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ABSTRACT

Since 2000, archaeological excavations have brought to light the sanctuary of Athena in Castro (Apulia, Italy), including terra-
cotta roofs dated between the 6th and 4th centuries BCE. Based on their morphological and stylistic features, it is suggested that
the terracotta items were manufactured in the Greek colony of Taras (modern Taranto); conversely, several fragments cannot
yet be confidently attributed to any specific production site. To shed light on the technology and the provenance of terracotta
roof samples, 20 fragments were investigated using mineralogical and petrological techniques, revealing the presence of four
compositional groups featured by different ratios of carbonate and volcanic inclusions. The mineral chemistry of the volcanic
component opened interesting geoarchaeological and volcanological issues since it can be ascribed to one of the pyroclastic de-
posits from Ischia. Finally, these findings provided new insights into terracotta production in Taras, illuminating raw material
sourcing, trade routes and technological skills.

1 | Introduction century BCE, craftsmen from Taras were entrusted with the con-

struction of stone temples, shrines, altars and terracotta roofs.

The sanctuary of Athena in Castro (Lecce province, Apulia;
Figure 1) was continuously frequented from the 8th century
BCE until its destruction during the Second Punic War at the
end of the 3rd century BCE (D'Andria 2009, 2020; D'Andria
et al. 2023). Located in a position of strategic importance for
southern Adriatic navigation, it was managed for centuries by
the indigenous Messapian elites. However, it attracted not only
local communities but also Greeks from Taras (a Spartan col-
ony, modern Taranto) and the opposite Adriatic coast (Figure 1).
Serving as an emporium—a sacred space that encouraged trade
and cultural exchange—the sanctuary played a key role in con-
necting diverse populations. It is worth noting that from the 6th

In fact, distinctive morphological features, structural solutions
and decorative motifs of the terracotta roofs strongly suggest
the involvement of artisans from Taras in their production
(Ismaelli 2023).

This paper first aims to verify the proposed hypothesis and
then addresses a crucial question about the production process
of terracotta roofs. Two potential scenarios are considered for
the construction of the roofs of the sanctuary of Athena. In the
first scenario, artisans from Taras may have worked directly
on-site in Castro, establishing nearby workshops to select, pro-
cess, shape and fire the clay pieces before assembling the roof
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FIGURE1 | (a)Geological map of the area of Castro (modified after Bossio et al. 1997); (b) geological map of the Mar Piccolo area, north of Taranto
(modified after Lisco et al. 2016); (c) the sampled terracotta roof elements from the Athenaion at Castro.

components. In the second scenario, the terracotta pieces were
likely produced in Taras using local raw materials and then
transported by sea—approximately 90 nautical miles (170 km)—
to the sanctuary for their final assembly.

Thus, the identification of the source of raw materials through
archaeometric analysis aims to determine whether the produc-
tion occurred locally at Castro or in Taras, thereby providing a
more precise understanding of the organization of labour and
resources, as well as the transfer of raw materials or finished
products for the construction of the sanctuary of Athena.

2 | Investigated Archaeological and Geological
Materials

A total number of 20 fragments of architectural terracotta
were collected, and their morphological, stylistic, and di-
mensional characteristics, along with fabric analysis, made it
possible to assign the roofing elements to two distinct chrono-
logical phases:

2.1 | Archaic Period

Archaic Roof no. 1 is represented by fragments nos. 1, 14 and
15, featuring a compact, refined ceramic body ranging from yel-
lowish to orange-pink, with a white-yellowish slip that appears
highly glossy in fragment no. 1. These pieces belong to a sima
painted with Doric leaves and crowned by a chain of palmettes,
dated to 530-500BCE (see comparison in Rescigno 2023,
133-134).

Archaic Roof no. 2 includes fragments nos. 2 and 20, character-
ized by a fine-grained, compact ceramic body in greenish-yellow
and pinkish-orange hues and a yellowish slip. These fragments
belong to the geison revetment (also called cassetta), decorated
with an Ionic cyma on the lower moulding and swastika-
meander on the soffit, dated to 530-500BCE (Ismaelli 2023,
125-126, cat. nos. 98-100). Fragment no. 4, corresponding to a
leonine waterspout, may also belong to this roof.

The similarity in morphological details between Archaic Roofs
no. 1 and no. 2 may suggest that they could belong to the same
building, functioning as lateral side (no. 2) and raking cornice
(no. 1).

To another Archaic roof are associated the following fragments:
no. 3, a tile made of brownish clay body, painted in a deep
purplish-red hue; no. 7, part of a ridge tile with torus mouldings;
the antefix no. 9, depicting a Gorgon's head with small snail-like
curls with comparisons in Taras (Laviosa 1954, 233, no. 8, pl.
70, 1, late 6th century BCE; Berger 1982, 116-161, no. 161, before
480BCE). Of uncertain chronology is the trapezoidal antefix no.
5, composed of pinkish-beige clay, with a beige slip and trace of
brown polychromy.

