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Abstract: The characterization of archaeological ceramics according to their chemical composition

provides essential information about the production and distribution of specific pottery wares. If

a correlation between compositional patterns and local production centers is assumed, pottery

manufacturing and trade and, more generally, economic, political, as well as cultural relations

between communities and regions can be investigated. In the present paper, the combined application

of portable XRF and statistical analysis to the investigation of a large repertory of ceramic fragments

allowed us to group the assemblage by identifying geochemical clusters. The results from the

chemical and statistical analysis were then compared with reference ceramic samples from the

same area, as well as with macroscopic and petrographic observations to confirm, coalesce or sub-

divide putative sub-divisions. The study of 141 samples from different sites located within a wide

area spanning across the Colline Metallifere and the coast (Monterotondo Marittimo, Roccastrada,

Donoratico, and Vetricella) provided new clues for a new interpretive archaeological framework that

suggests that there was a well-defined organization of pottery manufacturing and circulation across

southern Tuscany during the early medieval period.

Keywords: pXRF; PCA; pottery

1. Introduction

The characterization of archaeological ceramics according to their elemental compo-
sition provides essential information about the circulation and consumption of specific
pottery wares in the territory [1].

In recent years, the application of pXRF analysis to archaeological issues has become
attractive in many ways. It has fast acquisition times and low experimental costs, and
facilitates the scanning of large repertories in a non-destructive manner. Handled and
portable devices also promote the in situ analysis of a wide range of materials [2].

Despite the challenges and limitations of using portable XRF techniques with source ce-
ramics, the use of statistical methods has helped develop a fundamental tool for discerning
between different pottery samples [3]. Aside from the accuracy of both the measurement
and data processing, the way the results are inferred relies on how precisely the geo-
graphic location of the source material can be defined [4]. When a precise definition of
the geographic location of the source material is not possible, or the geographical range
is represented by a wide and highly heterogeneous area, the analysis of the reference
materials (both concerning clays and/or reference pottery samples) becomes essential for
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inferring possible ancient exchange routes [4,5]. Several studies have demonstrated that
pXRF analyses are applicable to the provenance studies of ceramics when the geological
variability of the region and/or the inclusion of reference materials are also considered [6].

In this way, pXRF produces compositions and, subsequently, clusters that can be
compared with other information (such as shape, surface finish and functional typology, as
well as the indications that can be obtained via traditional mineralogical and petrographic
observations) to confirm, coalesce or sub-divide putative sub-divisions of the pottery
assemblage under study.

In the last few years, the interdisciplinary, ERC-advanced nEU-Med project promoted
an in-depth archaeometric examination of a wide repertory of different ceramic fragments
and raw materials that have been obtained from the main clay sources identified in the
Colline Metallifere area [7]. Within this framework, the present study aims to describe
how the application of pXRF to the screening of a large repertory of ceramic fragments has
supported the acquisition of new data that helps to delineate the production and circulation
of pottery during the Early Middle Ages (8th–10th centuries) within the Colline Metallifere
area (southern Tuscany).

The archaeological site of Vetricella is a peculiar case study, as the archaeological data
collected so far (not only concerning the ceramic findings) indicate that this settlement was
the center of a royal property active between the 8th and 11th centuries [8]. Thanks to the
archaeological campaigns promoted by the nEU-Med project, Vetricella represents the first
Italian context of a royal property that has been extensively excavated so far.

Portable XRF has been used here for a preliminary analytical survey of a wide reper-
tory of 141 ceramic fragments from Vetricella and the nearby archeological sites of Mon-
terotondo Marittimo, Roccastrada and Donoratico (Figure 1). The pXRF analysis is also
supported by further statistical, mineralogical and petrographic analyses. The chemical
investigation and the subsequent statistical grouping also aim to optimize sample selection
for a further in-depth characterization of clusters and outliers via high-resolution methods.
The variability of the ceramics has been determined through a new approach that is based
on the unsupervised classification of chemical elements that results from handheld XRF
measurements [9], albeit controlled by archaeological and typological classifications, as
well as traditional mineralogical and petrographic analysis.

