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A multi-analytical approach was used to investigate Roman lead-glazed ceramic artefacts from
archaeological excavations at Pompeii and Herculaneum (Italy) aiming at defining the produc-
tion technology of both glaze and ceramic body, by way of integrated investigations. The chem-
ical, structural, and micro-morphological characterisations were performed using a combination
of laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS), optical microscopy
(OM), scanning electron microscopy (SEM), and micro-Raman spectroscopy. Fragments of arte-
facts (skyphoi, oil lamps, bowls, askoi, amphorae, krateres) of great historical and archaeological
interest were sampled. LA-ICP-MS was used to determine the elemental composition by virtue of
its effective lateral resolution, its ability to detect most elements and also to analyse comparably
small samples. All the archaeological objects were coated with a lead-based glaze produced using a
lead oxide-plus-quartz mixture, with sodium/potassium feldspars added as a flux and two different
metals used: copper and iron. Two types of ceramic pastes have been identified, but chemometric
techniques support the hypothesis of a Campanian provenance for the raw materials. Degradation
phenomena such as the partial devitrification of the glaze, i.e. the slow structural reorganisation
towards stable crystalline phases, and the leaching by mineral dissolution in the soil, were deter-
mined.
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Introduction

The practice of coating pottery is attested from
ancient times and it was developed for aesthetic and
functional purposes, for instance to effect both bright-
ness and waterproofing. Among the different classes of
artefacts excavated in Pompeii and Herculaneum, an
interesting nucleus of lead-glazed pottery, represent-
ing the largest set of lead-glazed pottery analysed to
date, was selected for their historical and aesthetic rel-
evance. The stable production of lead-glazed pottery

and its distribution arrived from the East in the first
century BC (Desbat, 1995; Génin et al., 1996; Hochuli-
Gysel, 2002; Di Gioia, 2006). Records of the European
production of lead-glazed pottery are quite scarce and
are concentrated in Italy and France (near Lyon) up
to the Augustan period (Desbat, 1995, 1986). Only in
the second half of the first century AD did glazed pot-
tery spread to Britain, Spain, and the Danube basin
(Walton & Tite, 2010; Arthur, 1979; Picon & Desbat,
1986; Martin, 1992).
As regards northern Italy, it is assumed that, in
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addition to the import of pottery from the workshops
of Tarsus, there was a widespread local production
(Maccabruni, 1987, 1994). Ateliers producing glazed
pottery have also been hypothesised (Greene, 2007;
De Benedetto et al., 2004; Soricelli, 1988) for cen-
tral and southern Italy (Lazio and Campania) and,
as no production centres have as yet been identified
in these regions, both the production technology and
the provenance of this class of pottery are of great
interest.
Two primary glazing technologies have been pro-

posed for Roman pottery: either the application of
a lead compound or a mixture of a lead compound
and quartz onto the ceramic body (Walton & Tite,
2010). Slight variants of these two procedures were
also used, such as the addition of clays to the glaze or
the application of the glazing material onto uncooked
or fired ceramic bodies. A comparison of the chemi-
cal and mineralogical composition of glaze and body
(Walton & Tite, 2010; Hurst & Freestone, 1996) is
required to distinguish between these methods.
The elemental composition of the ceramic bodies,

the lead isotopic patterns of the glaze, together with
stylistic and petrographic data are generally used to
establish provenance. The chemical composition of the
body was used to hypothesise as to the provenance of
artefacts of unknown origin (Pérez-Arantegui et al.,
1996; Picon & Vichy, 1974; Hatcher et al., 1994), while

lead isotopic patterns were often used to reinforce the
data interpretation (Walton & Tite, 2010).
The objects of the present research were twenty-

six samples of glazed pottery from the Pompeii and
Herculaneum areas, representing the largest set of
lead-glazed pottery analysed to date. In order to in-
vestigate the provenance, the technical manufactur-
ing aspects (information on the raw materials and
their processing), and the deterioration phenomena
(the effect of ageing prior to excavation), the micro-
chemical and micro-structural nature of the samples
was investigated using a multi-disciplinary approach
and a combination of techniques, suitably adapted
to the specificity of materials of archaeological inter-
est, e.g. non- or micro-destructive characterisation. In
particular, different traditional techniques, including
polarising optical microscopy (OM), scanning elec-
tron microscopy coupled with an energy-dispersive
X-ray spectrometer (SEM-EDS), and micro-Raman
spectroscopy (Raman), were used in combination with
laser ablation-inductively coupled plasma-mass spec-
trometry (LA-ICP-MS).
In the last decade, LA-ICP-MS has emerged as af-

fording spatial control, important in these structurally
heterogeneous samples, analysis speed, thanks to the
absence of the need for chemical dissolution of sam-
ples, and micro-sampling, also providing knowledge
of elemental composition when the quantity of sam-

Table 1. List of Roman lead-glazed pottery samples where the glaze and ceramic body were analysed

