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Abstract: In the present work the advantages of punctual approaches are discussed in the
discrimination of black wares from the Sanctuary of Venus Fisica (Pompeii, Italy), dated between the
2nd and 1st century BC. Black-gloss ware and "bucchero" samples are analyzed by a multi-analytical
approach including optical microscopy (OM), X-ray powder diffraction (XRPD), scanning electron
microscopy with Energy Dispersive Spectroscopy (SEM-EDS) and electron microprobe analysis
(EMPA) to investigate the mineralogical and petrographic features of these artefacts. Grain size,
firing conditions and potter’s expertise influenced the final appearance of the superficial decorative
black layer. In addition, punctual chemical analysis was fundamental to verify the archaeological
indication of specific production sites.
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1. Introduction

In Greek and Roman Antiquity metallic objects were considered renown goods, symbol of wealth.
This is true not only for rich metals but also for iron and bronze artefacts used for weapons, vessels and
ornamentation which had a symbolic meaning. Dishes, vessels, and flatwares, mainly made of bronze
during the Etruscan Age and silver in the Roman Age, were put in tombs as grave goods. In ancient
times, as at present, people who could not afford such production loved having goods that could
give the illusion of wealth, of belonging to the upper class. In this background, connected to the
need of gratifying the aspirations of a large slice of buyers, the production of black-gloss ware and
"bucchero" is included, their aesthetic value being due to the shiny black color of their surfaces [1,2].
In fact, “bucchero”, produced in Etruria, Latium, and Campania since the mid-7th century BC,
and later attic black-gloss ware, since the end of the fifth century BC, originally imposed themselves
on the Mediterranean markets in replacement of metal artefacts, following the crisis in the metal
manufacturing especially of the Elba island, on the coast of Vetulonia and Corsica [3,4].

Black-gloss ware (BGW) was an ancient fine ceramic used as table ware, firstly produced in Greece
from the fifth century BC (attic black-gloss ware) [5]. It spread in all the Mediterranean world from the
4th to the 1st century BC [6]. “Campanian pottery” is the typical Italian production imitating attic
black-gloss ware. Basing on morphological features, it was distinguished into “Campanian A” with a
red ceramic body, “Campanian B” with a light brown or yellowish ceramic body, and “Campanian C”
with a grey matrix [7]. In addition, numerous local imitations were included in other groups labelled as
"B-oid" and “g/g wares” (grey wares) [8]. Compactness, color shadows and slip are used to distinguish
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different specialized production areas, including Campania, Cales, Etruria, Pyrgi, Apulia, Latium,
and Pompeii [9,10].

Either scientific analysis or experimental approaches [11-13] on black-gloss ware [14-17] suggested
that the slip was produced by a fine suspension of refined clay applied to the dry surface and then
fired following an oxidizing-reducing-oxidizing cycle forming nanoparticles of magnetite (Fe3Oy),
wustite (FeO) or hercynite (FeAl,O3) [18].

Bucchero, instead, belongs to the Etruscan production developed between the 7th and
5th century BC, exported to Campania and most of the Mediterranean area. The most ancient
type is “Bucchero sottile” from the production centers of the southern Etruria followed by “Bucchero
pesante”, mainly produced in the northern sites. Bucchero is characterized by an intense black color,
both on the surface and in fracture [19]. Its presence in Pompeii is attested around the end of the
6th century BC, especially in the sacred areas of the Forum such as the Temple of Apollo [20,21].

Different possible procedures were proposed to explain the uniform black nature of this pottery,
such as the mixing of charcoal powder or MnO, with the clay, a process of fumigation, or the sole firing
in a reducing atmosphere [22].

Even if the reason of their use and production could be similar, aesthetic features, color,
and shine are different due to the raw materials and technological processes they underwent,
that can be reconstructed thanks to archaeometric investigations [23,24]. Mineralogical, petrographic,
and chemical methods are usually applied on ancient ceramic material with this purpose [25-28],
combining bulk (e.g., X-ray powder diffraction (XRPD) [29], thermo gravimetric analysis (TGA) [30],
Fourier transform infrared spectroscopy (FTIR) [31], X-ray fluorescence (XRF) [32], instrumental neutron
activation analysis (INAA) [33,34], etc.) and punctual techniques (scanning electron microscopy
(SEM-EDS) [35], electron microprobe analysis (EMPA) [36], Raman spectroscopy [37,38], secondary ion
mass spectrometry (SIMS) [39], etc.). Being a ceramic material, heterogeneous, bulk analyses have
been preferably applied in the archaeometric approach, as this is considered more representative
of the whole composition of the artefact. However, recent works have highlighted the important
support and advantages of punctual analysis, particularly concerning provenance studies [40-42],
technological studies [43], and analysis of slip and superficial decorations [44,45].

The main aim of this work is to provide new scientific data concerning the mineralogical,
petrographic, and chemical composition of black ceramics found in Pompeii, highlighting the
contribution of micro-analysis in reaching this important task. Particularly, they can provide information
on mineral markers useful to trace the provenance as well as to give an overall picture of the chaine
opératoire related to the superficial decorative black layer.

