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A B S T R A C T

The main focus of this study was to examine 25 samples of archaeological ceramic materials currently preserved
in the Archaeological Museum of the Ancient Capua and Mitreo investigated in the framework of an international
project. These samples primarily consist of architectural terracotta from the Fondo Patturelli extra-urban sanc-
tuary, as well as architectural terracotta, pottery and waste material from the nearby Alveo Marotta furnace.

To investigate these artifacts, a multi-analytical mineralogical-petrographic approach was performed. Thin
section observations revealed that almost all samples exhibit a coarse-grained paste. The fragments were cate-
gorized into three petrographic groups based on the type and quantity of temper, which is mostly composed of
volcanic grains. They include lithics and juvenile fragments (obsidians and pumices) ascribed to the products of
the major Campanian eruptions as detected via FESEM-EDS. Bulk chemical analyses (WD-XRF) show that almost
all samples form a homogeneous group made with Ca-rich clayey raw materials, also including three wastes of
tiles from the Alveo Marotta. By contrast, other two wastes from Alveo Marotta were produced with Ca-poor clay
suggesting the use of a different raw material.

From a technological point of view the samples are characterized by a thermal range that varies from 750 to
900 ◦C, notably different between the earlier and later production periods, with the former fired at lower
temperatures.

1. Introduction and historical background

The ancient city of Capua, known today as Santa Maria Capua Vet-
ere, is located at the foot of Mount Tifata, near the Volturno River
(Fig. 1). Capua played a pivotal role as one of the most important inland
transportation hubs in southern Italy. Its central location was attributed
to the Via Appia, which has connected Rome and Capua since 312 BCE.
This significant road, which extended to Brundisium in the 2nd century
BCE, promoted the movement and interaction of people, ideas, and
cultural influences between Capua and other regions. Therefore, Capua
occupied a prominent position in the connectivity and cultural dynamics

of the region, which is reflected in the artistic expressions and cultural
exchanges of the time. Fertile fields that enabled high agricultural pro-
duction, coupled with high-quality craftsmanship and artistry, contrib-
uted to the city’s economic wealth (Cerchiai, 1995). The largest complex
of architectural terracotta investigated in this study comes from the
extramural sanctuary called Fondo Patturelli, presently situated in the
municipality of Curti and historically located beyond the city walls of
Capua (Rescigno, 2009). In the excavation campaigns conducted during
the 19th and 20th centuries (Sampaolo, 2011), a plethora of artifacts
was unearthed, including architectural elements (Wolf, 2023), a multi-
tude of matronal tuff statues Madri (Petrillo, 2016; Haase, 2020), Oscan
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inscribed steles called Iovilas (Franchi De Bellis, 1981), votive terra-
cottas (Migliore, 2011), and ceramics (Minoja, 2006). Most of the
discovered material consisted of architectural roof tiles, primarily found
in votive deposits (Koch, 1912; Rescigno and Sampaolo, 2005; Rescigno,
2009; Wagner, in press). The abundant finds from Fondo Patturelli are
now distributed among various museums across Europe. The Museo
Campano in Capua holds the largest portion of the archaeological re-
mains from these early excavations. Additionally, artifacts from the
excavations carried out by the Soprintendenza are housed in the
Archaeological Museum of Ancient Capua and Mitreo.

Approximately 500 m north of the extramural sanctuary of Fondo
Patturelli, a terracotta workshop was identified as early as 1893 (Koch,
1907). This area, known as Alveo Marotta, became the subject of scien-
tific investigations in the 1980s, revealing an archaic craftsman’s
quarter and several kilns. One kiln with a rectangular floor plan is
particularly well-preserved. These kilns were intended for various pur-
poses, including the production of architectural terracotta, as evidenced
by the in-situ discovery of semi-finished pieces, and firing failures.
Around 470 BCE, the site was abandoned, followed by subsequent
phases (Allegro, 1984; Allegro and Svanera, 1996).

The main objective of this study is to determine the production lo-
cations of the material, as well as making some technical observations,
and to conduct a comprehensive analysis of the architectural terracotta
from the ancient Capua. The archaeometric approach, undertaken as an
integral component of this research endeavor, was designed to ascertain
the origins and production techniques employed in the creation of these
remarkable cultural heritage materials.

Suitable reference materials such as misfirings or material found
inside pottery kilns are required in order to determine the origin of the
samples. For this reason, the international team selected a total of 25
fragments from different time periods, either from the Alveo Marotta
terracotta workshop or the extramural sanctuary of Fondo Patturelli. To
facilitate a more comprehensive comparison, both ceramic fragments
and misfirings of architectural terracotta were subjected to archaeo-
metric analysis (Fig. 2).

2. Brief geological remarks

Fondo Patturelli and Alveo Marotta are located in Santa Maria Capua
Vetere, which corresponds to ancient Capua, in the northern sector of
Piana Campana (South Italy, Fig. 1). The origin of Piana Campana is
closely linked to the extensional tectonics that have affected the Tyr-
rhenian area since the Plio-Pleistocene period (Vitale and Ciarcia, 2018;
Di Girolamo and Stanzione,1973; Rolandi et al., 2003; D’Argenio et al.,
2012). These tectonic processes are a response to the complex geo-
dynamic events that have shaped the western Mediterranean region,
resulting in the formation of the Tyrrhenian Basin and the Apennine-
Maghreb chain (Fedele et al., 2011). The extensional tectonics caused
the subsidence of the Apennines towards the central Tyrrhenian region
(D’Argenio et al., 2012), leading to the sinking of the western margin
and the subsequent volcanic activity (such as Roccamonfina, Phlegraean
Fields, and Somma-Vesuvius) as well as the development of large de-
pressions like Piana Campana and Piana del Sele, which were filled with
volcanoclastic and alluvial sediments (Ciarcia and Vitale, 2013). Spe-
cifically, in the northern region, volcanic activity is dominated by the
Roccamonfina volcano, while in the southern region, it is dominated by
the Phlegraean Fields and Somma-Vesuvius.