Sample Inventory Stored Description Glaze colour

1 14820b Pompeii excavation deposit Handle Dark green
2 13168b Pompeii excavation deposit Oil lamp Green
3 19078c Pompeii deposit Oil lamp Green
4 10732b Pompeii deposit Oil lamp Dark green
5 3262b Pompeii deposit Oil lamp Dark green
6 4910b Pompeii deposit Oil lamp Dark green
7 7229b Pompeii deposit Oil lamp Dark green
8 6587Ab Pompeii deposit Fragment Brown-ochre
9 17777b Pompeii deposit Filter Brown-ochre
10a 11502b Pompeii deposit Askos Brown-ochre
11 19818c Pompeii deposit Bowl Brown-ochre
12 19814b Pompeii deposit Bowl Green out/brown-ochre in
13 19300c MANNe Oil lamp Green
14 no inventoryc MANNe deposit Askos Green
15a 116669b MANNe Amphora Dark green
16 22544c MANNe Oil lamp Green
17 76937-1659d Herculaneum deposit Amphora Brown-ochre
18 79322c Herculaneum deposit Fragment Green
19 no inventoryd Pompeii deposit Fragment Green
20 1578b Pompeii deposit Bowl Green out/brown-ochre in
21 12431b Pompeii deposit Calyx-Krater Green out/brown-ochre in
22 11978b Pompeii deposit Askos Dark green
23 11771b Pompeii deposit Skyphos Green out/brown-ochre in
24 19817c Pompeii deposit Bowl Green
25 43623b Pompeii deposit Skyphohs Green
26 76-165b MANNe Oil lamp Green

a) Only glaze analysed; b) recovered in Pompeii; c) unknown; d) recovered in Herculaneum; e) National Archaeological Museum of
Naples (MANN).
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Fig. 1. Image of some samples analysed. Scale bar = 3 cm.

ples is insufficient for a traditional ICP-MS analysis;
it is now extensively used by archaeometrists in chem-
ical studies (James et al., 2005; Resano et al., 2005;
Cochrane & Neff, 2006; Mangone et al., 2009, 2011a;
van Elteren et al., 2009; Šelih & van Elteren, 2011;
Stoner & Glascock, 2012) and was used in the present
study to selectively sample glaze, body and deterio-
ration of the different samples. In respect of the OM,
SEM, and Raman analyses, specifically, OM was used
to obtain information on the structure and texture of
the ceramic bodies (e.g. presence of mineral phases,
lithic fragments, etc.) and the glazes (e.g. presence
of phases of neoformation, bubbles, craquelure, etc.).
SEM-EDS analysis was employed in a morphological–
structural investigation to evaluate the conservation
state, to identify the mineralogical accessory phases
in the ceramic bodies and the structure and thickness
of the coatings. Micro-Raman analysis was used to
investigate the crystalline phases, to classify the glass
matrix and to obtain information on the firing temper-
atures of glazes, calculating the polymerisation index
(Colomban et al., 2004, 2006).

Experimental

The samples examined consisted of finds, codified
in Table 1, recovered during archaeological excava-
tions carried out in the last century at the sites of
Pompeii and Herculaneum (Italy) and stored in Pom-
peii -Casa di Bacco-, in the archaeological deposit of

the Superintendence of Herculaneum and in the Na-
tional Archaeological Museum of Naples (MANN).
The objects (bowls, lamps, skyphoi, askoi, etc.)

were extensively studied from the archaeological per-
spective (Di Gioia, 2006). All finds were characterised
by a green (dark or light) and/or brown-ochre coating,
and by a red ceramic body (Fig. 1).
Small fragments of already damaged objects were

used for the analyses, thus minimising the perceptible
effect. This circumstance restricted the range of ana-
lytical techniques that could be employed, due to the
quantity of the sample useful for the investigations.
Therefore, for all the objects, it was not always possi-
ble to sample both the ceramic body and the glaze.
The fragments were examined using different com-

plementary techniques: OM, SEM-EDS, micro-Raman
spectroscopy, and LA-ICP-MS.
Examination of the mineralogical texture was per-

formed by means of an optical microscope (Axioscop
40 – Carl Zeiss, Oberkochen, Germany) on polished
thin sections, whereas SEM (LEO EVO-50XVP, Zeiss,
Cambridge, UK) investigations were carried out on
both untreated samples and on polished thin sec-
tions, after graphite sputter-coating. Microanalyses
were conducted using an Oxford-Link EDS instrument
(Oxford Instruments, High Wycombe, UK) equipped
with a PENTAFET (Si) detector and with a 0.4-mm-
thick Super atmosphere thin window (SATW).
The micro-Raman spectra were recorded using a

Renishaw Invia instrument (Renishaw, York, UK)
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Table 2. Operating conditions and data acquisition parameters used for LA-ICP-MS analysis

ICP-MS gas flows Coolant (plasma) Ar: 13 L min−1
Auxiliary Ar: 0.7 L min−1
Sample transport He: ca 0.5 L min−1 (in ablation cell), Ar (make up gas flow): ca

0.7 L min−1

Laser Wavelength 213 nm (Nd:YAG)
Pulse width (FWHM) 3 ns
Energy distribution Homogenised, flat beam, aperture imaged
Energy density (fluence) 10 J cm−2
on sample surface
Focus Fixed at surface
Repetition rate 5 Hz
Crater diameter ca 32 �m (10 �m for interaction layer and interparticle glass)
Line scan speed 20 �m s−1