 
(a) 

Figure 1. Cont.
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Figure 1. (a) Map of central Italy where the locations of the ceramic assemblages that have been

explored in the text are reported. (b,c) The site of Vetricella.

2. Application of Portable XRF for Ceramic Investigations: The State of the Art

Highly sensitive benchtop analytical techniques for a chemical investigation of het-
erogenous samples, such as inductively coupled plasma mass spectrometry (ICP-MS), X-ray
fluorescence (XRF), neutron activation analysis (NAA) and scanning electron microscopy
and energy dispersive X-ray spectrometry (SEM-EDX), have been extensively used for
the geochemical characterization of both ceramic materials and clay sources [10–13]. De-
spite their high accuracy and precision, these methods suffer from high costs and long
acquisition times, together with the partial or total destruction of the sample [4].

In the last decades, the use of non-destructive methods in conservation science has
gained general acceptance [14–18], however due to the reduced sensitivity to trace elements,
the use of XRF in the investigation of archaeological materials remained poor compared to
more accurate analytical techniques [19].

The successful application of pXRF to the investigation of highly heterogeneous
materials, such as ceramics and soils, is, however, still strongly discussed [20–28]. Central
to the debate is the complex nature of the matrix itself and the quest for both high analytical
precision and reproducibility [29,30].

A number of dedicated analytical strategies have been proposed so far to overcome
the main disadvantages that affect the application of pXRF to the investigation of ceramics.
The analysis of homogenized powdered samples and the acquisition of multiple spots
are methods used to average and assess the variations caused by the heterogeneity of the
fabric (typically consisting either of a clay matrix and a mineral skeleton and/or a temper
of variable particle size) and the possible presence of surface alterations (caused by firing
or post-depositional conditions) or coatings [20,21,31].

A semi-quantitative estimation of the chemical concentration of each element could
be achieved by the application of several calibration methods. Portable XRF spectrometers
offer built-in calibration packages for a number of different substrates. Internal calibra-
tions methods can also be adjusted by the user thanks to the measurement of certified
reference materials (CRMs), or standards, which improves the accuracy of the reported
concentrations within a specific dynamic range [23].

The application of built-in calibrations is, however, strongly matrix dependent, and
the reduced versatility of internal software represents one of the main disadvantages to
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the use of pXRF in ceramic studies [19,20,23,32]. While pre-installed calibrations that
are based on commercial algorithms are considered satisfactory for more homogenous
substrates, the development of a material-specific calibration is strongly recommended to
help users manage the complex nature of more heterogeneous materials. Previous studies,
in particular, reported relative errors of around 50% for most factory calibrations, while
custom standardizations typically induced a relative error of less than 10% [32–34].

The development of an empirical calibration for ceramic studies has thus been consid-
ered mandatory for obtaining valid and solid results for an inter-instrument comparison
with data extracted by the tests, or for a future evaluation of a database outside the orig-
inal experiment [21,32,35,36]. Nevertheless, despite the high reliability of the correction
coefficients that is provided by empirical matrix-matched calibrations, the accuracy of an
intra-instrument comparison is not without issues, since different instruments have been
demonstrated to report varying values even following the same calibration method [37].
On the other hand, if the comparability of the dataset to others could not be assured, solid
empirical evidence proves the adequacy of the application of built-in calibration routines
for obtaining internally consistent result for archaeological interpretations [35,38].

The validation of dedicated internal calibrations in the analysis of ceramics represents
an important challenge for making pXRF more accessible. For many users, a lack of access to
more sensitive analytical techniques (e.g., ICP-OES, or NAA) for collecting calibration data
for the creation of a matrix-matched calibration can be highly problematic and expensive,
as can the acquisition of commercial calibration standards that are suitable for unprepared
archaeological samples [24].

The recent advancements in hardware and software development for pXRF led to
the release of more precise internal calibrations, and recent studies have called for an
overall acceptance of specific built-in calibration algorithms for the semi-quantitative
characterization of archaeological materials [3,24,28,29,38,39].

Robust multivariate statistical methods have been widely and successfully applied to
the analysis of large chemical databases for provenance studies and for the recognition and
characterization of local ceramic production to identify possible trading activities [4,25,40,41].