2.2 | Classical Period

Classical Roof no. 1 is represented by fragment no. 17, which
is part of a sima with a cyma as crowning moulding decorated
with a palmette, composed of well-refined yellowish clay. A
comparable specimen from Metapontum suggests a late 5th
century BCE dating (Mertens-Horn 1988, 155-156, 205, cat.
74, pl. 80ab).

Other antefixes from the Classical period include no. 10, a semi-
circular item with a Gorgon's head and lateral snakes, made
from a worn mould also attested in Taras (Laviosa 1954, 235, no.
17, pl. 71, 4, second half of the 5th century BCE) and no. 6, possi-
bly representing a Gorgo's head with wavy hair pinned above the
front (similar to Laviosa 1954, 236, no. 21, pl. 72, 3, late 4th-3rd
century BCE; Dell'Aglio and Zingariello 2015, 33, end of the 5th
century BCE).

To a later period is dated Classical Roof no. 2, represented by
fragments nos. 11, 12, 16 and 19, made of purified clay, varying
in colour from yellowish-green to light brown. These fragments
belong to a lateral and raking sima decorated in relief with egg-
and-dart motifs, bead-and-reel and an anthemion of upright,
open palmettes and lotus flowers, featuring red and brown
polychromy (Magrini et al. 2023). This roof, based on compar-
isons with materials from the Tarentine colony of Herakleia
(Policoro), can be dated to the late 5Sth—first half of the 4th cen-
tury BCE (Ismaelli 2023, 126, cat. no. 102).

Additionally, palmettes nos. 8 and 13, made of a very hard
pinkish-beige clay, and the lotus flower no. 18, featuring yel-
lowish clay and traces of orange-brown colour, might have dec-
orated the upper part of the sima of the Classical Roof 2 (see
comparison in Cristofani 1967, 315-316, pl. 103).

In conclusion, between 530BCE and the first half of the 4th cen-
tury BCE, numerous roofs were constructed in the sanctuary of
Athena for various buildings of different dimensions. This evi-
dence indicates ongoing relationships between Greek artisans
and Messapian ruling groups, with the origin, selection and
treatment of raw materials providing key insights into these
interactions.

The investigation into the provenance of raw materials led to
the sampling of clay from deposits in both Castro and Taranto.
In Castro, a site characterized by a clay outcrop within calca-
renite formations was identified (Bossio et al. 1997), located
to the east of the modern town. Sample C1 was gathered from
the Parco delle Querce area, where clay has been extracted till
recent times for local artisanal activities. A second sample col-
lection was conducted in the Taranto area, where a significant
clay deposit is located north of Mar Piccolo (sample C2). This
zone had been previously investigated (De Marco et al. 1981;
Valenzano et al. 2018). Instead, it is no longer possible to col-
lect clay samples directly from the area of the ancient city,
due to the modern extensive urban development, which has
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covered areas where clay outcrops were still visible in the post-
World War II period.

To further verify the provenance of the raw materials, two ar-
tifacts produced in Taranto were also analysed. Sample T1 is a
fragment of a tile of the Greek period found in the area of Torre
d'Ayala, made from greenish-yellow clay, discovered in Taranto
in the late 1950s to early 1960s during modern construction
work. Sample T2 is a modern terracotta object made from clay
collected in the southern area of the city, near the Mar Grande,
specifically in the Torre d'Ayala area during the late 1950s, when
clay deposits were still accessible.

3 | Analytical Techniques

The petrographic characteristics of the terracotta samples were
determined by observing thin sections with a Polarized Light
Microscope (PLM), Zeiss Axioscope A.l., following the meth-
odologies established by Whitbread 1989, Quinn 2009 and
Quinn 2013. The microscope is equipped with a camera that
has a 5-megapixel resolution and utilizes AxioVision image
analysis software.

The quantitative mineralogical composition was determined
by X-ray powder diffraction (XRPD). X'Pert Pro PANalytical
diffractometer, equipped with an X'Celerator detector, with
Cu X-ray tube (A=1.5406 A) and a Ni-filtered Cu Ko radiation
source, was used. An internal standard (LiF 15wt%) was em-
ployed to enable the determination of the amount of the glass
or amorphous phases besides the crystalline ones (Ohbuchi
et al. 2021). The use of lithium fluoride was necessitated by
the requirement to utilize the same powder for chemical anal-
ysis, due to the small quantity of sample material, and both Li
and F are elements too light to interfere during XRF analysis.
The diffraction patterns were recorded under the following
conditions: current of 30mA, voltage of 40kV, an explored 26
range of 3°-120°, step size of 0.0167° and a total time per pat-
tern of 3h and 7min.