Analysis protocol Scanning mode Peak jumping, 1 point per peak, 10 ms dwell time
Acquisition mode Time-resolved analysis
Analysis duration 120 s (ca 60 s background, 30 s signal, 30 s washout)
Isotopes monitored 7Li, 9Be, 23Na, 24Mg, 27Al, 29Si, 39K, 44Ca, 47Ti, 51V, 52Cr, 55Mn,

57Fe, 59Co, 60Ni, 65Cu, 66Zn, 75As, 85Rb, 88Sr, 90Zr, 93Nb, 107Ag,
111Cd, 115In, 118Sn, 121Sb, 138Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm,
153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er

equipped with both diode (785 nm) and He–Cd
(325 nm and 442 nm) lasers. Two objectives 20× and
50× (Leica DM LM microscope, Leica Microsystems,
Wetzlar, Germany) were used to focus the laser beam
on the samples and to receive the back-scattered Ra-
man signal. The exposure time and the accumulations
were selected on a case-by-case basis to obtain suf-
ficiently informative spectra; five scans, 20 s each,
were generally used. The wavelength scale was cali-
brated using a Si(111) standard (520.5 cm−1). The
crystalline phases were identified by comparison with
the library of standard spectra acquired on the same
apparatus.
The laser ablation system employed in this study

was a New Wave Research UP213AI 213 nm (ESI-
New Wave Research Co., Cambridge, UK). This solid
sampling device was coupled to a Thermo Electron
X series II (Thermo Electron Corporation, Waltham,
USA), a quadrupole-based ICP-MS with an enhanced
sensitivity Xs-interface. The ICP-MS was optimised
for dry plasma conditions prior to each analytical ses-
sion in continuous linear ablation mode on NIST SRM
612 by maximising the signals for selected masses
(Mg+, Sr+, and Th+) and reducing oxide forma-
tion by minimising the ThO+/Th+ ratio. Helium was
flushed into the ablation cell to reduce the deposition
of ablated aerosols and to improve signal intensities
and mixed with argon prior to entering the plasma
torch through a Y-shaped HDPE connector: this con-
figuration made it possible to maintain stable and op-
timal excitation conditions and enhanced transport
efficiency of the ablated material. Analyses were per-
formed on the polished cross-sections under the oper-
ating conditions given in Table 2.

To overcome the analyte- and matrix-dependent
elemental response variations in LA-ICP-MS, differ-
ent calibration approaches using a single (Šelih & van
Elteren, 2011) or multiple (van Elteren et al., 2009;
Halicz & Günther, 2004; Liu et al., 2008) standards
were proposed and validated. Given that clay and
glaze composition had to be determined in a single ex-
periment, the ablation yield correction factor (AYCF)
approach (Liu et al., 2008) was used and the fac-
tors were calculated using NIST 610, BCR RM126A,
and Corning D glasses and pelleted NIST Silica brick
199 and Brick clay 679 standards. The LOD were
calculated using the 3s criterion for the actual laser
beam of ø 32 �m from the signal of NIST616 stan-
dard and are reported in Tables 3 and 4. Accuracy, ex-
pressed as the relative difference between the recorded
and the reference values of NIST 612 and Corning
C standards, was greater than 10 % for all the ele-
ments.
Due to the sample heterogeneity (clay compounds,

including minerals and fillers), the LA-ICP-MS anal-
yses were carried out performing ablation on multi-
ple patterns: in particular, up to nine lines, 32 �m
wide and not less than 1 mm long, were selected
for the ceramic body on each sample at the micro-
scope, in an attempt to exclude volcanic minerals and
rock fragments, and ablated. As the glazes were more
homogeneous, only three lines were ablated. Tables
3, 4, and S1 show the mean composition and stan-
dard deviation for ceramic bodies and glazes, respec-
tively.
Principal component analysis (PCA) and cluster-

ing analysis was carried out on standardised data us-
ing the software package Minitab�.
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Table 3. Major constituents of glaze bodies and relevant standard deviation (σ) calculated considering all scans performed ex-
pressed as mass % (LA-ICP-MS results)

Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3 CuO PbO2

Sample mass % mass % mass % mass % mass % mass % mass % mass % mass % mass %

Mean σ Mean σ Mean σ Mean σ Mean σ Mean σ Mean σ Mean σ Mean σ Mean σ

1 (9 lines) 0.3 0.1 0.46 0.07 4.5 0.5 36.1 3.1 0.10 0.03 4.6 0.8 0.20 0.03 0.16 0.03 2.38 0.31 51 6
2 (9 lines) 0.8 0.2 0.88 0.11 6.6 0.8 35.7 3.1 0.92 0.19 5.3 0.9 0.15 0.02 1.15 0.15 2.06 0.27 46 5
3 (9 lines) 0.3 0.1 0.27 0.04 3.9 0.5 32.6 2.8 0.40 0.11 2.3 0.5 0.09 0.01 0.85 0.14 3.71 0.48 55 4
4 (9 lines) 0.3 0.1 0.26 0.04 5.4 0.6 31.0 2.7 1.03 0.21 2.5 0.5 0.16 0.02 0.86 0.14 2.27 0.29 56 4
5 (8 lines) 0.3 0.1 0.30 0.05 2.4 0.4 38.6 2.9 0.15 0.04 2.2 0.5 0.07 0.01 0.80 0.13 5.04 0.56 50 6
6 (9 lines) 0.2 0.1 0.12 0.02 1.6 0.2 35.4 3.0 0.38 0.10 2.0 0.4 0.08 0.01 0.79 0.13 1.63 0.26 58 5
7 (9 lines) 0.3 0.1 0.29 0.04 1.6 0.2 27.2 2.4 0.05 0.01 3.7 0.6 0.07 0.01 0.40 0.07 3.28 0.43 63 5
8 (9 lines) 0.4 0.1 0.38 0.06 5.7 0.7 26.0 2.3 0.04 0.01 2.0 0.4 0.11 0.02 0.90 0.15 0.01 0.01 64 5
9 (9 lines) 0.5 0.1 0.50 0.08 9.0 1.0 32.5 2.8 0.67 0.14 1.7 0.4 0.34 0.04 2.22 0.29 0.02 0.01 52 6
10 (9 lines) 0.9 0.2 0.16 0.02 9.2 1.1 35.2 3.0 0.08 0.02 5.7 1.0 0.05 0.01 1.94 0.26 0.05 0.01 46 5
11 (9 lines) 0.2 0.1 0.49 0.07 9.4 1.0 36.7 3.2 0.69 0.14 3.5 0.6 0.32 0.05 0.98 0.13 0.01 0.01 48 5
12r (9 lines) 0.5 0.1 0.43 0.07 3.8 0.5 28.8 2.5 0.89 0.19 2.5 0.5 0.23 0.03 1.66 0.22 0.08 0.01 61 5
12g (9 lines) 0.3 0.1 0.30 0.05 2.4 0.4 38.6 2.9 0.67 0.14 2.2 0.5 0.07 0.01 0.80 0.13 5.04 0.56 49 6
13 (9 lines) 0.7 0.2 0.46 0.07 3.3 0.5 37.4 3.2 0.14 0.04 3.0 0.6 0.23 0.04 0.28 0.05 4.18 0.54 50 6
14 (9 lines) 0.4 0.1 0.17 0.03 0.6 0.1 20.3 2.2 0.63 0.13 1.4 0.3 0.04 0.01 0.34 0.06 2.67 0.35 73 6
15 (7 lines) 0.4 0.1 0.13 0.02 0.6 0.1 35.1 3.0 0.14 0.04 1.9 0.4 0.03 0.01 0.30 0.05 4.36 0.56 57 4
16 (9 lines) 0.4 0.1 0.20 0.03 1.6 0.2 30.0 2.6 0.18 0.05 2.7 0.6 0.04 0.01 0.51 0.09 5.02 0.65 59 5
17 (9 lines) 0.7 0.2 0.40 0.06 6.5 0.8 26.7 2.3 0.90 0.19 1.6 0.3 0.24 0.04 1.62 0.22 0.02 0.01 61 5
18 (9 lines) 0.7 0.2 1.78 0.19 5.0 0.6 36.5 3.1 1.68 0.30 5.8 1.0 0.27 0.04 0.88 0.15 2.11 0.27 45 5
19 (9 lines) 2.0 0.4 0.27 0.04 3.9 0.5 36.6 3.1 0.72 0.15 7.3 1.1 0.10 0.02 0.99 0.13 1.99 0.26 46 5
20g (9 lines) 0.8 0.2 0.37 0.06 2.4 0.3 35.0 3.0 1.26 0.26 3.3 0.7 0.18 0.03 0.99 0.13 2.54 0.33 53 6
20r (8 lines) 2.7 0.5 0.51 0.08 6.4 0.8 32.1 2.8 1.08 0.23 7.3 1.2 0.95 0.10 1.80 0.24 0.04 0.01 47 5
21 (9 lines) 0.4 0.1 0.32 0.05 1.4 0.2 31.7 2.7 0.17 0.04 2.4 0.5 0.11 0.02 0.09 0.02 2.25 0.29 61 5
22 (9 lines) 0.6 0.2 0.35 0.05 7.7 0.9 38.6 3.3 0.14 0.04 6.2 1.1 0.06 0.01 0.19 0.03 2.17 0.28 44 5
23g (7 lines) 0.8 0.2 0.35 0.05 2.4 0.4 38.0 3.3 0.71 0.15 4.2 0.7 0.14 0.02 1.04 0.14 1.99 0.26 50 6
23r (8 lines) 1.5 0.3 0.93 0.11 5.2 0.6 38.3 3.3 1.34 0.28 4.9 0.8 0.29 0.04 2.87 0.33 0.10 0.02 44 5
24 (9 lines) 0.5 0.1 0.63 0.08 3.9 0.5 32.9 2.8 0.15 0.04 4.9 0.8 0.33 0.04 0.26 0.04 1.06 0.17 55 4
25 (9 lines) 0.2 0.1 0.03 0.01 2.2 0.3 17.8 1.9 0.13 0.03 3.4 0.6 0.01 0.01 0.02 0.01 1.19 0.19 75 4