To better represent the high variability of a geochemical dataset, a pre-processing stage
is thus required to standardize data and reduce distinctions in the magnitudes between
major and trace elements [6,42,43]. While some recent studies have stressed the advantages
of applying log ratio transformations to raw data [44–47], the use of standardized log10 data,
combined with multivariate statistical methods, has been demonstrated to satisfactorily
represent the fluctuations in the absolute concentrations of a geochemical dataset [48,49].

Qualitative pXRF analyses are frequently used in archaeology to determine the relative
composition of a substance with the main aim of detecting distinguishable elements
for further provenance studies [3,36–39]. A number of recent studies explored both the
potentialities and limitations of the analysis of pottery using pXRF, which has thus been
proven to be feasible tool for the investigation of individual assemblages of various ceramic
wares [30,50].

One of the most frequently highlighted limitations of the use of pXRF in provenance
studies is that is has a more restricted range of detectable elements than traditional ana-
lytical methods. Despite the fact that the sensitivity and number of elements that can be
measured by pXRF devices is between 10 and 20, only a variable range of 5–10 elements are
in general found to be useful. Moreover, the distinction between different ceramic groups
is generally based upon elements that XRF methods are not great at detecting (e.g., rare
earth elements) [6].

More sensitive analytical methods (e.g., INAA, ICP-MS, etc.) have been so far exten-
sively used in provenance studies because they can be used as part of a high dimensional
dataset (for INAA and ICP-MS, this is 23 and 19 elements, respectively), which comprehen-
sively incorporates part of the spectrum of rare earth elements (REE), meaning that they can
precisely segregate elemental groups on a microregional scale [1,51]. By contrast, most of
these methods involve long analytical times, together with complex and destructive sample
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preparation. Even though the sample preparation issue could be solved by using laser
ablation ICP-MS, its application to the analysis of heterogeneous materials is frequently
semi-quantitative at best [35,52].

Despite the non-negligible discrepancies that are registered in the absolute elemental
concentrations, non-destructive pXRF has been demonstrated to be able to distinguish
between geochemically different ceramic pastes and identify groups in ways that closely
correlate with those indicated by traditional methods [19–24]. In a recent paper [6], LeMoine
provides important insights and suggestions, showing how pXRF and INAA produced
comparative broad ‘macro-provenance’ groupings, with some ability of INAA to provide a
more detailed sub-division of large groups.

Even though pXRF cannot substitute traditional analytical methods as a general
elemental provenance-identifying procedure for ceramics, it can represent an extremely
powerful alternative in cases where the internal grouping of ‘closed’ populations of delicate
and/or highly abundant repertories is required [19]. The identification of carefully tailored
measurement and processing protocols might provide good statistical results in accordance
with those that are obtained through lab-based methods and can strongly support the
archaeological interpretation [53].

The petrographic and microtextural investigation of selected fragments can help
with identifying temper- and mineral-related variations that could influence the chemical
database, as well as with evaluating various technological aspects to strengthen the interpre-
tation of pXRF results [3,54]. The provenance may also be inferred from the mineralogical
composition of the reference groups [13].

The characterization by pXRF of fragments whose provenance has been already
determined by OM and/or traditional chemical analysis can support the definition of
a database for the pXRF examination of unstudied samples from the same archives in
collections where intrusive sampling is not allowed. On the other hand, the initial extensive
pXRF screening of large ceramic repertories also promotes the preliminary definition of
compositional clusters and outliers which can provide a selection of the most representative
samples to be further investigated via more sensitive analytical methods. The in-depth
characterization of selected samples, based on chemical grouping, can then help to refine
the data processing by providing further indications about those elements which could
properly describe the chemical dataset [5,55].

Within this framework, the present study aims to validate the great potential of pXRF
to help with the investigation of a large repertory of pottery samples. In view of the results,
the advantages of the application of a tailored analytical method to a set of reference
samples are discussed together with some preliminary outcomes that have resulted from
the analysis of samples which have an unknown provenance.