2. Geological and Archaeological Context

The ancient city of Pompeii occupies the southern part of the Campanian Plain, at an altitude of
about 30 m amsl, between Somma-Vesuvius to the north, the mouth of the Sarno river to the south
and the coastline to the west. This particular position, at the central-southern sector of the Gulf of
Naples, was favourable to commercial exchanges with the western and eastern Mediterranean and
to the creation of a port. Recent researches have ascertained that this port was located in the lagoon
created by the undertow of the estuary of the Sarno river, south of Regio VIII, in the lowest levels of
the alluvial valley between the substructures of the temple of Venus Fisica and Piazza Esedra of the
modern site of Pompeii [46,47].

The Plain is a part of depression (graben) emerged from the Pliocene (some 5 Ma ago) and after
the lowering of limestone blocks, whose remains still emerge (south of the Sorrento Peninsula), it was
partly filled with sedimentary and volcanic products [48].

Reddish and blackish blistering lava and scoriae with phenocrysts of leucite and augite
(Vulcaniti della Civita), emitted by the nearby Vesuvius, outcrop in the archaeological site [49].

The Sanctuary of Venus Fisica occupies Insula I inside Regio VIII, close to one of the most important
areas of Pompeii, characterized by the presence of public and political buildings such as the Basilica,
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the Forum, and the Porta Marina (Figure 1). The original building, an ionic tetrastyle temple, was built
in the second half of the 2nd century BC. In the second phase, during the tyrannical period of Lucius
Cornelius Sulla (88-80 BC), the sanctuary had small changes and restorations in the architectural order,
while a phase of major renovations took place in the Julian Claudian Age. The earthquake of 62 AD
deeply damaged it. Therefore, at the time of the eruption on August 24th of 79 AD the sanctuary was a
construction site where reconstructions were being carried out [50,51].

Figure 1. Map of main production sites (top left), localization of the Temple of Venus Fisica (bottom left)
and map of the archaeological site (top right). B is identified as the place where the analyzed samples
of black-gloss ware and bucchero come from.

Archaeological investigations identified different types of votive contexts where black-gloss
ceramics always appear among the main objects of the rite. Votive potholes, pits with discharge of
sacra from the temple, rooms in foundations with votive elements to celebrate the re-consecration of
the sanctuary, votive basins and remains of destructed underground spaces with votive drains were
identified. They have revealed a large number of “sacra” and “ex votos” that, periodically, had to be
disposed of in pits placed outside the temple, but within the walls of the “themenos” (everything that
was present in the consecrated area, could not be taken elsewhere), to give space to other gifts that
accumulated over time [52].

3. Materials and Methods

The pottery of the temple of Venus in Pompeii refers to two successive contexts. Discovered
within open pits filled with the discharge of materials, the vases were originally “ex votos” displayed
in the temple and dedicated to the divinity, dated during the first phase of the temple (140-130 BC)
and used also under Sulla. In addition to the dating material, the excavations of both contexts have
discovered even older vases, such as bucchero vases dating back to the 5th century BC or Apulian
black-gloss ware dating to the 4th (Table 1).
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Table 1. Macroscopic classification and hypothesized provenance considering typology and macroscopic
features of each sample under investigation.

Samples. Shape Production Macroscopic Analysis of Gloss

Very thin layer of black paint
4026-102 Kylix Central Italy with iridescent reflections and
shades of green
Very thin layer of black paint
Southern Etruria, that, in direct light, shows a
Pyrgi strong iridescence with
green tones
Very thin layer of black paint,
4032-158 plate Southern Latium with a slight
blue-green iridescence
Black gloss with reflections in

4032-101 plate

4226-106 plate Cales
shades of green
4032-103 Kylix Apulia Altered black gloss
Cup with black paint with a
" weak iridescence of the
4032-105 Skyphos Pompeii blue-green paint. The foot
shows traces of a reddish coating
Very fine black paint, well
4032-104 plate Pompeii preserved, with iridescent
reflections tending to blue
4226-108 Stemmed bowl Pompeii Bucchero
Rasmussen .
4226-109 1979—3a Pompeii Bucchero
4226-110 cup Pompeii Bucchero
Rasmussen .
4020-107 19792 Pompeii Bucchero

Eleven ceramic samples were selected by the archaeologists considering functional classifications,
contextual stratigraphic origin and macroscopic features to be representative of the materials found
and then analyzed by a multi-analytical approach including optical microscopy in thin section (OM),
X-ray powder diffraction (XRPD), scanning electron microscopy with Energy Dispersive Spectroscopy
(SEM-EDS) and electron microprobe analysis (EMPA).

Petrographic analysis was performed using a D-7082 Oberkochen microscope (Carl Zeiss,
Oberkochen, Germany) to define main inclusions, voids and matrix features according to the
Whitbread’s procedure [53].