Results and discussion

Ceramic body

Macroscopically, all the ceramic bodies show a
red colour and a porous paste, with dark clasts vis-
ible in some samples (Di Gioia, 2006); however, the
apparent macroscopic homogeneity does not accord
with a microscopic homogeneity of pastes since differ-
ent mineral-petrographic characteristics can be recog-
nised. The red-glazed ceramic potsherds are charac-
terised by a non-calcareous paste with remarkable
amounts of iron oxides and mineral inclusions, almost
all of quartz and feldspar.
The other potsherds, by contrast, exhibit a cal-

careous paste with volcanic minerals, lithic fragments
and raw materials indicative of volcanic origin: sani-
dine, biotite, and forsterite plus Ti-andradite (melan-
ite garnet), pyroxenes (frequently green diopside), vol-
canoclastic and pumice fragments (Fig. 2). These vol-
canic fragments and minerals (i.e. melanite garnet and
diopside) exhibit characteristics ascribable to the mag-
matic Campanian area (Pompeii, Campi Flegrei, or
Monte Somma). Within this group, two subgroups

were differentiated on the strength of dimension and
quantity of volcanic minerals and lithic fragments,
rare and small (< 100 �m) or common and large
(> 100 �m) (Fig. 2).
A firing temperature of approximately 950◦C,

maintained for at least sufficient time to complete the
reaction between the clayey minerals and calcite, may
be deduced during the firing process for the last group
(the calcareous one), thanks to the identification, in
different samples, of gehlenite; for the first group (the
red glazed one), the well-sintered pastes support the
hypothesis of the use of a firing temperature higher
than 900◦C (Heimann & Maggetti, 1981).
The elemental composition, obtained from LA-

ICP-MS analysis (Table S1, see Supplementary Data)
was processed by multivariate statistical techniques,
Principal components analysis (PCA) and Clustering
analysis, to recognise groups of samples characterised
by way of their elemental composition. To carry out a
more effective chemometric analysis, lead and copper
elemental data were excluded from the dataset: their
presence in the glazes could be discriminating, taking
into consideration not their chemical nature or the ra-
tio of the mixture of the materials utilised but the
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Table 4. Minor constituents of glaze bodies and relevant standard deviation (σ) calculated considering all scans performed ex-
pressed as �g g−1 (LA-ICP-MS results)

V2O5 Cr2O3 MnO CoO NiO ZnO As2O3 SrO SnO2 Sb2O5 BaO

Sample �g g−1 �g g−1 �g g−1 �g g−1 �g g−1 �g g−1 �g g−1 �g g−1 �g g−1 �g g−1 �g g−1

Mean σ Mean σ Mean σ Mean σ Mean σ Mean σ Mean σ Mean σ Mean σ Mean σ Mean σ

1 (9 lines) 262 68 26 7 360 80 1 1 10 2 338 54 68 24 128 27 20 5 224 37 158 29
2 (9 lines) 213 55 216 49 394 87 5 2 190 43 134 27 9 3 138 23 2 1 25 4 73 13
3 (9 lines) 73 19 17 5 206 46 2 1 77 17 53 11 23 8 61 13 7 2 80 13 42 8
4 (9 lines) 88 23 10 5 2208 387 3 1 73 16 66 13 27 10 131 28 183 46 139 23 74 13
5 (8 lines) 55 14 24 7 241 53 2 1 135 31 79 16 35 13 57 12 5 1 92 15 28 5
6 (9 lines) 173 45 16 5 1662 294 1 1 136 31 17 5 172 49 237 40 13 3 53 9 18 3
7 (9 lines) 88 23 15 5 185 41 3 1 33 8 38 8 36 13 67 14 7 2 63 10 36 6
8 (9 lines) 166 43 27 8 180 40 3 1 31 7 65 13 9 3 56 12 2 1 36 6 133 24
9 (9 lines) 191 49 90 25 227 50 5 2 92 21 218 43 35 12 111 24 10 3 140 23 193 35
10 (9 lines) 106 27 230 52 288 64 9 4 72 16 45 9 222 63 100 21 626 159 911 120 29 5
11 (9 lines) 500 103 28 8 144 32 2 1 12 3 80 16 44 16 264 44 2 1 90 15 162 29
12r (9 lines) 118 30 240 53 240 53 12 4 105 24 209 41 38 14 134 28 58 15 30 5 118 21
12g (9 lines) 55 14 24 7 241 53 2 1 135 31 79 16 35 13 57 12 5 1 92 15 28 5
13 (9 lines) 80 21 50 14 310 68 2 1 10 2 166 48 110 31 80 17 10 3 650 86 90 16
14 (9 lines) 44 11 14 5 2299 403 1 1 60 14 72 14 15 5 49 10 27 7 92 15 34 6
15 (7 lines) 41 11 28 8 121 27 2 1 120 27 85 17 270 77 56 12 2626 460 1310 150 24 4
16 (9 lines) 48 12 19 5 357 79 2 1 100 23 142 28 56 20 57 12 163 41 285 47 18 3
17 (9 lines) 880 157 148 33 302 67 11 5 71 16 98 19 51 18 167 28 146 37 17 3 364 53
18 (9 lines) 420 87 147 33 2915 445 17 5 85 19 200 40 119 34 299 50 1970 397 518 69 177 32
19 (9 lines) 258 66 55 16 449 99 8 4 287 52 539 86 8 3 186 32 401 102 247 41 133 24
20g (9 lines) 102 26 74 21 336 74 17 5 139 32 300 48 100 29 168 29 100 25 335 55 967 121
20r (8 lines) 277 71 352 68 526 116 11 5 38 9 842 115 6 2 177 30 237 60 159 26 169 31
21 (9 lines) 48 12 58 16 114 25 32 9 22 5 86 17 146 42 110 23 1192 242 308 51 58 10
22 (9 lines) 155 40 157 35 639 141 16 5 59 13 124 25 89 32 98 21 71 18 828 110 20 4
23g (7 lines) 107 28 93 26 159 35 8 4 90 20 91 18 67 24 193 33 2020 407 360 60 197 36
23r (8 lines) 372 77 300 67 477 105 23 7 21 5 240 48 288 81 311 46 231 59 244 40 410 59
24 (9 lines) 544 112 92 26 318 70 10 5 56 13 86 17 70 25 178 30 264 67 60 10 106 19
25 (9 lines) 78 20 14 5 281 62 2 1 28 6 81 16 36 13 77 16 700 178 52 9 9 2