Volcanic activity in the region began approximately 700 ka ago with
the Roccamonfina volcano in the northern part of the region, followed
by the Ischia Island around 150 ka ago, and subsequently, the Phle-
graean Fields approximately 60 ka ago. The most recent volcanic ac-
tivity occurred with the formation of the Somma-Vesuvius volcano
around 25 ka ago, situated along the central sector of the Tyrrhenian
margin in the region.

During the Quaternary period, these lowered areas, along with other
intermontane depressions, were filled with alluvial and volcanic de-
posits, giving rise to the present-day Campanian, Sele River, and Tana-
gro River alluvial plains. The tectonic structures in the region are
overlain by unconformable layers of Mio-Pliocene wedge top basin de-
posits of detrital origin, as well as Quaternary post-orogenic sediments
and volcanic materials (Vitale and Ciarcia, 2018; Ascione et al., 2012).

Fig. 1. (a) location of the study area. (b) geological map of the northern campania sector modified after Vitale and Ciarcia (2018) with the location of the selected
samples of raw materials.
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3. Materials and methods

This study focuses on twenty-five fragments of architectural terra-
cotta and pottery (Fig. 2), which were carefully selected to cover a
chronological period ranging from the 6th century BCE to the 1st cen-
tury BCE. The selected samples can be divided as follows:

• 6th – 5th century BCE: Five samples from this time frame were
identified (AM25 from Alveo Marotta and FP6, FP17, FP18, FP19
from Fondo Patturelli).

• 4th – 3rd century BCE: Eleven samples from the extramural sanctu-
ary of Fondo Patturelliwere selected for this period (FP7, FP11, FP12,
FP13, FP14, FP15, FP20, FP21, FP22, FP23, FP24).

• 3rd – 2nd century BCE: One sample, FP16, was chosen from the
extramural sanctuary of Fondo Patturelli for this period.

• 2nd – 1st century BCE: Two samples, FP9 and FP10 from the extra-
mural sanctuary of Fondo Patturelli, belong to this period.

• Unknown chronology: This category includes six samples, AM1,
AM2, AM3, AM4, AM5 from Alveo Marotta, and FP8 from Fondo
Patturelli, which cannot be dated precisely and fall within a broad
chronological span from the 6th to the 1st century BCE. They were
selected as two of them (AM1, AM4) are kiln wastes, whereas AM2,
AM3, and AM5 are pottery fragments investigated to compare their
compositional features with architectural terracottas.

A multi-analytical approach was performed for the investigation.
Macroscopic features included color of ceramic body of the specimens

evaluated via a visual comparison via the Munsell Soil Colour Chart and
hardness (Williams, 1990). Subsequently, minero-petrographic and
chemical analyses were performed on the 25 selected samples found in
the two different context, 19 samples from Fondo Patturelli and 6 samples
from Alveo Marotta. The analyses mentioned below were performed at
the Department of Earth, Environmental and Resources Sciences (DiS-
TAR) of the University of Naples Federico II.

Petrographic and textural features were investigated by means of
PLM (polarized light microscopy) in thin section using a OPTIKA V-600
POL microscope connected to a ZEISS Axiocam 105 color camera (ZEN
2.3 Lite software). The abundance, size range, and angularity of the
inclusions were described (e.g., Whitbread, 1995; Quinn, 2013) and
evaluated by a comparator chart (Terry and Chilingar, 1995).

Bulk mineralogical composition was determined by semiquantitative
X-ray powder diffraction (XRPD) using a Bruker D2 Phaser second-gen
diffractometer (CuKα radiation, operating at 30 kV, 10 mA, scanning
interval 4-70◦ 2θ, using a step interval of 0.020◦ 2θ, with a step counting
time of 66 s, Lynxeye 1D model detector), equipped with Diffract V6 5.0
data collector software (Bruker).

Microstructural observations of the fragments in fresh fracture were
performed via Scanning Electron Microscopy (SEM; JEOL 5310 instru-
ment) and via Field Emission Scanning Electron Microscopy (FESEM;
Zeiss Merlin VP Compact) to define the degree of sintering which
develop in the ceramic bodies according to the different firing temper-
atures of the ceramic bodies (Maniatis and Tite, 1981). This analysis was
carried out on 13 representative samples, chosen based on their petro-
graphic features and mineralogical assemblage. Quantitative

Fig. 2. The 25 samples under study divided according to the production period. The chronological framework of this study is based on the research conducted by N.
Wagner (in press). Scale bar: 10 cm.
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microchemical analysis of mineral grains and neoformed phases in the
ceramic bodies was performed on polished thin sections (carbon coated)
using the FESEM; Zeiss Merlin VP Compact instrument fitted with an
energy dispersive X-ray spectrometer (EDS) and Oxford Instruments
Microanalysis Unit (X Max 50 EDS detector operating at 15 kV primary
beam voltage, 115–125 μA filament current, and 60 μm spot size,
acquisition time 10 s). The data were processed with an INCA Xstream
pulse processor. The mineral standards used are reported in Guarino
et al. (2021a). Precision and accuracy of EDS analysis is reported in
Rispoli et al. (2019).

The bulk chemical composition of the samples was carried out on
pressed powder pellets via Wavelength Dispersive X-Ray fluorescence
spectrometry (WD-XRF; AXIOS PANalytical Instrument), expressed by
the concentration of 10 major oxides (SiO2, TiO2, Al2O3, Fe2O3, MnO,
MgO, CaO, Na2O, K2O, P2O5 in wt.%) and 10 trace elements (Rb, Sr, Y,
Zr, Nb, Ba, Cr, Ni, Sc, V in ppm). The analytical uncertainty was of 1–2 %
for the major elements and 5–10 % for trace elements (Cucciniello et al.,
2017). The standards employed are described in Guarino et al. (2021b).

4. Results and discussion

4.1. Petrographic and microchemical features

The investigated samples basically show similar compositional fea-
tures. However, three petrographic groups were identified based on
differences related to inclusion amount and presence of specific minerals
in some samples.

The first group is composed of twenty samples: AM25, FP6, FP17,
FP18, FP19 (6th – 5th century BCE); FP7, FP11, FP12, FP13, FP15, FP20,
FP21, FP22, FP23, FP24 (4th – 3rd century BCE), FP9, FP10 (2nd – 1st
century BCE), FP16 (3rd –2 nd century BCE); AM4, FP8 (undated). The
samples of this group are mostly characterized by a variable color of the
ceramic body that varies from reddish to dark gray (Table 1). The optical
activity of the clay matrix varies from active to inactive. Packing of the
aplastic inclusions range from 25 to 30 % and show a bimodal grain size
distribution (Fig. 3a-f).