On the basis of petro-fabrics identified by OM, a micro-sample of eight representative samples
from the ceramic body was gently ground in an agate mortar and analyzed by XRPD using a D8
FOCUS diffractometer (Bruker, Karlsruhe, Germany) with CuK« radiation, operating at 40 kV and
30 mA. The following instrumental set-up was chosen: 3-60° 20 range, scan step of 0.02° 26/2s.
Semi-quantitative analysis was performed using XPowder X© Ver. 2019.06.22 software, based on the
“Reference Intensity Ration Method”.

Thin sections were metallized to be analyzed by a Quanta 400 (SEM-EDS) instrument (FEI company,
Hillsboro (OR), USA), operating at 20 kV, equipped with an EDAX Genesis detector for chemical
analysis. EDS spectra were acquired to analyze the chemical composition of both the black surface
and the inclusions. A minimum of three spectra were collected for each matrix and slip. In addition,
SEM imaging was performed to study the ceramic micro-morphology and the vitrification degree of
the black superficial layer [35].

A GSX50 electron microprobe (Cameca, Gennevilliers, France) equipped with five
wavelength-dispersive spectrometers was also used to analyze in detail the chemical differences
among ceramic body and black-gloss in black-gloss ware samples (7, Table 1). A minimum of three
spots on both body and slip were collected and then the average concentration was calculated for each
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element. The following operating conditions were chosen: accelerating voltage 15 kV, beam current
15 nA, and beam size 10 um on the matrix and 5 um on the glaze. Element peaks and background
were measured with counting times of 20 and 10 s respectively. Wollastonite was used as a reference
standard for Si (TAP, thallium (acid) phthalate crystal) and Ca (PET, pentaerythriol crystal), periclase for
Mg (TAP), corundum for Al (TAP), jadeite for Na (TAP), rutile for Ti (PET), magnetite for Fe (LIF,
lithium fluoride crystal), thodonite for Mn (LIF), orthoclase for K (PET), chalcopyrite for Cu (LIF),
galena for Pb (PET), cassiterite for Sn (PET), and sphalerite for Zn (LIF).

Matrix corrections were calculated by the PAP method [54], with software supplied by Microbeams
Services (Gennevilliers, France). The analytical error was ~1% relative for major elements, and it
increased as their concentration decreases. Detection limits under the specified working condition
ranged between 0.01 and 0.1 wt.%.

4. Results
4.1. Ceramic Body

4.1.1. OM Analysis

Petrographic analysis allowed the identification of 2 fabrics showing similar features in terms
of inclusions, voids and matrix (Table 2 and Figure 2): “fabric A-fine” from silt to sand and “fabric
B-coarse” from silt to coarse sand.

Table 2. Microscopic features and petrographic composition of the ceramic samples analyzed.

Samples Porosity Matrix Inclusions

20%

Dominant: quartz
(0.02-0.2 mm),
plagioclase (0.02-0.1 mm)
Common: mica
(0.02-0.2 mm), nodules
of iron oxides

(0.02-0.15 mm)

Rare: calcareous
inclusions (0.02-0.8 mm)
15%

Dominant: quartz

FABRIC A 10% 70%

4026-102 'l‘nICI'O—VGSICIGS optically inactive
micro-/meso-vughs

4226-106

4032-101

5%
micro-vesicles
micro-/meso-vughs

80%
optically inactive

10%
micro-/meso-vesicles
meso-/macro-vughs

70%
optically inactive

(0.01-0.15 mm),
plagioclase (0.01-0.1 mm)
Rare: nodules of iron
oxides (0.02-0.15 mm)
Very rare: destabilized
calcite (1 mm)

20%

Dominant: quartz
(0.02-0.2 mm),
plagioclase (0.02-0.1 mm)
Common: mica
(0.02-0.2 mm), nodules
of iron oxides

(0.02-0.15 mm)

Rare: calcareous
inclusions (0.02-0.8 mm)
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Table 2. Cont.

Samples

Porosity

Matrix

Inclusions

4032-158

4032-105

4032-104

4226-108

4020-107

20%
micro-/meso-vesicles
micro-/macro-vughs

10%
micro-/meso-vesicles
micro-/macro-vughs

10%
micro-vesicles
micro-/macro-vughs

10%
micro-/meso-vesicles
micro-/macro-vughs

10%
micro-vesicles
micro-/mega-vughs

60%
optically inactive

70%
optically inactive

70%
optically inactive

60%
optically inactive

60%
optically active

20%

Dominant: quartz
(0.1-0.15 mm),
plagioclase
(0.15-0.01 mm)
Common: mica
(0.01-0.08 mm), nodules
of iron oxides
(0.01-0.04 mm)

20%

Dominant: quartz
(0.02-0.1 mm),
plagioclase
(0.02-0.05 mm)
Common: pyroxene
(0.5-0.12 mm), mica
(0.02-0.1 mm)

Rare: nodules of iron
oxides (0.02-0.2 mm)
20%

Dominant: quartz
(0.02-0.2 mm),
plagioclase
(0.05-0.15 mm)
Common: mica
(0.02-0.5 mm)

