when
the more precise LA-ICP-MS investigations cannot be
performed (e.g. due to budget constraints or instrument
unavailability).

e The stones and their use. The results of the archaecomet-
ric investigations demonstrated that the stone materials
were accurately selected according to the function of the
artefacts. This was evident both in the diversification of
the trachytes used for manufacturing the gravestones as
opposed to sarcophagus lids, and in the prevalent utili-
zation of the soft Vicenza Stone for making disk stelae,
thus revealing the profound knowledge of ancient stone
workers about the workability and mechanical properties
of these materials and, possibly, the diversification of the
professional domains of the mason companies. Intriguing
is the provenance of the pre-Roman rhyolite gravestone
from Forche del Diavolo outcrop, which might represent
the first evidence of utilization of Euganean rhyolite in
antiquity, rising new perspectives about the management
of stone resources between pre-Roman (collection of
erratic boulders?) and Roman times (systematic exploi-
tation of quarries), which cannot be adequately discussed
here.

e Trading network. Once the provenances of the analysed
stones were defined and the quarry sites reported in a
map, inferences regarding the transport routes of the
material have been proposed. Most of the stones used in
the town came from the inland territories of the Veneto
region, with a prevalent exploitation of the Euganean
Hills over the Prealps and Berici Hills. Considering
the short distance of Afria from the Adriatic Sea, this
evidence is even more remarkable and shows how the
regional river network was capillary, allowing the stones
to reach Atria probably exploiting endo-lagoon routes
beyond the delta areas and, for the last stretch, the route
of the Tartaro/Canal Bianco river that, in antiquity, was
passing through the ancient town.

Additional information

The thin sections supporting this research were prepared
at the laboratories of the C.S.G. Palladio — Lifeanalytics
center (Vicenza, Italy), identified as partner company in the
framework of the PON REACT-EU 2014/2020 projects DM
1061/2021 — Action IV.6, BUILDing sustainABILITY in the
Ancient World. Urban development, land use and conserva-
tion of the ecosystem and DM 1061/2021 — Action IV.5 —
Cities, architecture and environmental sustainability: selec-
tion, exploitation and management of natural resources for
the construction of urban centres in Roman Cisalpine. XRF
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and XRPD analyses were developed at the Department of
Geosciences of the University of Padova.
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tary material available at https://doi.org/10.1007/s12520-023-01911-4.
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