The fine fraction (generally < 50 µm) is composed by tiny quartz
crystals and sporadic mica. The coarse fraction (generally > 200 µm)
consists of feldspars, which were identified via the microchemical

analysis as sanidine (Ab7-34An0-6Or62-93, Table S1, Fig. 4a) and plagio-
clase classified as bytownite (Ab8-21An76-91Or1-3, Table S1, Fig. 4a).
Clinopyroxene represented by diopside (Wo46-51En16-49Fs4-29, Table S2,
Fig. 4b) was also identified, along with mica and volcanic lithics char-
acterized by evident trachyte fragments and juvenile volcanic fragments
(pumices and obsidians). Microchemical analysis showed that juvenile
fragments have a limited compositional variability and plot within the
trachyandesite-trachyte and tephriphonolite-phonolite fields (Table S3).
In fact, volcanic glass data plotted on the Total alkali vs. Silica diagram
(Fig. 4c; Le Bas et al., 1986) used for effusive volcanic rocks and
compared with literature data show that they are consistent with the
products of the major Campanian eruptions (Morra et al., 2010; Fedele,
2022) ascribable to the alkaline and strongly alkaline rock series.

The second group consists of two samples from Alveo Marotta (AM1
and AM2, respectively) which differs from the first petrographic group
by a lower percentage of aplastic inclusions. The color of the ceramic
body varies from reddish yellow to dark grayish brown (Table 1).

The clay matrix is totally inactive and contains an amount of in-
clusions that range from 10 to 15 % and show a bimodal grain size
distribution (Fig. 3g, h). The sample AM2 is characterized by a porous
matrix. Pores are striated and elongated. The fine fraction (generally <

50 µm) is composed of tiny quartz crystals and sporadic mica. The
sporadic coarse fraction (>200 µm) consists of alkali feldspar classified
via microchemistry as sanidine (Ab11-43An2-9Or55-86, Table S1, Fig. 4a),
plagioclase as bytownite (Ab13-20An77-85Or2-3, Table S1, Fig. 4a), and
clinopyroxene classified as diopside (Wo46-51En29-46Fs6-19, Table S2,
Fig. 4b). Juvenile volcanic fragments (pumices and obsidians) are also
present. Also in this case, microchemistry show a trachytic composition
that, as already evidenced for the first petrographic group, nicely points
to the use of a volcanic temper akin to products of Campanian volcanoes
(Table S3, Fig. 4c).

The third group includes 3 samples (AM3, AM5 from Alveo Marotta,
and FP14 from Fondo Patturelli) that differ from those of the previous
two groups due to the presence of garnet. The samples of this group are
characterized by a color of the ceramic body that varies from gray to
very dark gray (Table 1). The optical activity of the clay matrix varies
from active to inactive with an amount of inclusions that range from 20
to 25 % and a bimodal grain size distribution (Fig. 3). The fine fraction
(<50 µm) is composed of tiny quartz crystals and sporadic mica. The

Table 1
Macroscopic characteristics of the 25 samples from Capua. Chronology is based on the research by N. Wagner (in press). AT, architectural terracotta; P, pottery; W, kiln
waste.

Sample ID Class Site Chronology (century BCE) Wt. (g) Zoning Inner colour Outer colour Hardness

AM25 AT Alveo Marotta 6th – 5th 13.51 − 7.5YR 6/2 7.5YR 6/2 hard
FP6 AT Fondo Patturelli 6th – 5th 7.86 − 7.5YR 4/1 7.5YR 4/1 very hard
FP17 AT Fondo Patturelli 6th – 5th 4.24 − 7.5YR 6/4 7.5YR 6/4 hard
FP18 AT Fondo Patturelli 6th – 5th 4.75 − 5YR 6/6 5YR 6/6 soft
FP19 AT Fondo Patturelli 6th – 5th 5.65 − 7.5YR 6/3 7.5YR 6/3 hard
FP7 AT Fondo Patturelli 4th – 3rd 3.67 − 7.5YR 6/6 7.5YR 6/6 soft
FP11 AT Fondo Patturelli 4th – 3rd 5.07 − 2.5 YR 6/4 2.5 YR 6/4 hard
FP12 AT Fondo Patturelli 4th – 3rd 3.60 − 5YR 6/6 5YR 6/6 soft
FP13 AT Fondo Patturelli 4th – 3rd 7.16 − 7.5YR 6/4 7.5YR 6/4 hard
FP14 AT Fondo Patturelli 4th – 3rd 3.24 faded 10YR 4/1 10YR 6/4 hard
FP15 AT Fondo Patturelli 4th – 3rd 8.06 − 10YR 6/4 10YR 6/4 hard
FP20 AT Fondo Patturelli 4th – 3rd 4.45 − 7.5YR 6/4 7.5YR 6/4 soft
FP21 AT Fondo Patturelli 4th – 3rd 3.5 − 7.5YR 6/4 7.5YR 6/4 hard
FP22 AT Fondo Patturelli 4th – 3rd 3.86 − 7.5YR 6/4 7.5YR 6/4 hard
FP23 AT Fondo Patturelli 4th – 3rd 3.55 − 7.5YR 6/6 7.5YR 6/6 hard
FP24 AT Fondo Patturelli 4th – 3rd 4.70 − 5YR 6/6 5YR 6/6 soft
FP16 AT Fondo Patturelli 3rd – 2nd 3.77 − 5YR 6/6 5YR 6/6 hard
FP9 AT Fondo Patturelli 2nd – 1st 1.9 − 7.5YR 6/4 7.5YR 6/4 soft
FP10 AT Fondo Patturelli 2nd – 1st 28.2 − 5YR 5/6 5YR 5/6 hard
AM1 W Alveo Marotta undated 6.00 − 10 YR 4/2 10 YR 4/2 hard
AM2 P Alveo Marotta undated 2.85 faded 5YR 6/6 5YR 4/2 hard
AM3 P Alveo Marotta undated 3.96 faded 10YR 3/1 10YR 3/1 hard
AM4 W Alveo Marotta undated 5.96 − 10YR 4/1 10YR 4/1 very hard
AM5 P Alveo Marotta undated 8.14 faded 5YR 5/1 5YR 3/1 hard
FP8 AT Fondo Patturelli undated 7.97 faded 7.5YR 3/1 7.5YR 6/4 soft
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coarse fraction (>200 µm) consists of feldspars identified via micro-
chemical analysis as sanidine (Ab14-17An1-2Or81-84, Table S1, Fig. 4a)
and bytownite (Ab14An84Or2, Table S1, Fig. 4a). Clinopyroxene classi-
fied as diopside (Wo46-51En30-45Fs9-19, Table S2, Fig. 4b) is also present,
along with mica and volcanic lithics represented by evident trachyte
fragments and juvenile volcanic fragments. Also in this case, juvenile
fragments include pumices and obsidians that well-matches with the
Campanian volcanic products, as already highlighted via micro-
chemistry for the volcanic glasses present in samples belonging to the
first and second petrographic groups (Table S3, Fig. 4c).