Major, minor, and trace element compositions were determined
using X-ray fluorescence (XRF). Thirteen samples were anal-
ysed using Wavelength Dispersive XRF (WDXRF) on a Rigaku
ZSX Primus II with an Rh source after being fused with lith-
ium borate at 1100°C. Calibration was performed using 26
geological reference materials from the Centre de Recherches
Pétrographiques et Géochimiques of the French CNRS, which
accounted for matrix effects and elemental overlaps. Although
this method is accurate, it is destructive and requires several
grams of sample material. Consequently, only 13 out of the 20
samples were analysed (nos. 1, 2, 4, 5, 6, 7, 14, 15, 16, 17, 18,
19 and 20). Due to the limited material available, the remain-
ing seven samples were analysed using non-destructive Energy
Dispersive XRF (EDXRF, Shimadzu EDX-7000, Rh source) on
pressed powder placed in PTFE cups sealed with Mylar films.
The same reference materials were used for calibration and the
results from WDXRF were employed to validate the EDXRF
measurements. Results include 10 major/minor oxides (SiO,,
Al0,, Fe,0,, MnO, MgO, Ca0, Na,0, K,0, TiO,, P,0, in wt%)
and 8 trace elements (V, Cr, Ni, Cu, Zn, Sr., Zr, Ba in ppm), with
analytical uncertainties. Cr was excluded from EDXRF-only

samples due to poor calibration. Sample 13 was not analysed due
to insufficient quantity.

The micro-textural and microchemical analyses of the terra-
cotta component were performed using a SEM-EDS (ZEISS
EVO MA 15) with W filament equipped with an energy disper-
sion EDS/SDD analysis system, Oxford Ultimax 40 (40 mm?
with a resolution of 127eV @5.9keV) with Aztec 5.0 SP1 soft-
ware. Polished thin sections were analysed under the follow-
ing conditions: acceleration potential of 15kV, 500 pA beam
current, working distance between 9 and 8.5 mm; 20 live time
as acquisition rate to archive at least 600,000 cts, quantitative
Co standard, process time 4 for point analyses; 500 us pixel
dwell time to acquire maps with a resolution of 1024 X 768 pix-
els. The program used for the microanalysis was Aztec 5.0 SP1
software using the XPP matrix correction scheme developed
by Pouchou and Pichoir (1991).

Moreover, the two clay samples (C1 and C2) and the two ar-
tefacts from Taranto (T1 and T2) were also analysed by semi-
quantitative XRPD and XRF; in addition, T1 and T2 were also
analysed using PLM.

4 | Results
4.1 | Polarized Light Microscope (PLM)

Four petrographic groups were identified based on the clay
matrix characteristics and the abundance, composition, and
morphology of the aplastic inclusions. Table 1 summarizes the
results of the analyses.

411 | Group A

Group A is composed of samples belonging to Classical Roof
no. 2, represented by fragments nos. 11, 12, 16, 18 and 19. These
samples consist of a grey-coloured clay matrix with low bire-
fringence and no optical activity. Aplastic inclusions represent
20%-30% of the composition (Figure 2a). The coarse-grained
inclusions are primarily volcanic materials, mainly occurring
as glass fragments, pumice, and shards. Rare lava fragments ex-
hibita microcrystalline texture characterized by plagioclase, or a
hyaline texture containing feldspar microcrystals. Additionally,
the samples contain dark grains with sharp boundaries, known
as argillaceous rock fragments (ARF). Overall, the porosity of
the samples is generally low.

41.2 | GroupB

Group B is composed mainly of samples belonging to Archaic
Roofs 1 (sample 1) and 2 (samples 2, 4 and 20) and samples
nos. 3 and 5 from other Archaic roofs. These samples consist
of a brown-grey clay matrix with moderate optical activity.
The percentage of aplastic inclusions ranges from 20% to 30%
(Figure 2b). Feldspar crystals, which reach a maximum size of
0.725mm, and clinopyroxene are rare, as well as lava fragments,
which are mostly rounded and exhibit either a microcrystalline
texture of plagioclase or a hyaline texture with microcrystals of

4
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FIGURE 2 | Microphotographs of thin sections, representative of the four petrographic groups; (a) sample 12; (b) sample 4; (c) sample 14; (d)

sample 7 (cross-polarized light).

feldspar. Pumices and small feldspars are common. The porosity
of the samples is low. It is important to note that petrographic
Group B is divided into two subgroups (B1 and B2). Subgroup Bl
includes samples 1, 2 and 3, characterized by a greyish matrix
with low optical activity, while subgroup B2 consists of samples
4, 5 and 20, which feature a brownish matrix with medium to
low optical activity.

41.3 | GroupC

Group C contains samples nos. 14 and 15 from Archaic roof
1, sample no. 13 from Classical roof 2 and sample no. 17 from
Classical roof 1. These samples have a brown clay matrix. Their
optical activity ranges from medium to low. The content of aplas-
tic inclusions is between 30% and 40% (Figure 2c). These aplas-
tic inclusions mainly consist of crystals and volcanic glass, with
small amounts of feldspar, elongated phyllosilicates and rare
acicular clinopyroxene crystals that are likely newly formed.
Additionally, there are some lithic carbonate fragments and few
larger feldspar crystals. The overall porosity is low. Sample 17
contains carbonates and aplastic inclusions that closely resemble
those found in Group C; however, the optical properties of its clay
matrix are more similar to those of Group B samples. Therefore,
sample 17 can be considered an outlier for both groups.

414 | GroupD

Group D contains samples nos. 7 and 9 dated to the Archaic pe-
riod, sample no. 6 is of the Classical period, while sample no.
8 belongs to Classical roof 2. The samples have a clay matrix
that ranges in colour from brown to orange, with sample 7 ap-
pearing almost yellow. The optical activity is medium to high.