Fig. 2. SEM-BSE photomicrograph of ceramic body of sample 9 (a). OM (b) and SEM-BSE (c) photomicrographs of ceramic body
of sample 15. Scale bar = 100 �m.

possible diffusion processes during the firing from the
surface to the ceramic body and vice versa (Molera et
al., 2001).
Prior to PCA treatment, statistical criteria of se-

lecting features were also applied, e.g. comparison of
means and variances of the variables, which led to
deletion of the few parameters bearing just noise to
the analysis. For example, elements such as Na, Ti,
Sr, and Mn were eliminated; in these cases, the mean
was quite similar for every predicted class and/or the
intra-class variance was high. In this way, a highly dis-

tinct class structure was found by PCA. The selected
elements were Mg, Al, Si, K, Ca, Cr, Fe, Ni.
The scores and loadings overlay plot onto the first

three principal components subspace, which accounts
for 76 % of the total variance, is shown in Fig. 3,
thereby identifying three clusters (A, B, and C). In
detail, the split between the samples of cluster A and
the others two clusters is observed along the PC1 (A
scores are characterised by negative values of PC1,
B and C scores by positive values), the further sub-
division of cluster B and C is observed along PC2 (C
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Fig. 3. Scores and loadings diagram for first three principal
components related to clayey matrices of fragments.
Accounted variance is 76 % of total.

scores are characterised by negative values of PC2 and
B scores by positive values).The separation of clusters
along PC1 is principally due to the loadings relative
to the Al, K, and Fe parameters, and along PC2 to Si,
Mg and Ca values. The iso-probability ellipsoids, cor-
responding to a 95 % confidence level, are also shown
in Fig. 3. The surface defined by each ellipsoid can be
assumed to determine the boundary of each cluster.
In accordance with the results of SEM investiga-

tions, the division of objects belonging to cluster C
from those belonging to clusters A and B appears to
be due to the use of two different raw materials (ab-
sence of pyroxenes in samples of cluster C and their
presence in both cluster A and B). The distinction be-
tween A and B could be linked to differences in the
production technology (same mineralogical assembly
for both clusters but different dimensions of clasts).
The remarkable similarity in the mineral-petro-

graphic composition of the pastes in clusters B and
C with the pastes of thin-walled pottery excavated in

Fig. 4. Scores and loadings diagram for first three principal
components related to clayey matrices of thin-walled
pottery from Pompeii and Herculaneum fragments (un-
numbered) and glazed pottery. Accounted variance is
83 % of total.

the same two archaeological areas, coeval and locally
produced (Giannossa et al., 2012, 2014; Mangone et
al., 2011b), justifies the extension of the multivariate
analysis to the ceramic body matrices data of thin-
walled pottery. Fig. 4 shows that objects belonging to
clusters B and C merge in one of the two clusters high-
lighted for thin-walled ware, lending weight to their
production in the Vesuvian area.