Garnet is present in scarce amount. Quantitative microchemistry
allowed us to classify (Locock, 2008) this mineral (Table S6) as a solid
solution of andradite (51.5–57.0 mol %) and grossular (26.1–29.8 mol
%), a composition that well fits in with that of garnets of the Somma-
Vesuvius (Scheibner et al., 2007). Specifically, this phase, associated
with products of the peri-Vesuvian region, shows compositional features
that can be ascribed to the garnets of the Avellino pumice eruption
(Scheibner et al., 2007) that occurred approximately 4 k-years ago and

was deposited northeast of the eruption source (Sulpizio et al., 2010).
This sequence comprises five eruptive units, characterized by a promi-
nent Plinian phase, during which around 1.5 km3 of white to grey
pumice deposits. Interestingly, the Avellino products are characterized
by the presence of garnet and absence of leucite crystals, a phase that
normally occurs in other products from the Somma-Vesuvius (Melluso
et al., 2022) and that was not observed in the analyzed ceramic samples.
Therefore, the attribution of the volcanic inclusions in the third petro-
graphic group to the Avellino eruption is highly plausible, as these py-
roclastic flow deposits extend up to 25 km from the eruption origin,
which intersected the southern Caserta area (Melluso et al., 2022).

4.2. Chemical features and sourcing of raw materials

The chemical composition of the samples is reported in Table 2. From
a chemical point of view the 20 samples of the first petrographic group
also show a homogeneous bulk chemical composition in terms of major
oxides and trace elements. In fact, the CaO content ranges from 7.43 to

Fig. 3. Photomicrographs of some representative fragments. Petrographic group 1: (a) FP7; (b) FP10; (c) FP13; (d) FP16; (e) FP17; (f) FP24. Petrographic group 2: (g)
AM1; (h) AM2. Petrographic group 3: (i) AM3; (j) AM5; (k) FP14; (l) FP14. PPL, plane polarized light; XPL, crossed polarized light.
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14.5 wt.%; only one samples represented by FP8 is characterized by a
slightly lower concentration of CaO (5.85 wt.%).

The analysis of major oxides (SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO,
CaO, Na2O, K2O, P2O5 in wt.%) and trace elements (Rb, Sr, Y, Zr, Nb, Ba,
Cr, Ni, Sc and V in parts per million [ppm]) highlights the homogeneous
chemical composition (Table 2), with a limited compositional variability
in terms of both major (SiO2 56.0–60.0 wt.%; TiO2 0.67–0.77 wt.%;
Al2O3 15.4–17.8 wt.%; Fe2O3 5.79–6.69 wt.%; MnO 0.13–0.19 wt.%;
MgO 2.85–3.48 wt.%; Na2O 0.86–1.72 wt.%; K2O 3.04–4.86 wt.%, P2O5
0.19–0.47 wt.%) and trace elements. The latter, in fact, also show a good
compositional homogeneity, following the behavior of major oxides (Rb
189–256 ppm, Sr 399–528 ppm, Y 32–36 ppm, Zr 235–277 ppm, Nb
25–36 ppm, Ba 572–833 ppm, Cr 89–127 ppm, Ni 45–61 ppm, Sc 15–21
ppm, V 86–119).

Some representative binary diagrams have been used to better
illustrate the chemical characteristics of the ceramics (Fig. 5). To shed
light on their features and the likely sources of raw materials, all the
samples were compared with some Ca-rich clays (CVR1-2, ALV1-2,
PLT2, PMV1) located in the northern sector of the Campania region
(data from De Bonis et al., 2013 and from this study, see details in
Table S4 and chemical data in Table S5). To this purpose clays from the
Apennine sector belonging to the Pietraroja Formation collected in the
former quarries of Calvi Risorta (CVR) and Alvignano (ALV) were
selected, along with alluvial clayey sediments from the Volturnum river

plain collected in the area of Pontelatone (PLT2) and Piana di Monte
Verna (PMV1).

From this comparison, the samples characterized by a high-CaO
character show a better affinity with the local alluvial clayey raw ma-
terial represented by the Ca-rich clays of the Volturnum river plain from
Pontelatone and Piana di Monte Verna, not far from Santa Maria Capua
Vetere.

Regarding the samples belonging to the second petrographic group
(AM1 and AM2) characterized by a lower amount of inclusions, the
chemical behavior of AM1 perfectly follows the trend of the first group,
both in terms of major oxides (SiO2 56.6 wt.%; TiO2 0.73 wt.%; Al2O3
16.9 wt.%; Fe2O3 6.46 wt.%; MnO 0.17 wt.%; MgO 2.94 wt.%; CaO 10.3
wt.%; Na2O 1.50 wt.%; K2O 4.08 wt.%, P2O5 0.25 wt.%, Table 2, Fig. 4)
and trace elements (Rb 211 ppm, Sr 421 ppm, Y 35 ppm, Zr 241 ppm, Nb
33 ppm, Ba 556 ppm, Cr 104 ppm, Ni 51 ppm, Sc 20 ppm, V 119 ppm,
Table 2, Fig. 5). On the other hand, the sample AM2 differs from the
previously described sample; in fact, it is characterized by a lower
concentration of CaO (5.95 wt.%) and higher concentrations of Al2O3
and Fe2O3 (21.84 and 8.14 wt.%, respectively). Trace elements also
show compositional differences due to higher values of Y (50 ppm), Zr
(435 ppm), Cr (138 ppm), Ni (70 ppm) and a lower value of Rb (317
ppm).