3. Archaeological Background

Previous archaeological studies on early medieval ceramic production in Tuscany
have stressed the existence of a fragmented manufacturing base that consisted of only a few
dispersed production sites until the 10th century. Within this framework, the archaeological
evidence suggested that there was a local manufacture of cooking, table and storage wares,
with a scattering of highly skilled ateliers being documented in some areas, including the
Colline Metallifere [56–59].

The archaeological studies that have been carried out in the last few years within the
framework of the ERC nEU-Med project [7] aimed to provide a more accurate chronological
contextualization of the production of some of these ceramic classes between the 7th and
10th centuries. This also encouraged intense research activity that has been focused on the
revision of past studies on some ceramic assemblages from different sites located within
the Colline Metallifere [60–64]. In the wake of the recent advances in ceramic studies that
have been promoted within the nEU-Med project, the more in-depth characterization of
pottery manufacture in the Colline Metallifere area provided a solid point of comparison
with the exceptional findings of Vetricella.
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Vetricella and its surrounding territory formed an important royal property that
preserved its status until the end of the 11th century. Since its discovery in 2005 during
an aerial archaeology survey of the wide Maremma Grossetana coastal plain (southern
Tuscany), the site of Vetricella immediately claimed the attention of scholars due to its many
peculiarities. In particular, thanks to the exceptional variety of findings and its peculiar
location in a territory that resembled many other coastal landscapes of the early medieval
western Mediterranean, at a crucial junction between the sea and the Colline Metallifere,
the site of Vetricella was then identified as key site within the framework of the nEU-Med
project [8].

The extensive archaeological excavations carried out at Vetricella in the last years
returned a variety of indicators (numismatic, ceramic and glassy materials, together with a
large amount of archaeometallurgical, archaeozoological and archaeobotanical findings).
The exceptional nature of these findings, combined with a detailed investigation of the
historical documents, provided clues about the definition of the site as a royal property,
characterized as it was by extensive economic and productive activity dating between the
9th and 11th centuries, while evidence of an earlier occupation (7th–8th centuries) was also
observed [65].

Due to the variety of findings returned at Vetricella, the integration of the archaeo-
logical research with disciplines that include geoarchaeology, archaeobotany, archaeomet-
allurgy, physical anthropology, and physical chemistry was first of all essential to recon-
structing a general history of the landscape, as well as for defining the correlations between
Vetricella and the exploitation of the widely heterogeneous natural resources of the Colline
Metallifere [7,8].

The ceramic assemblage of Vetricella includes a large repertory of pottery belonging to
different ceramic functional classes, such as cooking ware, tableware and storage products
(jars, jugs, pots, bowls and small amphorae), as well as the highly skilled Forum and sparse-
glazed wares. The significant amount of pottery dedicated to different uses and related
to well-defined stratigraphical contexts represented an optimal repertory with which to
deepen the investigation into pottery production in south-western Tuscany during the
Early Middle Ages.

A preliminary comparison of the ceramic assemblage returned at Vetricella with those
from other sites located within the Colline Metallifere (e.g., Monterotondo Marittimo and
Roccastrada) and the coast (Donoratico) allowed us to define the existence of a complex
and well-organized manufacturing base that was characterized by large-scale distribution
within the territory (dating back to the 7th–8th centuries and with a recognizable increase
from the 9th until the 11th centuries).

The multidisciplinary investigation then started to help us form an in-depth char-
acterization of the ceramic assemblages as they related to different sites that are located
within the broad and heterogenous Colline Metallifere area, which would in turn help us to
identify possible production areas and distribution flows within the territory. The results
from this study also provided new perspectives on the distribution of goods within Colline
Metallifere during the 7th–11th centuries and suggested that Vetricella played a key role as
a central site dedicated to the collection and re-distribution of a wide and heterogeneous
range of locally produced materials.