Rare: fragments of rocks
(0.01 mm)

20%

Dominant: quartz
(0.01-0.25 mm),
plagioclase (0.05-0.1 mm)
Common: mica
(0.03-0.1 mm)

30%

Dominant: quartz
(0.01-0.08 mm),
plagioclase (0.05-0.2 mm)
Common: mica
(0.01-0.2 mm),

Rare: nodules of iron
oxides (0.02-0.1 mm)

FABRIC B
4226-109

20%
micro-/meso-vesicles
micro-/meso-vughs

50%
optically active

30%

Dominant: quartz
(0.02-0.15 mm) Common:
plagioclase

(0.05-0.1 mm),
K-feldspar (0.02-0.4 mm),
mica (0.01-0.2 mm)

Rare: fragments of
calcareous rocks
(0.07-0.2 mm)

6 of 18
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Table 2. Cont.

Samples Porosity Matrix Inclusions

40%

Dominant: quartz

(0.01-0.2 mm),

plagioclase (0.05-0.2 mm)

30% Common: mica

optically active (0.03-0.1 mm)

Rare: fragments of rocks

(0.1-0.2 mm), fragments

of calcareous rocks

(0.07-0.2 mm)

20%
Dominant: quartz
(0.02-0.1 mm),
plagioclase (0.05-0.2 mm)
Microfossils
20% o Common: pyroxene
loner 60% (0.15-0.6 m}I)I}lI), fragments

micro-/meso-vesicles . . .
4052-103 micro-/macro-vughs optically inactive of basic rocks
(0.05-0.4 mm)

Rare: fragments of basic
rocks (0.1-0.6 mm),
fragments of calcareous
rocks (0.02-0.15 mm)

30%
4226-110 micro-/macro-vesicles
micro-/meso-vughs

The fabric A-fine (samples 4026-102, 4226-106, 4032-101, 4032-158, 4032-105, 4032-104, 4226-108,
and 4020-107) showed a predominance of quartz and plagioclase, with mica and pyroxene (present),
rare nodules of iron oxides, and lithic fragments such as flint and calcareous rocks. The porosity is
mainly represented by micro- and meso-vesicles and from micro- to macro-“vughs” aligned to the
margin of the section.

Samples 4226-109 and 4226-110 are included in the fabric B-coarse characterized by “coarser”
inclusions respect to fabric A-fine. Quartz is the main inclusion, along with plagioclase, K-feldspar,
mica, and rare fragments of calcareous rocks. Porosity includes micro- and macro-vesicles and from
micro- to meso-vughs oriented in parallel along to parallel to the margin of the sample.

Finally, sample 4032-103 is a loner and is distinguished from the other samples for some fragments
of basic rocks with grain size in the range 0.05-0.4 mm and microfossils (planktonic foraminifera) both
scattered in the matrix and embedded in carbonate clasts.

4.1.2. XRPD Analysis

The samples are characterized by very abundant quartz (Table 3). In addition, XRPD spectra of
samples belonging to fabric A-fine showed the common presence of pyroxene, traces of mica and
variable amounts of K-feldspars and calcite. The bucchero sample in this fabric is characterized by
high amounts of mica and K-feldspar, whereas pyroxene is absent.

The samples of bucchero belonging to fabric B-coarse displayed a minor amount of plagioclase,
K-feldspar, and mica. Traces of calcite are also present.

The XRPD spectrum of the loner sample 4032-103 confirmed the presence of plagioclase, pyroxene,
and calcite in scarce amount and mica in traces.

Finally, clay minerals were not identified, neither in traces, in any sample, whereas neo-formed
gehlenite was identified, as present or in trace, only in black-gloss ware samples.
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Figure

(loner, Black-Gloss Ware).

fabric A

fabric B

8 of 18

2. Microscopic images of representative samples for each fabric, from top to bottom:
sample 4026-102 (fabric A-fine, Black-Gloss Ware), sample 4032-104 (fabric A-fine, Black-Gloss Ware),
sample 4020-107 (fabric A-fine, Bucchero), sample 4026-110 (fabric B-coarse, Bucchero), sample 4032-103

Table 3. Mineralogical composition of bucchero and black-gloss ware (BGW) samples.