The content of aplastic inclusions is approximately 30%-40%
(Figure 2d). Common components include small feldspars,
quartz, tiny acicular phyllosilicates and clinopyroxene crystals.
Carbonate fragments, such as shell fragments and microfossils,
are also frequently observed. Notably, volcanic glass fragments
are absent in sample 9. Only sample 7 contains small lava frag-
ments featuring a fluidal microcrystalline plagioclase texture
or a hyaline texture with feldspar microcrystals. The max-
imum size of the aplastic inclusions in these samples is about
0.3-0.5mm, except in sample 7, where the inclusions can reach
0.65-0.7 mm. Overall, the porosity is low.

The two artifacts from Taranto are described as follows: T1 has
a grey clay matrix with low optical activity. It contains volcanic
glass, feldspar crystals measuring up to 1.5mm and rare clin-
opyroxene crystals reaching up to 600 um. In contrast, T2 fea-
tures an orange-coloured matrix with medium to high optical
activity. This artifact includes small feldspar and phyllosilicate
crystals, benthic foraminifera fossils, carbonate lithics measur-
ing up to 600 um and rare volcanic glass and volcanic lithics.

42 | QXRPD

The quantitative mineralogical data are listed in Table 2, some
examples of Rietveld refinement are reported in Figure S1.

The crystalline phases, outlined by the bulk mineralogical par-
agenesis, consist of minerals found in both aplastic inclusions
and the clay matrix—components that are not visible under
polarizing optical microscopy. All samples contain varying
amounts of diopside, quartz, albite, analcime, gehlenite, anor-
thite, calcite, microcline, muscovite, wollastonite and hematite.
In the analysed samples, the amorphous phases either originate
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TABLE2 |
mineralogical phases are normalised to 100%.

Quantitative results of the Rietveld analysis of the bulk terracotta samples. Percentages of amorphous and crystalline phases are listed,

Samples Amorp. Cryst. Di Qz Ab Anl Gh An Cal Mc Ms Wo Hem
Group A 11 37.0 63.0 38 6.3 0.4 14.1 2.5 21.0 1.7 8.9 4.5 2.5 0.1
12 31.9 68.1 38.3 4.0 0.4 13.2 1.2 25.7 0 11.0 3.4 2.6 0
16 54.0 46.0 346 11.8 19 126 5.7 14.8 3.6 6.1 6.8 2.1 0.1
18 51.1 48.9 37.6 7.3 6.5 14.6 2.1 19.9 0 6.2 4.2 1.6 0.1
19 48.5 51.5 30.3 116 24 103 8.3 20.8 3.1 4.0 6.8 2.2 0.1
Group B 1 39.1 60.9 22.2 161 8.4 104 8.5 20.9 1.9 4.0 5.9 1.5 0.2
2 51.1 48.9 26.8 137 09 115 8.1 22.1 6.0 3.2 5.8 1.7 0.2
3 17.2 82.8 29.9 176 0.6 10.7 102 154 0.4 5.4 5.8 3.7 0.2
4 54.4 45.6 18.5 220 23 7.1 10.0  20.9 2.2 7.2 6.5 2.9 0.4
5 50.1 49.9 19.7  20.3 1.5 5.1 9.8 23.4 3.8 8.7 5.3 2.0 0.4
20 59.2 40.8 18.2 201 43 9.6 9.6 15.3 7.5 5.9 7.3 1.7 0.4
Outlier 17 62.7 37.3 290 162 70 7.2 9.0 14.3 2.7 59 5.2 3.2 0.3
Group C 10 51.5 48.5 14.0 304 1.2 1.1 12.5 17.2 9.8 2.0 10.0 1.0 0.8
14 56.1 43.9 14.6 328 24 0 5.2 18.0 10.8 59 9.0 0.8 0.7
15 52.2 47.8 16.3 254 19 5.7 11.3  14.4 7.6 5.9 8.4 2.6 0.6
Group D 6 57.8 42.2 2.7 33.7 6.7 0.3 2.6 10.0 20.2 107 121 0.3 0.7
7 67.6 32.4 2.7 31.8 4.8 0.5 0.6 73 26.2 6.6 18.6 0.3 0.7
8 57.9 42.1 16.9 31.3 5.6 0.6 3.2 9.2 16.1 4.8 10.8 0.4 1.1
9 33.6 66.4 7.6 332 24 0 6.1 15.4  20.7 4.4 9.7 0.1 0.5

Abbreviations according to Whitney and Evans 2010: Ab, albite; Anl, analcime; An, anorthite; Cal, calcite; Di, diopside; Hem, hematite; Gh, gehlenite; Mc, microcline;

Ms, muscovite; Qz, quartz; Wo, wollastonite.

from inclusions of volcanic glass or result from the structural
breakdown of phyllosilicates during firing temperatures exceed-
ing 450°C (Quinn 2013). According to Rietveld analysis, the
amorphous content (mean value) is highest in Group D at 54.2%,
followed by Group C at 53.4%, Group B at 48.5% and Group A
at 44.4%. Worth noting, QXRPD analyses corroborate the petro-
graphic observations, consistently grouping the samples accord-
ing to some key mineralogical parameters.