The chemical composition of the samples belonging to the second
petrographic group were plotted on chemical binary diagrams to better

Fig. 4. Classification diagrams of the minerals and volcanic glasses micro-analyzed in some representative samples: (a) classification diagram of feldspars; (b)
classification diagram of pyroxenes; (c) TAS-Total Alkali vs Silica. The compositional fields of feldspars and pyroxenes from the Phlegraean Fields (data from Melluso
et al., 2012; Fedele, 2022) and Somma-Vesuvius (data from Melluso et al., 2022) are also reported, along with those of rocks and volcanic glasses (data from Morra
et al., 2010).
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illustrate their features and the likely sources of supply of raw materials.
For that reason, all the samples were compared with the same Ca-rich
clay materials used for the comparison of the first group (CVR1-2,
ALV1-2, PLT2, PMV1) and also with some Ca-poor clays located in the
northern sector of the Campania region. These are represented by allu-
vial clayey sediments from the Volturnum river plain collected in the
locality of Piana di Monte Verna (PMV2) and weathered pyroclastic
deposits collected in the Roccamonfina volcano area (CSC1).

To sum up, AM1 shows greater affinity with the alluvial clay raw
material from the Volturnum river plain (PMV1 and PLT2), as already
evidenced for the first group, whereas the AM2 sample shows a chemical
composition that is not akin to any of the selected raw materials. This
discrepancy is significant and categorizes it as a chemical outlier.

Lastly, the analysis of major oxides and trace elements (Table 2,
Fig. 5) reveals that the three ceramic samples from the third petro-
graphic group (AM3, AM5 and FP14) exhibit a variable chemical
composition. Specifically, sample FP14 from Fondo Patturelli shows a
chemical behavior that well aligns with the first petrographic group, as
does sample AM1 from the second petrographic group. This alignment is
evident in both major oxides (SiO2 56.8 wt.%; TiO2 0.72 wt.%; Al2O3
15.7 wt.%; Fe2O3 6.16 wt.%; MnO 0.16 wt.%; CaO 11.6 wt.%; MgO 3.17
wt.%; Na2O 1.34 wt.%; K2O 3.91 wt.%, P2O5 0.41 wt.%) and trace el-
ements (Rb 199 ppm, Sr 500 ppm, Y 33 ppm, Zr 253 ppm, Nb 28 ppm, Ba
764 ppm, Cr 113 ppm, Ni 46 ppm, Sc 18 ppm, V 109). These values are
consistent with the utilization of a Ca-rich clay from the Volturno River
plain, as previously hypothesized for the first group (Fig. 5).

Conversely, samples AM3 and AM5 from Alveo Marotta exhibit a
distinct chemical composition compared to the aforementioned groups
(Fig. 4), both in terms of major oxides (SiO2 61.0–61.3 wt%; TiO2
0.75–0.77 wt.%; Al2O3 19.7–19.8 wt.%; Fe2O3 5.80–6.53 wt.%; MnO
0.10–0.15 wt.%; MgO 2.04–2.49 wt.%; CaO 2.32–2.56 wt.%; Na2O
1.47–1.77 wt.%; K2O 4.96–6.02 wt.%, P2O5 0.26 wt.%) and trace ele-
ments (Rb 275–351 ppm, Sr 344–477 ppm, Y 37–38 ppm, Zr 360–427
ppm, Nb 50–57 ppm, Ba 681–718 ppm, Cr 67–91 ppm, Ni 24–41 ppm, Sc
10–12 ppm, V 102–116). In this case, these two samples are more
compatible with the use of an alluvial raw material with a low calcium
oxide concentration from the nearby Volturnum river plain.

The ternary diagram of Fig. 6 compares the samples to the reference
clays and selected pottery productions from the northern Campania
sector. This plot offers an additional point of view about the mix-design
of the architectural terracotta from the ancient Capua. Based on a mass
balance involving major oxides shown in the ternary diagram, we made
a theoretical simulation of a mix (e.g., De Bonis et al., 2016) between the
alluvial clay (PLT2) from the Volturno river floodplain and a volcanic
temper (DUG1) from the surrounding area, both exploited for a current
traditional production of bricks in the vicinity of the archaeological
area. Interestingly, samples of the first petrographic group, which
represent the main cluster of architectural terracotta, lie in correspon-
dence of the mixing line approximately between the 30 and the 50 % of
the volcanic temper (DUG1) added to the alluvial clay (PLT2), where a
sample of a modern traditional brick made with the same raw materials
also plots (Fig. 6).

As done in the binary diagrams (Fig. 5), local clays of marine origin
were also plotted in Fig. 6. These raw materials were exploited for the
manufacture of the large production of fine ware from Cales (Verde
et al., 2023a; Guarino et al., 2011), an important production town
located at ca. 20 km northwest of the investigated site. These marine
clays are characterized by the presence of planktonic foraminifers,
which lack in the architectural terracotta, for which we can definitively
exclude the use of marine clays.

Ca-rich coarse-grained ceramics from Cales (Verde et al., 2023b)
were used for comparison. They are represented by supports used as kiln
furniture and a sample of dolium, which show a composition that fits
with that of the architectural terracotta of the main cluster (Fig. 6).

Samples of the second petrographic group (AM1, AM2) confirm the
chemical behavior described above (Fig. 5). More in details, AM1 isTa
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similar to samples of the first petrographic group, whereas AM2 repre-
sents an outlier (Fig. 6). Regarding the third petrographic group, one
sample (FP14) is in line with those of the main cluster. Conversely AM3
and AM5, as already evidenced in the binary diagrams of Fig. 5, show
different features. In fact, they show (Fig. 6) an affinity with Ca-poor
alluvial clay sediments (PMV2) from the Volturno plain influenced by
a pyroclastic component (i.e., CSC1, DUG1). Similarly, Ca-poor raw
materials from the surrounding area were likely exploited for pottery
productions from the nearby sites (Fig. 6), which include common wares
from Cales (Verde et al., 2023b) and thin-walled pottery from Alife
(Grifa et al., 2015).