Glaze

Examination of the cross-sections revealed that the
glazes, well vitrified, with a thickness ranging between
120 �m and 200 �m and compact structure, show the
distinctive presence of Pb.
Irregular surfaces were observed with frequent

signs of corrosion and fractures and bubbles, differ-
ent in size and number. The areas of the corrosion
layers reflected some differences: the internal layers
were richer in Pb and exhibited a higher Pb/Si ratio

Fig. 5. SEM-BSE photomicrographs of samples 6 (a) and 7 (b) showing irregular surfaces, signs of corrosion, fractures, bubbles,
and lead-leaching process.
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Fig. 6. SEM-BSE photomicrographs of interface glaze-ceramic body (a) and of newly-formed crystals (b) of sample 16. SEM-BSE
photomicrograph of hole within glaze (c), ED spectra of external (d), and internal parts (e) of black crystals around hole
in sample 26.

than those on the exterior. This was due to the lead-
leaching process and was manifested in the lack of the
original brilliance of these glazes (Fig. 5). The glaze
mass only rarely presented non-fused quartz crystals.
Numerous newly-formed crystals of typical and

constant composition, Si, Al, Pb, K, Na are present
at the interface glaze-ceramic body (Figs. 6a and 6b).
Newly-formed crystals of composition Si, Al, Na, K
interior and Si, Al, Pb, K, Na exterior (Figs. 6d and
6e) surrounding a hole (Fig. 6c) were observed within
the glaze of sample 26. Their presence and variation
in the composition afforded clues to the technological
process and the flux employed; a suspension of quartz
and lead oxide (probably litharge) with the addition of
an alkaline feldspar as flux was possibly used to make
the glaze. This hypothesis is indirectly confirmed by
the high level of manufacture of these glazes, also doc-
umented by the well-sintered ceramic body, obtained
at high temperatures.
The results of the elemental analysis by LA-ICP-

MS are shown in Tables 3 and 4. The analytical data
indicate that the glazes are of the high-lead type, sim-
ilar in composition to those reported for Roman high-
lead glazes by other authors (Hochuli-Gysel, 2002;
Picon & Desbat, 1986; Pérez-Arantegui et al., 1996;
Hatcher et al., 1994). The total content of PbO varies
between 42 mass % and 75 mass %, in accordance
with the importance of the processes of lead-leaching,

as suggested by the Pb/Si ratio. The presence of cop-
per oxide above 1 mass % in the green glazes (Cu2O
between 1 mass % and 5 mass %), and of iron oxide
in the red-brown ones (Fe2O3 between 1 mass % and
3 mass %), made it possible to unequivocally attribute
the colour to copper- and iron-based compounds, re-
spectively; the different quantities confirm the differ-
ent shades of colour observed (Walton & Tite, 2010;
Greene, 2007; Colomban et al., 2001).
A simultaneous view of the influence of various

chemical parameters can be obtained by an analysis
of the scores and loadings overlay plot onto the first
three principal components subspace, which accounts
for 74 % of the total variance (Fig. 7).
In this case also, elements such as Co, As, Sr, and

Na were eliminated; in these cases, the mean was sub-
stantially the same for every predicted class and/or
the intra-class variance was high. In this way, a well-
distinguished class structure was found by PCA. The
elements selected were Mg, Al, Si, K, Ca, Cr, Fe,
Ni. Accordingly, the red glazes differed in composi-
tion from the green glazes, in addition to Fe and Cu,
mainly for Al, K, Mg, and Ca.
Raman analyses were performed to complete the

chemical characterisation of glazes and the typical
spectrum of lead-based glazes was always obtained:
the main peaks were observed at approximately
500 cm−1 (Si—O bending) and 1000 cm−1 (Si—O
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Fig. 7. Scores and loadings diagram for first three principal
components related to glazes of Pompeii and Hercula-
neum fragments. Accounted variance is 74 % of total.

stretching, more intensive in lead glazes) while no spe-
cific Raman signature related to chromophores was ob-
served, Fig. 8a (Colomban et al., 2004). As reported in
the literature, the band centred at 1000 cm−1 of non-
crystalline silicates can be deconvoluted as the sum of
4 or 5 bands, one for each Qn component; the relative
intensities of these bands can provide a good indica-
tion of the degree of polymerisation of a silicate, be-

cause of the modification of the partial charge of oxy-
gen atoms involved in the Si—O bonds (Fig. 8a) and
of the processing temperature (Colomban et al., 2004,
2006); on the basis of this, a polymerisation index (Ip)
(defined as the ratio of the area of the bending band at
500 cm−1 and the stretching band at 1000 cm−1) was
measured and compared with the reference data. All
the glazes showed an Ip between 0.3 and 0.6, values
similar to those well documented for lead-rich silicates
(0.3 < Ip < 0.5) and for lead-based silicates (0.5 <
Ip < 0.8), hence suggesting a glazing temperature of
about 800◦C (Colomban et al., 2004, 2006). These re-
sults, which are in good accord with the compositional
data obtained by LA-ICP-MS analyses and with the
information obtained by SEM-EDS, also confirm that
the Raman technique can be a viable alternative to
analyses by ICP-MS and EDS for the classification of
vitreous bulk, when it is not possible to perform any
kind of sampling. However, by using this technique, it
is not possible in most cases to identify the elements
responsible for colour in the glazes.
In addition, lead carbonate (Raman peak at

1053 cm−1, Fig. 8b) and calcite (Raman peaks at
283 cm−1 and 1087 cm−1, Fig. 8b) were identified
in some samples (Burgio & Clark, 2001); they could
be residues of the raw materials used (lead sulphide

Fig. 8. Raman spectrum of lead glaze and Qn components (a); Raman spectra of lead carbonate and calcite discovered in samples
(b).