Group A predominantly consists of abundant diopside (30.3%—
38.3%), analcime (10.3%-14.6%), and anorthite (14.8%-25.7%).
Calcite is present in amounts below 3.6% and is absent in sam-
ples 12 and 18. Muscovite ranges between 3.4% and 6.8%, while
quartz is relatively low, ranging from 4% to 11.8%.

Group B, which includes the outlier sample 17, contains diopside
(18.2%-29.9%), analcime (5.1%-11.5%) and anorthite (14.3%-
23.4%). The calcite content is generally below 3.8%, except in
samples 2 and 20, where it is 6.0% and 7.5% due to recrystalli-
zation. Quartz varies between 13.7% and 22%, while muscovite
ranges from 5.3% to 7.3%. Additionally, Group B shows two sub-
groups based on mineralogical differences:

Subgroup B1 (samples 1, 2, 3 and 17) has higher diopside (22.2%-
29.9%) than quartz (13.7%-17.6%) and analcime between 7.2%
and 11.5%. Subgroup B2 (samples 4, 5 and 20) has more quartz

(20.1%-22.0%) than diopside (18.2%-19.7%) and analcime be-
tween 5.1% and 9.6%.

Group C has a higher content of calcite (7.6%-10.8%), quartz
(25.4%-32.8%), and muscovite (8.4%-10.0%), with a lower diop-
side content (14%-16.3%).

Group D is characterized by the highest amounts of calcite and
muscovite, along with the lowest content of volcanic minerals.
Samples 6 and 7 contain minimal diopside, at 2.7%, and high lev-
els of calcite, which are 20.2% and 26.2%, respectively. Samples 8
and 9 have calcite contents of 16.1% and 20.7%, respectively, with
varying levels of diopside: 16.9% in sample 8 and 7.6% in sample 9.
Muscovite is abundant in this group, ranging from 9.7% to 18.6%,
while quartz levels fluctuate between 31.3% and 33.7%. Analcime
is absent, and anorthite content ranges from 7.3% to 15.4%. This
variability suggests the possibility of internal subgrouping within
Group D. Additionally, samples 6 and 7 contain very little clinopy-
roxene (under 3%), whereas samples 8 and 9 exhibit higher diop-
side levels, making them mineralogically similar to Group C.

43 | XRF

The terracotta samples exhibit only a limited range of com-
positional variability, both in their major, minor and trace
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components. This limited variability does not allow the petro-
graphic and mineralogical grouping to be distinguished. This
information is detailed in Table 3 and illustrated in Figure S2a,b.
However, chemical composition permits the comparison of
terracottas with the clay materials (C1 and C2) and Tarentine
artefacts.

Sample C1, coming from the Castro area, is characterized by
a higher concentration of CaO (44.27wt%) and lower levels of
SiO, (17.25wt%) and Al,O, (5.54wt%) compared to C2, which
comes from the Taranto area (CaO 17.06 wt%; SiO, 46.48 Wt%;
AlLO, 13.58wt%). In addition, T1 and T2 exhibit CaO con-
tents of 16.53wt% and 19.96wt%, respectively, with SiO, levels
of 50.77wt% and 46.58wt% and Al,O, levels of 15.21wt% and
11.07 wt%.

In terms of trace elements, C1 contains lower concentrations of
Sr., Zr and Ba (270, 58 and 66 ppm, respectively), but a higher
concentration of Ni (296 ppm) compared to the terracotta sam-
ples and C2, T1 and T2.

4.4 | SEM-EDS

Samples 2, 4, 7, 12, 14, 16, 19 and T1 were analysed using SEM-
EDS. The chemistry of volcanic glasses, feldspar and pyroxene
is detailed in Table S1.

Figure 3a illustrates the classification of feldspars based on the
ternary An-Ab-Or diagram (Deer et al. 2013). Sanidine is con-
sistently present in the terracotta samples. Sample 16 contains
anorthite and bytownite, while sample 19 includes bytownite
along with several Na-rich plagioclases (oligoclase and albite)
and K-feldspars (sanidine and anorthoclase).

Clinopyroxenes were classified according to the Morimoto di-
agram (Morimoto et al. 1988) and exhibit a composition rang-
ing from diopside to hedenbergite (Figure 3b). All samples
feature chemically zoned clinopyroxenes. In samples 2, 7 and
12, the clinopyroxenes display reverse zoning (Figure 3c,d),
with rims that have a diopside composition and are richer
in Mg compared to their cores (which are composed of
wollastonite-hedenbergite, rich in Ca and Fe). In samples 16
and 19, the clinopyroxenes have cores made of diopside that
evolve into hedenbergite-wollastonite, capped by an outer rim
of diopside.

The TAS diagram (Le Bas et al. 1986) was utilized to classify
the juvenile samples (Figure 3e). Samples 4 and 14 predomi-
nantly contain juveniles with phonolitic glass compositions,
while samples 7 e12 primarily consist of trachyte. Additionally,
the glasses in samples 16 and 19 are more varied, with a ma-
jority being trachytic. In these samples, we rarely observe
glasses with tephriphonolitic or trachyandesitic compositions.
By examining the chemical composition of the glasses and
analysing the ratio of alkalis (Na/K), we found that most of
the volcanic glasses examined show a sodic affinity. The vol-
canic glass contained in the sample T1 shows a mainly tra-
chytic composition, rather similar to the compositions already
observed in the volcanic glass present in the Castro terracotta
samples.