4.3. Pyrotecnology

Equivalent Firing Temperatures (EFTs; e.g., De Bonis et al., 2017 and
references therein) were investigated via mineralogical assemblage
(Table 3) related to the breakdown and neoformation of minerals upon
firing and according to the method proposed by Maniatis and Tite
(1981), which is based on the observation at the FESEM of typical
microstructural markers. For the latter purpose, based on the

mineralogical assemblage, optical features and chronologies, 13 repre-
sentative samples (Table 3) of each period were selected for FESEM
observation in order to define the technological changes that occurred
from the 6th century BCE to the 1st century BCE.

Although from a chemical and petrographic point of view 3 groups
have been recognized that do not appear to have a chronological cor-
respondence, from a technological point of view related to firing dy-
namics samples belonging to the same chronology appear to have
similar mineralogical and microstructural features.

As a matter of fact, the five samples ascribable to the 6th – 5th
century BCE represented by FP6, FP17, FP18, and FP19 from Fondo
Patturelli, and AM25 from Alveo Marotta (Table 3) show a mineralogical
assemblage featured by quartz and feldspar that represent the most
abundant phase, ubiquitous pyroxene from scarce to abundant, illite/
mica from sporadic to frequent, and traces of calcite. Indeed, the neo-
formed Ca-silicates also characterize the samples and are represented by
gehlenite, which start to form approximately at 800/850 ◦C (Cultrone
et al., 2001; De Bonis et al., 2014). Neoformed iron oxides are repre-
sented by Fe3+ oxide (hematite) that points to a prevailing oxidizing
firing atmosphere. From the intersection of the mineralogical

Fig. 5. WD-XRF binary diagrams with major oxides (wt.%) and trace elements (ppm) compared with low- and Ca-rich clay raw materials from the northern sector of
the Campania region. Ca-poor clay raw materials = PMV2 (Piana di Monte Verna; alluvial clay); CSC1 (Cascano; weathered pyroclastic deposits). Ca-rich clay raw
materials = ALV1-2 (Alvignano; marine clays); CVR1-2 (Calvi Risorta; marine clays); PLT2 (Pontelatone; alluvial clay); PMV1 (Piana di Monte Verna; alluvial clay).
Data and details of clay samples are available in Tables S4 and S5.
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assemblage and microstructural observations it was possible to estimate
the EFTs. The latter vary from 800to 900 ◦C in FP17 (Fig. 7a) and FP18
due to the presence of an intermediate degree of sintering between an
initial and an extensive vitrification stage (IV/V). In FP19 the extensive
vitrification (Fig. 7b) and the remainder of illite/mica (Table 3) point to
slightly higher EFTs (850–900 ◦C), whereas higher EFTs (1000–1100 ◦C)
were inferred for the sample FP6 due the presence of a microstructure
characterized by a continuous vitrification with coarse bloating pores
(CV(CB)); Table 3, Fig. 7c), associated to the absence of illite/mica and
gehlenite still present in traces (De Bonis et al., 2014).

On the contrary, the samples attributable to the 4th – 3rd century
BCE represented by FP7, FP11, FP12, FP13, FP14, FP15, FP20, FP21,
FP22, FP23, and FP24 exhibit a mineralogical composition character-
ized by quartz, feldspar, calcite, illite/mica, and pyroxene, varying from
absent to frequent (Table 3). Traces of hematite were identified in FP7,
FP11, FP15, FP20, FP21, FP22, FP23, and FP24 (Table 3), which indi-
cate a prevailing use of an oxidizing atmosphere. Moreover, FP13 and
FP15 revealed the presence of chlorite. The estimated firing tempera-
tures for FP13 and FP15 are < 750 ◦C due to the presence of chlorite and
a microstructure characterized by a non-vitrified paste (Fig. 7d;
Table 3). However, in all samples of this period EFTs do not exceed
850 ◦C (Table 3). This is confirmed by the scarce or absence of vitrifi-
cation structures detected in the representative samples of this period,
along with the ubiquitous presence of the illite-like phase (Table 3); in
FP20 the presence of hematite in traces suggests temperatures not lower

than 750 ◦C (Nodari et al., 2007) and not higher than 800 ◦C due to an
intermediate structure between no vitrification and initial vitrification
(NV+; Table 3, Fig. 7e) observed in this sample. Where gehlenite was
detected in traces (samples FP7, FP11, FP22) a lower temperature limit
of 800 ◦C could be supposed. A particular condition was detected in
sample FP7, where EFTs of approximately 800–850 ◦C were inferred due
to a prevailing initial vitrification structure (Fig. 7f) spotted locally in
the paste by an extensive vitrification with fine bloating pores (Fig. 7g).
This is likely due to the relatively lower concentration of CaO (~7.5 wt.
%) associated with a shift to reducing conditions of firing that created a
state of incipient bloating (Maniatis and Tite, 1981).

Regarding the sample attributed to the 3rd – 2nd century BCE rep-
resented by FP16 (Table 3), it exhibits a mineralogy composed of quartz,
feldspar, clinopyroxene, illite/mica, calcite, and traces of hematite,
which is associated with an initial vitrification stage locally spotted with
an extensive vitrification with fine bloating pores, thus suggesting an
EFT that ranges from 800 to 850 ◦C. FP9 and FP10 (2nd – 1st century
BCE, Table 3) show a mineralogical composition dominated by quartz
and feldspar as the most abundant phases, followed by pyroxene, illite/
mica, calcite, and hematite. The identification of an initial vitrification
stage in FP9 (Fig. 7h) suggests equivalent firing temperatures ranging
from 800 to 850 ◦C.