Sample Fabric Qtz Pl Px Cal Mca Hem Kfs Gh
4026-102 BGW ++++ +++ + + tr + + tr
4032-158 BGW ++++ ++ ++ tr + tr
4032-105 BGW A ++++ +++ ++ ++ tr tr +
4032-104 BGW +++ +++ ++ tr + ++
4226-108 Bucchero ++++ +++ +++ +++
4226-109 Bucchero B ++++ ++ ++ + +
4226-110 Bucchero ++++ + tr ++ +
4032-103 BGW ++++ +++ ++ ++ + +

Semiquantitative indications are: ++++ very abundant (70-50%), +++ abundant (50-30%), ++ present (30-15%),
+ scarce (15-5%), tr trace (<5%). (Qtz: quartz; Pl: plagioclase; Px: pyroxene; Cal: calcite; Mca: mica; Hem: hematite;

Kfs: K-feldspar; Gh: gehlenite).
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4.1.3. SEM-EDS Analysis

SEM images and EDS spectra confirmed the results of the previous analysis and provided deeper
information about the fine inclusions embedded in the matrix, as well as preliminary chemical data of
the body. Indeed, samples of black-gloss ware included in fabric A-fine revealed the predominance of
mineral inclusions such as quartz, K-feldspar, clinopyroxene, biotite, Ca-plagioclase (sample 4032-101)
amphibole (sample 4026-102), and zircon (samples 4032-158 and 4032-101).

The matrix of the ceramic body showed high amounts of Si and Al and minor amounts of Fe,
K, Ca, and Mg for those samples identified as produced from central Italy, Pyrgi, and Southern
Latium; the sample identified as produced at Cales showed high amounts of Ca in the ceramic body,
whereas samples from Pompeii have low amounts of Ca.

In addition, the elemental distribution in the X-ray maps of sample 4226-106 (Figure 3) shows a
2-5 um thick rim at the calcareous inclusion/matrix interface composed of Al together with Ca and Si,
gehlenite formed only at the edge of a calcareous inclusion which preserves an unaltered nucleus.

Si

Figure 3. Optical microscopy (OM) and Back Scattered Electron (BSE) images of destabilized calcareous
inclusion. Secondary Electron (SE) image and X-ray maps of the reaction rim (sample 4226-106).

The bucchero samples belonging to fabric A-fine showed a matrix of the ceramic body with
high Si, Al, lower amount of Fe and traces of Ca, K, and Mg. Inclusions are mainly composed of
quartz, K-feldspar, plagioclase, mica, and very small inclusions of zircon and garnet. In addition,
sample 4020-107 showed planktonic or benthic foraminifera scattered in the ceramic body.
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SEM-EDS analysis on the bucchero samples belonging to fabric B-coarse (4226-109 and 4226-110)
revealed the presence of quartz, K-feldspar, zircon, and garnet as inclusions. The matrix showed a
chemical composition with high Si, Al, and low amount of Fe, Ca, and K.

Concerning the “loner” (sample 4032-103), the presence of clinopyroxene, nodules of iron oxides,
ilmenite, fragments of flint, and planktonic or benthic foraminifera (among them, Globigerinoides were
identified, Figure 4), confirm the different composition of this sample with respect to the other samples.
The matrix of the ceramic body is mainly composed of Si, Al, and Ca, with low amounts of Fe and
traces of K and Mg.

det HV WD pressure |spot| mag —100 pm ——
DualBSD |30.00 kV|10.9 mm|1.69e-3 Pa| 4.7 | 800 x FEI Quanta

Figure 4. BSE image of a Globigerinoides microfossil identified in sample 4032-103 (loner,
Black-Gloss Ware).

4.2. Slip

4.2.1. OM Analysis

Based on the different features of the superficial layer it was possible to separate samples in two
groups. The samples belonging to the first group, identified as black-gloss ware (4026-102, 4226-106,
4032-101, 4032-158, 4032-105, 4032-104, and 4032-103), showed a very thin layer (about 0.01 mm thick)
with good adhesion to the substrate. The color in plane polarized light (PPL) was dark brown/black or
grey and from yellow-greenish to black in crossed polarized light (XPL). Sometimes, the color in XPL
changed rotating the stage. On the contrary, the samples identified as bucchero (4226-108, 4020-107,
4226-109, and 4226-110) are characterized by the absence of a superficial coating or by a thin layer
(about 0.1 mm thick), black in PPL and dark reddish-brown in XPL.

4.2.2. SEM-EDS and EMP Analyses

Chemical composition of the slip was obtained by the combined results of SEM-EDS and EMPA.
In addition, SEM investigations highlighted different levels of vitrification of the slip among the samples.

The slip is composed of a single layer, being it very compact in the case of black-gloss ware
(Figure 5a,b) and more porous, inclusion-bearing in the bucchero samples (Figure 5c). Samples of
black-gloss ware of fabric A-fine showed a compact superficial layer, with a variable thickness from 9 to
15 um, and chemical composition similar to the matrix, but with lower amounts of Si and Ca and higher
of Al and Fe. The bucchero samples belonging to fabric A-fine showed an irregular surface layer, with a
thickness of about 160 um, not vitrified, but characterized by the presence of a series of embedded
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inclusions. Among them, K-feldspars (particularly, a high T feldspar with a disordered structure
embedding Fe inclusions), clinopyroxene, and apatite were identified. Fabric B-coarse consisted of two
samples of bucchero (4226-109 and 4226-110) in which no trace of superficial decoration remained.
The surface of the loner sample (4032-103) was covered by a thin slip ranging from 7 to 10 pm; the EDS
spectrum showed a chemical composition similar to the matrix, but with higher Fe content.