5 | Discussion
5.1 | Provenance of Raw Materials

The ternary ACS (Al,0,-Ca0-SiO,) diagram (Levin
et al. 1964), which is based on four petrographic groups,
classifies all analysed samples as calcium-rich terracottas
made from a carbonate-bearing clay sediment (Figure 4).
Additionally, the clay samples are represented in the diagram:
the chemical composition of sample C2 is similar to that of the
terracotta samples (refer to Figure 4 and Table 3), while sam-
ple C1 displays a significantly different chemical composition.
Notably, the two artifacts from Taranto (T1 and T2) fall within
the same group.

In discussing the origin of the raw materials used in terracotta
production, it is important to highlight that most of the non-
plastic inclusions in all the samples consist of volcanic rock
fragments. Volcanic inclusions serve as significant indicators
of provenance because they reflect a limited and well-defined
geological context. Clear examples can be found in pottery pro-
duction from areas such as the Bay of Naples, Sicily and other
volcanic regions (Germinario et al. 2019; Rodriguez et al. 2015;
Pérez-Monserrat et al. 2023; Izzo et al. 2021; Barone et al. 2010;
Bajnok et al. 2022).

However, it is worth noting that volcanic sediments and tephra
are relatively rare in Apulia and are primarily concentrated
in the northern part of the region. This is particularly evident
in the Tavoliere delle Puglie and Gargano, where tephra from
the Somma-Vesuvius (Campania) and the Vulture volcano
(Basilicata) can be found (Cioni et al. 2000; Donato et al. 2022; De
Santis and Caldara 2015; Bosellini et al. 1999; Sanso et al. 2015).
On the other hand, the only evidence of a tephra, so far reported,
in the southern part of Apulia, is the deposit of the Y-7 eruption
from the Ischia volcano (~60 + 2.2 ky BP) (D'Antonio et al. 2021)
(Figure S3).

The first match between the tephra from the Y-7 eruption and
the volcanic clasts found in the terracotta from Castro can be
confirmed through the mineral and juvenile composition ana-
lysed using SEM EDS. The chemical composition of ferrian di-
opside exhibits reverse zoning, which is a typical characteristic
of the pyroxenes associated with the Y-7 eruption (D'Antonio
et al. 2021; Brown R. et al. 2014). Additionally, the feldspar and
juvenile compositions range from trachyte to phonolite, with
a tendency towards more sodic compositions. All of these are
consistent with those found in volcanic products from Ischia
(Melluso et al. 2014; Vineberg et al. 2023).

Thus, there is a geochemical compatibility between the volcanic
clasts found in the terracotta from Castro and the tephra from
the Y-7 eruption. Additionally, using a calculation tool from vol-
canological research, a more detailed assessment of the produc-
tion area can be proposed.

According to the LaMEVE database (Brown S. et al. 2014), the
Y-7 eruption produced an eruptive column that reached more
than 25km in height, resulting in the injection of particles into
the stratosphere. The Volcanic Explosivity Index (VEI) for the Y-7
eruption is estimated between 6 and 7. During such high-energy
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FIGURE 3 |

(a) Compositional ternary diagram of anorthite, albite, orthoclase; (b) compositional diagram of phenocrystals of pyroxene with

compositional field of pyroxene of Y7 eruption (D'Antonio et al. 2021); (c) point analyses in clinopyroxene of sample 2; (d) compositional data from

core to rims; (e) total alkali silica (TAS diagram) with compositional field of Ischia eruptions (R. J. Brown, Civetta, et al. 2014; D'Antonio et al. 2021).

events, volcanic particles of various sizes, mineral compositions
and densities are carried by powerful stratospheric winds over
long distances before eventually settling and depositing. The
deposition behaviour of such particles is primarily determined
by their physical properties (size, density, shape) and by environ-
mental factors such as wind advection, gravity and secondary
processes such as ash aggregation (Brown et al. 2012) and grav-
itational instabilities (Manzella et al. 2015). The particle size
observed at a specific distance from the volcanic vent depends
on several factors, including eruptive energy, column height,
wind speed and direction, as well as the distance from the vent.
Field studies have enabled the creation of isopleth maps that
outline areas with similar maximum particle sizes. Although

the Y-7 eruption is one of the most significant eruptions in the
Mediterranean area, with an estimated volume of approximately
40km3, there are currently no published isopleth maps detailing
fallout deposition (D'Antonio et al. 2021; Tomlinson et al. 2014).
A rough estimate of how far volcanic materials may have trav-
elled can be determined through a simplified study. In this case,
we analyse a specific volcanic particle, such as a bytownite feld-
spar crystal with a diameter of 0.72mm and a density of approx-
imately 2600kg/m?.