In contrast, the six samples (FP8, AM1, AM2, AM3, AM4, AM5,
Table 3), for which a precise chronology is not available, but in any case
fall within a broad timeframe from the 6th to the 1st century BCE, are

Fig. 6. Ternary diagram (modified from Vincenzini and Fiori, 1977) showing data of the samples of the petrographic groups 1, 2, and 3, compared with reference
samples of clays (see description in the caption of Fig. 5) and with the compositional fields of selected pottery productions from the northern Campania sector.
Reference groups of pottery include fine wares (Verde et al., 2023a; Guarino et al., 2011), common wares and coarse-grained ceramics from Cales (Verde et al.,
2023b), and thin-walled pottery from Alife (Grifa et al., 2015). The theoretical mix of a local alluvial clay (PLT2) and a volcanic temper (DUG1) is reported, along
with the composition of a modern traditional brick made with the same raw materials. Data and details of raw materials and modern brick samples are available in
Tables S4 and S5.
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characterized by a mineralogy consisting of quartz, feldspar, and py-
roxene; illite/mica was also identified in most samples and is frequent in
FP8 and AM3 where, along with traces of hematite, indicates EFTs of
approximately 750–850 ◦C.

AM1 is a greyish object classified as a waste and is characterized by
the traces of calcite and sporadic illite/muscovite that suggest an EFT of
850–950 ◦C; hematite is absent likely for a reducing condition of firing.
The absence of hematite was also detected in AM2, which shows a
vitrified ceramic body and the total absence of illite/mica. This condi-
tion, along with the presence of traces of gehlenite, would suggest EFTs
between 950 and 1050 ◦C.

AM4 is an overfired waste object that experimented EFTs higher than
1050 ◦C as suggested by the continuous vitrification and absence of
illite/mica (Table 3; Fig. 7i); shift to reducing conditions of firing were
also probable for the grayish color of the paste and absence of hematite.

AM5 is a grayish-black object that likely experienced reducing firing
conditions, which show initial vitrification. For this specimen EFTs of
750–850 ◦C were inferred.

By estimating EFTs, a very interesting aspect emerged, namely that
samples produced in the earlier period (6th-5th century BCE) show
higher equivalent firing temperatures than those of the later period (4th-
1st century BCE). Considering the concept of equivalent firing temper-
ature (EFT; see De Bonis et al., 2017 and references therein for details),
the actual temperatures reached in the kiln could have been higher than
those to which the detected minerals decompose, as thickness and/or
short firing duration cause a shift of decomposition reactions to higher
temperatures (De Bonis et al., 2014). A relatively short firing duration
and uncontrolled firing atmosphere with shift to reducing conditions
(Maniatis and Tite, 1981) could be supposed as testified by samples FP7
and FP16 ascribed to the later period, spotted locally by an extensive
vitrification with fine bloating pores.

The technological shift in the production of architectural terracotta
could reflect a speeding up of the production due to a greater demand for
material triggered by a construction surge in the frame of extensive
political, economic, and social changes during the transition from the

5th to the 4th century BCE.

5. Conclusions

This study meticulously examined twenty-five fragments of archi-
tectural terracotta, ceramics and waste materials, carefully selected in a
chronological span from the 6th century BCE to the 1st century BCE. The
samples were collected from the Fondo Patturelli extra-urban sanctuary
and from the Alveo Marotta furnace.

The petrographic approach revealed that all samples are character-
ized by fine inclusions of quartz and mica as a natural skeleton of the raw
clay and a purposely added volcanic temper including sanidine,
bytownite, diopside, trachyte lithics, and juvenile volcanic fragments
(pumices and obsidians). The latter show a limited variability between
trachyandesite-trachyte and tephriphonolite-phonolite composition,
which is consistent with the products of the major Campanian eruptions.
A distinction in three groups was made based on slight petrographic
differences: the first group consists of 20 samples characterized by a
larger amount of temper (25–30 %); the second group includes 2 sam-
ples from Alveo Marotta (AM1 and AM2), which differs for a lower
percentage of inclusions (10–15 %); the third group is composed of 3
samples (AM3, AM5 from Alveo Marotta and FP14 from Fondo Patturelli)
that are characterized by the presence of garnet showing the typical
composition of the garnets (andradite-grossular) present in the Somma-
Vesuvius products (i.e., Avellino pumice eruption).

Despite the petrographic differences, the multi-proxy approach
revealed that the calcareous composition (CaO > 6 wt.%) of the clay raw
material was a prevalent feature of the majority of the samples and of all
architectural terracotta. Notably, among the potential sources of raw
materials, locally derived Ca-rich clays from the Volturno River flood-
plain mixed with a volcanic temper typical from the investigated area
were possibly exploited. In contrast, two samples (AM3 and AM5)
exhibit a Ca-poor character (less than 6 wt.%), which is more compatible
with the use of alluvial clays with a low calcium oxide concentration
influenced by a pyroclastic component that also occur in this floodplain

Table 3
Semi-quantitative mineralogical analysis (XRPD) and vitrification stage determined via SEM and FESEM* of the investigated samples separated according to the
petrographic groups. xxxx = predominant; xxx = abundant; xx = frequent; x = sporadic; tr. = traces.

Sample Petrographic
group

Chronology Qz Fsp Px Cal Gh Ilt/mca Hem Others Vitrification
stage

EFTs (◦C)