Figure 5. BSE images of slip and ceramic body of representative samples: (a) initial vitrification stage
of ceramic body and homogeneous and compact slip (sample 4026-102); (b) extensive vitrification stage
of ceramic body and homogeneous and compact slip (4032-104), (c) not vitrified body and porous slip
(4226-108).

EMP analysis of the black-gloss ware is reported in Table 4 highlighting the differences among
ceramic body and slip. Chemical results showed that the matrix has high amounts of SiO,
(48.33 wt.%—-59.98 wt.%) and Al,O3 (16.98 wt.%-20.05 wt.%) and variable CaO (4.74 wt.%-12.98 wt.%).

Table 4. Electron microprobe analysis (EMP) composition of slip and bodies from the different ceramic
samples. Concentrations in wt.%.

Sample. 4026-102 4032-158 4226-106 4032-103 4032-104 4032-105 4032-101
Slip Body Slip Body Slip Body Slip Body Slip Body Slip Body Slip Body
SiO, 4850 5350 4623 5556 4656  57.18  46.09 5647 4670 5998 4497 5843 4723 4833
TO, 0452 055 0.54 0.78 0.42 0.68 0.39 0.76 0.67 0.64 0.60 0.32 0.40 0.74
AlL,O3 2863 1972 2781 2005 2832 1712 3072 1698 27.83 1892 2757 1917 2784 1758
MgO 275 421 2.28 2.59 217 273 1.56 3.58 241 1.57 2.02 2.35 2.44 5.75
CaO 0.69 7.79 0.56 7.90 0.83 12.98 1.70 10.22 0.98 5.75 0.97 4.74 0.94 6.53
MnO 017 0.04 0.12 0.09 0.09 0.14 0.31 0.31 0.29 0.27 0.99 0.09 0.09 1.48
FeO 1315 855 13.11 3.53 1232 573 12.58 7.44 1454 531 13.87 694 1191 16.48
CuO 0.03 0.10 0 0.02 0.03 0 0.01 0.01 0.01 0.01 0.02 0 0.02 0.03
ZnO 0.06 0.12 0.10 0.07 0.10 0.07 0.04 0.02 0.04 0.11 0.04 0.01 0.12 0.04
Na,O 050 1.45 1.73 0.99 0.86 0.79 043 0.66 1.71 242 0.80 1.68 0.65 0.18
KO 5.07 3.98 7.52 8.42 8.30 2.58 6.17 3.56 4.83 5.05 8.15 5.28 8.37 2.87
Total: 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Al/Si 0.6 0.4 0.6 0.4 0.6 0.3 0.7 0.3 0.6 0.3 0.6 0.3 0.6 0.4

In addition, the body shows a general moderate content of Na,O (0.66-1.68 wt.%) except for
sample 4032-104 with a content of 2.42 wt.% and high concentrations of K,O (2.58-8.42 wt.%).
MgO concentration varies between 1.57 wt.% and 5.75 wt.%, MnO content between 0.04 wt.% and
1.48 wt.%, TiO, ranges from 0.32 wt.% to 0.78 wt.%, and ZnO between 0.008 wt.% and 0.121 wt.%.

CaO content indicates that ceramic can be mainly defined as calcareous, except for black-gloss
ware from Pompeii (4032-105 and 4032-104), in which the percentage is lower than 6 wt.% [55].
In addition, the amount of fluxes (KO, FeO, CaO, MgO, and TiO5) is greater than 9 wt.%, allowing the
clays to be classified as low refractory [55,56].

Black-gloss ware slips showed a decrease in 5iO; and CaO and an increase in FeO and Al,O3 with
respect to the body. The other elements did not show considerable variations between body and slip.

SEM images (Figure 5) allowed the evaluation of the vitrification level of both the slip and ceramic
body. Black-gloss ware samples showed quite a homogeneous compact slip, whereas bucchero samples
showed a thicker superficial layer, neither homogeneous nor compact. Black-gloss ware samples
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showed an “initial vitrification” of the ceramic body, as defined by Maniatis and Tite [55], by the
appearance of isolated smooth-surfaced areas, more “extensive” [55] in sample 4032-104 in which rare
slight buckling and rounding of the edges of the clay plates are observed. On the contrary, in the
bucchero samples the body did not show any evidence of the vitrification process.

5. Discussion

5.1. Production Technology

The combined application of OM, XRPD, SEM-EDS, and EMPA gave an exhaustive picture about
the general production technology as well as the different technological knowledge related to the
superficial decorations.

Concerning fabric A-fine, the abundant presence of very fine inclusions suggests that the vessels
were produced starting from a depurated clay. The unimodal grain size distribution excludes an
intentional addition of tempers by the ancient potters [29]. Among them, only one bucchero sample
showed rare foraminifera probably due to a not accurate depuration of the starting clay or a different
supply of the raw materials.