The terminal velocity (v,) of a feldspar particle with such prop-
erties can be calculated using the formula (Scandone and
Giacomelli 2004):
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vi = [(8"p,1°8) /(3"Cp"py) |2

where °p is the density of the particle, r is the radius of the parti-
cle, g is the gravitational acceleration, C, is the drag coefficient
(assumed to be 0.8 for a cubic particle), p, is the air density. The
maximum scattering ()), i.e., the maximum distance that the
particle travels relative to the emission center of the eruptive col-
umn, can be derived from this simplified relationship (details on
used formulae in Supporting Information):

4 =vw* (H/Vt)

where H is the height of the eruptive column and v, is the wind
speed in m/s in the stratosphere between 20 and 50km above
the Earth's surface. Based on statistics calculated over years of
weather data (Bucchignani 2022), these winds can vary between
10-20 and 50 m/s depending on altitude and season (prediction
of wind in the lower stratosphere). By varying the height of the
column and the wind speed in the stratosphere, the calculated
fall distances for the particle with a diameter of 0.72mm from
Ischia are reported in Table 4.

Based on the obtained results, and considering the distances
from Ischia to Taranto and Castro, which are 286 and 392km,

respectively, the maximum distance of particle dispersion is
likely to be closer to Taranto than to Castro. In fact, to reach
Castro, one would need to combine extreme parameters, includ-
ing maximum eruptive column height and maximum strato-
spheric wind speed, simultaneously.

To support this hypothesis, the Y-7 eruption with the Minoan
eruption of Santorini can be compared, which occurred around
1600 BCE. Both eruptions have the same VEI of 7, but they differ
significantly in the volumes of material emitted: approximately
40km? for the Y-7 eruption and between 80 and 100 km? for the
Minoan eruption.

Research indicates that the volcanic ash from Santorini
reached the Black Sea, located 1200 km away, with ash grains
having a maximum diameter of 105 um (Guichard et al. 1993).
In contrast, sediment layers from the Minoan eruption found
in Lake Golhisar, which is 400 km from Santorini, show grain
sizes of about 150 um. Larger clasts, similar to the larger par-
ticles found in our Castro samples, are quite rare (Eastwood
et al. 1999).

Therefore, it is unlikely that the Y-7 eruption from Ischia could
have deposited particles as large as 0.7mm over a distance

_ = Group A
S0, S|O2 e GroupB
0 A GroupC
100 v Group D
N C1 (Castro)
* C2 (Taras)
& ° T1
.
@ T2
030500 -
wollastonite
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Cao / 7 7 7 7 7 0 A|203
0 25 50 75 100

FIGURE4 | Ternary ACS (Al,0,-Ca0-SiO,) diagram showing data of the samples of the four petrographic groups.

TABLE 4 |

Results of the dispersion distances for the investigated particle with variable eruption column height and stratospheric wind velocity.

Volcanic column high Dispersion with

Dispersion with

Dispersion with Dispersion with

(km) vw=20m/s (km) vw=30m/s (km) vw=40m/s (km) vw=50m/s (km)
25 140.0 210.1 280.1 350.1
30 168.1 252.1 336.1 420.1
35 196.1 294.1 392.1 490.2
40 224.1 336.1 448.1 560.2
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of 400km. Based on both a simplified calculation of poten-
tial fallout areas and comparisons with existing literature on
eruptions of similar latitude and magnitude, the Taranto area
seems to be a much more plausible source for the collection of
raw materials.

5.2 | Equivalent Firing Temperatures

Mineralogical and petrographic studies of ancient terracotta
samples have also provided important insights into the fir-
ing techniques by observing the optical properties of the clay
matrix (Quinn 2013) and the prograde or newly formed min-
eralogical phases from clayey raw materials with a certain
composition (Trindade et al. 2010; E1 Ouahabi et al. 2015; De
Bonis et al. 2013; De Bonis et al. 2014). It is worth noting that,
in the mineralogical evaluation of the newly formed minerals,
clinopyroxene (diopside) from the volcanic clasts was consid-
ered negligible.

Mineralogical analyses indicate that the terracottas of Group
D were fired at relatively low temperatures, likely not ex-
ceeding 800°C. This conclusion is supported by the high
amounts of calcite observed and the presence of identifiable
microfossils in the polarized light microscopy (PLM) analy-
ses. Furthermore, the low firing temperature is corroborated
by the optical activity observed in these samples. A slightly
higher firing temperature (850°C) can be asserted for samples
6 and 7 due to the appearance of pyroxenes and gehlenite,
along with prograde phases such as calcite and muscovite/
illite.

The terracottas of Group C still show good optical activity and a
small amount of calcite (between 7.6% and 10.8%, see Table 2).
They were probably fired at higher temperatures than the terra-
cottas of Group D, but not at more than 850°C.

Groups A and B exhibit a significantly lower content of calcite
and muscovite when compared to Groups C and D, while dis-
playing an increase in diopside, gehlenite and anorthite. The
firing temperatures for Groups A and B are higher than those
of the previously mentioned groups, exceeding 850°C-900°C.
The optical activity in the mineralogical Groups A and B is
very low or absent, which further confirms that their firing
temperature was above 850°C. The presence of muscovite/il-
lite suggests that the temperatures for Groups A and B did not
exceed 950°C. Based on the amounts of muscovite/illite and
calcite, it can be inferred that the terracottas of Group A were
subjected to slightly higher temperatures than those of Group
B (Table S2).