FP6 1st 6th – 5th century BCE xxx xxxx xxx tr. tr. − tr. − CV(CB) >1000
FP17 1st 6th – 5th century BCE xxxx xx x tr. tr. x tr. − IV/V 800–900
FP18 1st 6th – 5th century BCE xxxx xx x − tr. x tr. − IV/V* 800–900
FP19 1st 6th – 5th century BCE xxx xxxx xxx − tr. x tr. − V 850–900
AM25 1st 6th – 5th century BCE xxxx xx x x x x − − − 850–900
FP13 1st 4th – 3rd century BCE xxxx x xxx − xx − Chl NV <750
FP23 1st 4th – 3rd century BCE xxxx xx x x − x tr. − − 750–850
FP24 1st 4th – 3rd century BCE xxxx xxxx xx − − x tr. − − 750–850
FP7 1st 4th – 3rd century BCE xxxx xx xx − tr. x tr. − IV-V(FB)* 800–850
FP11 1st 4th – 3rd century BCE xxxx xx x − tr. x tr. − − 800–850
FP12 1st 4th – 3rd century BCE xxxx xx x x − xx − − − 750–850
FP15 1st 4th – 3rd century BCE xxxx xx x xx − xx tr. Chl NV* <750
FP20 1st 4th – 3rd century BCE xxxx xx x x − x tr. − NV+ 750–800
FP21 1st 4th – 3rd century BCE xxxx xx x tr. − x tr. − − 750–850
FP22 1st 4th – 3rd century BCE xxxx xx x x tr. xx tr. − − 800–850
FP16 1st 3rd – 2nd century BCE xxxx xx x x − x tr. − IV-V(FB)* 800–850
FP9 1st 2nd – 1st century BCE xxxx xx x x − x tr. − IV 800–850
FP10 1st 2nd – 1st century BCE xxxx xx x x − x tr. − − 750–850
AM4 1st undated xxx xxxx xxx − − − − − CV(CB)* >1050
FP8 1st undated xxxx xx x tr. − xx tr. − − 750–850
AM1 2nd undated xxx xxxx xx tr. − x − − − 850–950
AM2 2nd undated xxxx xx x tr. tr. − − − V 950–1050
AM3 3rd undated xxxx xx x − − xx tr. − − 750–850
AM5 3rd undated xxx xxxx xx − − x tr. − IV 750–850
FP14 3rd 4th – 3rd century BCE xxxx x x x − xx − − − 750–850

Abbreviations: Qz = quartz; Fsp = feldspar; Px = pyroxene; Cal = calcite; Gh = gehlenite; Ilt/mca = illite/mica; Hem = hematite; Chl = chlorite; CV(CB) = continuous
vitrification with coarse bloating pores; V = extensive vitrification; V(FB) extensive vitrification with fine bloating pores; IV = initial vitrification; NV = No vitrifi-
cation; EFTs = Equivalent Firing Temperatures.
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(see De Bonis et al., 2013; Verde et al., 2023b for details). This aspect is
similar to what was hypothesized for the common wares and thin-walled
pottery produced in the nearby sites of Cales (Verde et al., 2023b) and
Alife (Grifa et al., 2015).

Although the samples were produced over an extremely wide time
span, the production tradition of these roof tiles, and thus also the source
of raw materials, remains the same, denoting a reliance on the use of the
same recipes. The results obtained emphasize that the clay for the pro-
duction of roof tiles in Capua was consistently sourced from the sur-
rounding areas in the Volturno River floodplain (e.g., Pontelatone and
Piana di Monte Verna), regardless of the political rule. This consistency
in raw material sourcing and processing indicates a remarkable tradition
that has persisted over generations. It highlights a deep-rooted
commitment to preserving the craftsmanship and recipes used in
creating these terracottas and ceramics, which withstood the test of time
attesting to their enduring quality and heritage.

Focusing on firing temperatures, the examined architectural terra-
cotta and ceramic samples generally exhibited two different firing mo-
dalities depending on the production period. In particular, samples of
the earlier period (6th-5th century BCE) are characterized by equivalent
firing temperatures ranging from 800 to over 1000 ◦C, whereas samples
from the later period (4th-1st century BCE) exhibited lower equivalent
firing temperatures, typically falling between < 750 to 850 ◦C. Similar
low firing temperatures were also estimated by Russo et al. (2022) for
roof tiles from the Heracles Sanctuary in Alba Fucens located just over a
hundred km north-west in central Italy and ascribed to a comparable
chronological interval (3rd to 2nd centuries BCE). Consequently, various

hypotheses can be formulated to explain this phenomenon.
In the 4th century BCE, the once Etruscan city of Capua was under

the hegemony of the Samnites. This period was marked by extensive
political, economic, and social changes. Based on the city’s phase plans,
as compiled by N. Wagner (in press), a construction surge in Capua can
be observed from the mid-4th century BCE and particularly in the 2nd
century BCE. Not only this affected the archaic roofs of extramural
sanctuaries like Fondo Patturelli, Via Campania, or Diana Tifatina, but the
entire city experienced growth. More private and public buildings were
erected and Capua became renowned for its ceramic, perfume, and
bronze productions.

These developments could have influenced changes in the manu-
facture and design of roof tiles. Due to the increased demand for building
materials and the intensified construction activity, it is possible to as-
sume that the production of roof tiles was expedited. As a matter of fact,
a long-lasting firing, possibly associated to high temperatures, would
have required more time and fuel, such as wood. Due to the rising
construction surge between the 4th and 2nd centuries BCE, time could
not be wasted and, probably, wood was in high demand both as a fuel for
kilns and as a construction material.

It is worth noting that not only in Capua but throughout Italy,
sanctuaries were being renovated or newly constructed (Känel, 2001).
Therefore, the question could also arise in other cases (e.g., Heracles
Sanctuary in Alba Fucens), in which a production dynamic similar to
that of the later period in Capua may have been adopted. Namely, to
save time and materials. However, further research and investigations
are required to fully understand the precise relationships and influences

Fig. 7. SEM and FESEM* micrographs depicting the microstructure on freshly fractured sample surfaces: (a) FP17, initial vitrification/extensive vitrification (IV/V);
(b) FP19, extensive vitrification (V); (c) FP6, continuous vitrification with coarse bloating pores CV(CB); (d) FP13, no vitrification (NV); (e) FP20, intermediate
structure between no vitrification and initial vitrification (NV +); (f) FP7, initial vitrification (IV)*; (g) FP7, parts of the paste showing extensive vitrification with fine
bloating pores*; (h) FP9, initial vitrification (IV); (i) AM4, continuous vitrification with coarse bloating pores CV(CB)*.
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of these events on roof tile production.
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the online version. Table S1: Composition of feldspars micro-analyzed
via FESEM-EDS (wt.%) in the investigated architectural terracotta and
ceramics; Table S2: Composition of pyroxenes micro-analyzed via
FESEM-EDS (wt.%) in the investigated architectural terracotta and ce-
ramics; Table S3: Composition of volcanic glass fragments micro-
analysed via FESEM-EDS (wt.%) in the investigated architectural ter-
racotta and ceramics. Values given are normalized to 100%; Table S4:
Raw materials and modern brick samples used for the chemical com-
parison with their high-CaO (HCC, CaO > 6%) and low-CaO (LCC, CaO
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