The optical microscopy analysis evidenced that only a few samples show rare calcareous inclusions,
however the calcium oxide amount recorded by means of EMPA is from 4.74 to 12.98 wt.%, suggesting
the clay raw material used for the studied ceramics were calcareous clays with finely dispersed calcium
carbonate. Fabric B-coarse showed similar composition to the other samples, with predominant quartz,
K-feldspar, and a unimodal grain size distribution, excluding temper addition. However, the coarser
grain size with respect to fabric A-fine suggests a different supply source, as confirmed by the presence
of flint fragments. The presence of flint in these samples could be related to sand or sedimentary rocks
found along the Sarno river, suggesting a probable provenance related to this area [49].

Finally, the Apulian kylix is distinguished by the diffuse presence of planktonic foraminifera and
of some coarser fragments of rocks, the latter strongly confirming the absence of clay purification.
A fossiliferous clay can be hypothesized, also supported by the high amount of CaO.

The absence of clay pallets in OM analysis indicates that after material selection, the paste was
properly mixed with water for a long time and with a good clay/water ratio [32]. After the mixing,
the ceramic was shaped using the potter’s wheel, as testified by the regular thickness of vessel
walls, the circular traces on the surface and the presence of elongated pores aligned to the margin of
the section [45].

Then, a fine suspension of purified clay was applied on the dry surface [18] and finally, the vessels
were fired. The levigation process is supported by the decrease of SiO; and CaO in the glass, and a
consequent increase of illitic components.

All the samples of fabric A-fine showed optical inactivity of the matrix, giving a preliminary
information about a firing temperature exceeding 800 °C [45], as suggested by the absence of clay
minerals which should be completely degraded in calcareous clay at this temperature [57].

Regarding about black-gloss ware samples, the rare occurrence of calcite and gehlenite suggests a
firing temperature close to the upper limit of the decarbonation range, at about 850-900 °C, at which the
formation of neo-formed calcium silicates or calcium aluminium silicates [58,59] takes place. At these
firing conditions, the ceramic body is made of amorphous material and the formation of gehlenite
occurs through reaction of this amorphous material with calcium oxide, originated from decomposition
of calcite around. In addition, gehlenite is also formed by the reaction at the edge of relatively very
rare coarse calcite inclusions, as observed in sample 4226-106. The “initial vitrification” observed in
SEM images strongly supports the hypothesis of a firing temperature in this range for all BGW, close to
900 °C for the Pompeian plate. However, the decarbonation is strongly influenced by different variables
connected to the firing procedure (heating rate, steam, oxygen concentration, etc.) and the nature
of carbonates (particle size, quantity, crystalline structure, etc.) [60]. Therefore, a firing exposure not
long enough to complete the decomposition of calcareous compounds is hypothesized. Furthermore,
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the obliteration of the internal structure of microfossils and the occurrence of reactions rims as observed
in experimental firings [61-63], strongly support a firing temperature above 850 °C [64], in agreement
with literature [8].

On the contrary, the absence of gehlenite in the bucchero samples suggests a lower temperature
range, as also confirmed by the absence of “vitrification” of ceramic bodies and the porous slip.

Two different firing atmospheres can be attested: black-gloss ware includes samples showing color
matrix ranging from red to brown, with high amounts of nodules of iron oxides, typical of oxidizing
conditions, whereas bucchero samples show a dark black matrix due to reducing conditions.

Concerning black-gloss ware, an oxidizing-reducing-oxidizing cycle is proposed. During the first
oxidizing phase, the temperature is high enough to induce carbonates and clay minerals decomposition,
turning both the body and slip red; when the maximum temperature is reached, a reducing atmosphere
is created avoiding the diffusion of oxygen and favouring the formation of the reducing phases.
At the same time, aluminosilicates in the slip form an impermeable layer to volatiles. Particle size
favours the compactness and smoothness at a lower temperature than that needed for the body [14].
Finally, the third step corresponds to the introduction of oxygen. The oxidizing conditions allow the
re-oxidation of the matrix body, which turns to a reddish color, whereas the vitrified layer prevents the
re-oxidation of the surface in the third firing step or during the cooling. The shiny surface is connected
to the presence of amorphous aluminosilicates in which black phases are embedded [18].

The comparison of chemical data on slip and body do not normally allow us to define if the slip
was obtained by depuration of the same clay or by the selection of a different purified clay with specific
features. Experiments [12] in simulated slip production proved the difficulty of the levigation process
to entirely remove the amount of CaO finely dispersed in the natural clay. However, the higher Al/Si
ratio and the enrichment of K in the slip respect to the body in the samples found at Pompeii could be
considered a clue to the high amount of illitic components in the clay used for the slip [14].

The high concentration of CaO in the slip of the Apulian kylix could be related to a poor-quality
slip probably due to failure in carbonates removal during the refining process [14]. Finally, the absence
of Zn in the analyzed samples allowed to exclude the acid treatment of the clay with Pliny’s white
vitriol (zinc sulfate) observed in Attic samples probably used during the refining process [65].