Table 5. Example of comparison between average values of glaze (after subtraction of % PbO and % CuO or % Fe2O3 for green
or brown-ochre glaze, respectively, and renormalisation) and ceramic body

Na2O MgO Al2O3 SiO2 K2O CaO TiO2 MnO Fe2O3 CuO
Sample

Content/%

1
Glaze (dark green) 0.68 0.99 9.7 77.5 0.21 9.8 0.43 0.08 0.34 –
Body 0.77 2.95 16.9 59.9 0.55 16.8 0.77 0.12 0.78 0.02

9
Glaze (brown-ochre) 1.15 1.09 19.8 71.6 1.48 3.8 0.74 0.05 – 0.04
Body 2.38 1.58 20.2 57.1 3.08 4.9 0.82 0.23 7.13 0.10

19
Glaze (green) 3.76 0.52 7.4 70.2 1.39 14.1 0.19 0.09 1.89 –
Body 2.90 2.21 13.7 60.9 0.50 15.9 0.23 0.10 1.94 0.02
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for example) or the products of glaze weathering (De
Benedetto et al., 2004).
As to the methods used to apply the glazes, the

two primary glazing methods discussed in the litera-
ture (Desbat, 1986, 1995; Génin et al., 1996; Hochuli-
Gysel, 2002; Di Gioia, 2006; Walton & Tite, 2010)
can be distinguished by subtracting the percentages of
lead oxide and copper (or iron) oxide from the glaze
composition, and re-normalising the resulting compo-
sition to 100 % (Walton & Tite, 2010; De Benedetto
et al., 2004); this resulting glaze composition is then
compared with the composition of the body (Table 5).
When glazing was obtained by the application of lead
oxide by itself, the resulting glaze and body compo-
sitions should be the same. By contrast, when glaz-
ing was produced by the application of a lead oxide-
plus-quartz mixture, the silica content of the result-
ing glaze should be higher than that of the body, and
the alumina and other oxide contents should change
(Walton & Tite, 2010; De Benedetto et al., 2004).
The present results, in good accord with mineral-
petrographic data, suggest that the glaze was a mix-
ture of lead oxide and quartz (as for samples 1 and
9 shown in Table 5). In addition, sodium/potassium
feldspar could be added in some cases (as for sample
19 in Table 5).

Conclusions

This work details the chemical characterisation of
glazed potsherds from the Vesuvian area (Italy): the
largest set of lead-glazed pottery analysed from Pom-
peii and Herculaneum to date, comprising twenty-six
finds of different shape and function, was characterised
morphologically, mineralogically, and chemically. In
addition, clear information emerged on the production
technology and raw materials provenance.
Specifically, the ceramic finds were covered with

a lead-based glaze produced using a lead oxide-plus-
quartz mixture, whereas sodium/potassium feldspars
were added as a flux and two different chromophores
used: copper for green and iron for yellow-brown
glazes.
Although kilns containing glazed ceramic wastes

have not yet been discovered, a Campanian prove-
nance for the raw materials is sustained by the chemi-
cal and mineral-petrographic data. Besides, the signif-
icant similarities in raw materials between the glazed
and coeval and locally produced thin-walled pottery
originating from Pompeii and Herculaneum (Gian-
nossa et al., 2012, 2014; Mangone et al., 2011b) en-
dorse the hypothesis of a Campanian provenance. As
a result, the archaeological thesis that the bilicne oil
lamp (sample 26, Fig. 1) was produced in Asia Minor
and subsequently imported and glazed in Pompeian
workshops, as suggested by archaeologists (Ziviello,
1989) and reported in the museum description at
MANN, is contested. The characteristics of the ce-

ramic body and the presence at the interface of the
glaze-ceramic body of newly formed crystals of inter-
mediate composition between ceramic body and glaze
suggest that the item is an excellent imitation locally
produced.
Finally, this study emphasises the growing value of

a multidisciplinary approach and the benefits of using
LA-ICP-MS in archaeological investigations.
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Maison de l’Orient méditerranéen Jean Pouilloux, pp. 303–
319). Lyon, France: Maison de l’Orient Méditerranéen. (in
French)

Hurst, D., & Freestone, I. (1996). Lead glazing technique from a
medieval kiln site at Hanley Swan, Worcestershire. Medieval
Ceramics, 20, 13–18.

James, W. D., Dahlin, E. S., & Carlson, D. L. (2005). Chem-
ical compositional studies of archaeological artifacts: Com-
parison of LA-ICP-MS to INAA measurements. Journal of
Radioanalytical and Nuclear Chemistry, 263, 697–702. DOI:
10.1007/s10967-005-0645-5.

Liu, Y. S., Hu, Z. C., Gao, S., Günther, D., Xu, J. A., Gao,
C. G., & Chen, H. H. (2008). In situ analysis of major and
trace elements of anhydrous minerals by LA-ICP-MS without
applying an internal standard. Chemical Geology, 257, 34–
43. DOI: 10.1016/j.chemgeo.2008.08.004.

Maccabruni, C. (1987). Ceramica romana con invetriatura al pi-
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