This hypothesis is also supported by the degrees of sintering
observed in the mixtures of the samples in the SEM-EDS anal-
ysis. The SEM-EDS analysis confirms the different degrees of
sintering of the ceramic body (Figure S4) already observed in
the four petrographic groups. Samples 2 and 4, which belong
to petrographic Group B, show a low to medium degree of
sintering, while samples 12, 16 and 19, which fall into petro-
graphic Group A, show a medium degree of sintering that is
slightly higher than that of the samples in petrographic Group
B. The samples of Group A have a homogeneous matrix and

the structures of the clay minerals, which are recognisable in
the samples of Group B, tend to be absent (Gliozzo et al. 2016;
Daghmehchi et al. 2023).

Sample 17 has a mineralogical composition similar to Group B
but the matrix has an optical activity similar to Group C; the
firing temperature is probably between 800°C and 900°C.

6 | Conclusion

The mineralogical, petrographic and chemical analyses of the
architectural terracottas from the Athenaion at Castro identify
four main compositional groups. These differences are most
plausibly explained by variations in production technology—
particularly firing conditions—rather than by differences in raw
material sources. Indeed, all 20 samples are chemically indis-
tinguishable, indicating the use of the same or very similar clay
across the assemblage.

Comparative chemical analysis with local clays from Castro
and Taranto shows a clear match with the Taranto samples
and a marked difference from Castro clays. This suggests that
the clay used was sourced from the Taranto area. Further sup-
port comes from the presence of volcanic inclusions—linked
to the Ischia Y-7 eruption—found in high percentages (20%-
50%) in many terracotta samples. The aplastic inclusions are
consistent with naturally occurring components of Tarantine
clays, since they are attested also in T1 and T2 samples.
Recent studies have even suggested the intentional addition
of volcanic material sourced from locations at some distance
from the production sites to reduce the plasticity of the clay,
thereby lowering the risk of cracking and deformation during
drying and firing: significant examples are recorded in Gela
(Santostefano 2019; Barone et al. 2017), Lentini and Syracuse
(Barone et al. 2018; Santostefano 2019). In our case, however,
the volcanic material was likely already present in the clay
deposits of the Taranto area and was not added intention-
ally. In conclusion, two production scenarios are therefore
plausible: the clay was imported to Castro and used locally to
manufacture the terracotta roofs, or the terracotta elements
were produced and fired in Taras and then shipped to Castro.
This latter hypothesis aligns more closely with the available
evidence and finds parallels in documented cases of long-
distance transport of architectural terracottas by Greek cities
in Southern Italy (Giaccone 2022).

Regarding the production technology, strong correlations be-
tween petrographic groupings and archaeological types should
be highlighted. Group A fully matches the Classical Roof 2 as-
semblage (with the exception of sample 13, which falls within
Group C, and sample 8, in Group D). Group B includes nearly
all the materials from Archaic Roofs I and 2 (apart from nos. 14
and 15, which belong to Group C). This consistency appears to
suggest similar firing conditions for the two most representa-
tive and clearly distinguishable archaeological groups. As for
the medium-high firing temperature identified for Groups A
and B—ranging between 900°C and 1000°C—the substantial
thickness of the pieces (see Table S1) may have necessitated
particular care to ensure that the inner portions were ade-
quately fired.
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Groups C and D include materials that likely derive from dif-
ferent roofs and cover a broader chronological range. Indeed,
Group D contains both Archaic antefixes (9) and Late Classical
ones (6); similarly, Group C includes elements from Archaic
simas (14-15) to Classical antefixes (10). This evidence suggests
a certain continuity in the technological know-how over this
time span, particularly with regard to the procurement of raw
materials and firing techniques. In general, in the Athenaion
in Castro, there is no evidence of a deliberate strategy aimed at
lowering firing temperatures, as observed in the production of
architectural terracottas at Capua (Verde et al. 2024). Thus, the
lower firing temperature identified for Groups C and D might
be linked to the minor size of the terracotta elements, such as
the antefixes and crowning elements of simae, belonging to sim-
plified roof types, which do not require complex and massive
cornice revetments.

In summary, the petrographic and chemical analysis of the ar-
chitectural terracottas from the Athenaion at Castro provides
data of considerable significance from multiple perspectives.
First, it presents unprecedented evidence of the dispersal of
volcanic materials from the Ischia Y-7 eruption in the Taranto
area. Secondly, the analysis confirms that artefacts previously
attributed to Tarentine workshops on the basis of morphologi-
cal and stylistic criteria are indeed of Tarentine manufacture.
The likely direct importation of fired roofs from the Greek city,
ready for on-site assembly, points to a complex operational
chaine opératoire and a significant logistical effort. At the same
time, this evidence further supports the role of Taras as a signif-
icant production centre capable of meeting the demands of the
Messapian elites who ruled the Athenaion, and influencing the
indigenous communities of ancient Salento.
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