5.2. Provenance

Some accidental minerals are rather rare, and therefore defined as markers of well-defined
geographical areas characterized by specific geological and mineralogical features [8,65]. Therefore,
the mineralogical and chemical results of black gloss Pompeian ware are used to verify the archaeological
hypothesis about different production areas (Figure 6).

The fine grain size of the ceramic body has made a challenge in which scanning electron microscopy
and microanalysis were extremely helpful to identify specific markers.

The sample 4032-101 shows the mineralogical association of Ca-plagioclase, biotite, iron oxides,
and zircon, which could agree with the archaeological hypothesis of an Etruscan production, from Pyrgi,
a port city on the slopes of the volcanic domain of the Tolfa Mountains [66].

Samples 4026-102 and 4032-158 are hypothesized from central Italy and southern Latium,
respectively. SEM-EDS analysis revealed the mineralogical associations of K-feldspar, titanium oxides,
clinopyroxene (probably augite), and amphibole as regards the first sample, and of K-feldspar, iron and
titanium oxides, clinopyroxene, and zircon as regards the second.

The areas of origin of the three samples just mentioned are linked to the intermediate Apennine
unit, characterized by aquifers consisting mainly of Cretaceous clastic deposits and a carbonate platform
that affects the Campania-Latium area [49].
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Figure 6. Map showing the probable areas of provenance suggested by the results of this work.
Sample 4032-101: Pyrgi; samples 4026-102: central Italy; sample 4032-158: southern Latium;
sample 4226-106: Cales; sample 4032-103: North-western Apulia; samples 4032-104, 4032-105, 4226-108,
4226-109, 4026-110: Pompeii (blue); sample 4026-107: Salerno area (light blue).

The samples identified as Pompeian production (4032-105, 4032-104, 4020-107, 4226-108, 4226-109,
and 4026-110), confirmed the presence of mafic minerals such as clinopyroxene and biotite and of
Ca-plagioclase. Quartz and K-feldspar in association with garnet and zircon can be correlated to
a high mature sandy sediment enriched in hard and resistant minerals, probably associated with
intermediate volcanic products [67]. In addition, the low-Ca paste, typical of the so called Campanian
A, further confirms the exclusive production in the Gulf of Naples [8]. Differently, the clay containing
foraminifera used for sample 4026-107 was not available close to the site. This is typical of calcareous
marine clays in which the occurrence of volcanic inclusions is related to an area affected by the fall of
the Vesuvian ashes, i.e., the area of Salerno, not far from Pompeii [68].

One of the BGW plates is supposedly from Cales, close to the now called Calvi Risorta and located
70 km north-west of Pompeii. EMP analysis on the ceramic body revealed the highest percentage of
CaO, possibly correlated to the limestones outcropping in that area.

The presence of abundant planktonic foraminifera fragments within the sample 4032-103 could
confirm the Apulian production, as the region stands on a carbonate platform [49]. However,
lithic fragments associated with iron and titanium minerals, such as ilmenite, and other minerals
typical of igneous rocks have been identified. The mineralogical composition could therefore drive
to the hypothesis of a production carried out in local Apulian workshops, close to the Vesuvian
volcanic context.

6. Conclusions

The multi-analytical approach including OM, XRPD, SEM-EDS, and EMPA on some black-wares
from the temple of Venus Fisica allowed the identification of their production technology
and provenance.

Concerning black-gloss ware, the vessels were produced starting from a depurated clay,
less accurate for the Apulian kylix; after an appropriate mixing step, the vases were moulded
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by the potter’s wheel. Then, a fine suspension of purified clay was applied on the dry surface and fired
at about 850-900 °C in an oxidizing-reducing-oxidizing cycle.

The bucchero samples were produced with either very refined or less depurated clay (fabric A-fine
and fabric B-coarse, respectively), possibly coming from different supply sources. The clay was
appropriately mixed and then moulded using the potter’s wheel. A suspension of purified clay
was applied on the dry surface; however, the suspension was probably less refined respect to the
black-gloss ware. The vessels were fired in the range 750-850 °C under reducing conditions avoiding
the vitrification of the slip, completely or almost completely.

Despite the fine grain size of the ceramic body, SEM-EDS and EMPA were extremely helpful to
define specific mineralogical and chemical markers useful to verify the hypothesized provenances.

The locally produced ceramics, both black-gloss ware and bucchero, have been recognized thanks
to the presence of garnet and clinopyroxene, which are typical minerals of the leucitic lavas of the
Pompeian area. Those samples that differ in the presence of foraminifera were probably made using
limestone clays from the nearby Salerno area.

The Apulian kylix reflects the composition of local carbonate rocks due to the abundance of
foraminifera in calcareous clasts. However, the identification of iron and titanium oxides suggests that
the clays from Apulian sediments was the closest to the Vesuvian area.

Finally, the mineralogical association in the samples identified as central-Italian production,
from the Etruscan city of Pyrgi and from southern Latium, reflects the composition of clastic and
carbonate deposits of the Apennine Campanian-Latium unit.
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