4. Geological Background

The geological setting of the area is the result of a sedimentary and tectonic evolution
that affected the Italian peninsula between the Oligocene and the Pliocene, and which
was strongly connected to the several superimposed compressive stages that led to the
formation of the nappes of the Northern Apennines [66]. The heterogenous structural and
stratigraphic setting of southern Tuscany is therefore derived from different deformational
processes that are related to the convergence between the Corsica–Sardinia and Apulia
microplates [67] and to the following post-collisional extensional tectonics [68].
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Between the Oligocene and lower Miocene, the compressional deformations related to
the collisional episodes resulted in the development of a nappe sheet stack consisting of
different paleogeographic domains.

From the late Miocene, post-collisional magmatism affected southern Tuscany and
the northern Tyrrhenian Sea. The diffused acidic peraluminous intrusive bodies (Elba,
Montecristo, Giglio, Gavorrano, Campiglia Marittima) and cogenetic volcanic products
(rhyolites of San Vincenzo, Roccastrada, La Tolfa) originated from the intense igneous
activity that today defines the so-called Tuscan Magmatic Province (TMP) [69]. The TMP
consists of three main magmatic typologies (melts originating from crustal anatexis, melts
resulting from the mixing of acid crustal and basic subcrustal melts, and mantle-derived
melts) among which the Roccastrada rhyolite represents the most acidic term [70].

The emplacement of magmatic rocks and the related intense hydrothermal circulation
led to the formation of several mineral deposits [71]. Polymetallic sulphidic deposits
(Cu-Pb-Zn-Ag) of southern Tuscany are mainly hosted along a belt which extends from the
Tyrrhenian coast towards the province of Siena.

Between the middle Miocene and the Pliocene, the occurrence of extensional tecton-
ics and crustal thinning led to the development of sedimentary basins with significantly
different tectonic and stratigraphic features [72]. The sediments filling the extensional
basins formed the so-called Neo-autochthonous Complex [73], representing the uppermost
post-orogenic sedimentary succession of southern Tuscany and mainly consisting of lime-
stone breccias, fluvial conglomerates and calcareous tufa, together with lacustrine-marine
(late Tortonian-Messinian), marine (Pliocene) and lacustrine-fluvial (early Villafranchian-
Quaternary) clays [66,72,74] (Figure 2).

 

Figure 2. Geological map of southern Tuscany.

5. Materials and Methods

For the present study, the selected ceramic repertory from the Vetricella archaeological
site includes 83 fragments (Supplementary Materials, Table S1), together with reference
samples (Supplementary Materials, Table S2) consisting of 58 fragments from Montero-
tondo Marittimo (16), Roccastrada (13) and Donoratico (29).

The ceramic assemblage (Figure 3) consists of fine- to coarse-grained pottery for
different uses (tableware, storage ware, cooking ware) which dates back to the 7th–10th
centuries. Some of the samples are characterized by the presence of a Pb-based coating on
the external surface (sparse-glazed ware).
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Figure 3. Some fragments from the investigated ceramic assemblage: (A–C) cooking ware; (D) table

and storage ware; (E,F) small transport amphorae; (G,H) sparse-glazed ware.

5.1. Experimental

The geochemical investigation of the repertory was carried out via a combined pXRF
and is supported by references to traditional mineralogical and petrographic studies.

The mineralogical and structural investigation was performed on thin sections using
a LEICA DMRX optical polarizing microscope to provide a detailed characterization of
both the matrix (homogeneity, color, iso-orientation and porosity) and the inclusions
(composition, grain size, frequency, roundness, sorting) that are either naturally present
or artificially added. The textural elements were estimated using suitable comparative
charts [51,75,76].

The chemical characterization was performed using portable X-ray fluorescence
(pXRF) with an Olympus INNOV-X Delta Premium DP-6000-C that was equipped with a
40 kV, 4 W and 200 microampere X-ray tube, Rh anode and a large-area SSD detector. All
of the pottery samples were cleaned with water and an ordinary nylon-bristle toothbrush
to remove the soil and particulate matter that was loosely adhered to the surface. Coatings
were also removed when present. A representative portion of each fragment (proportional
to the average crystal size) was then powdered to ensure the proper homogenization of the
sample [77].

The analysis was performed in soil mode, which has proved in the past to be suitable
for ceramic studies [78,79]. Even though major elements, such as Mg, Si or Al, cannot be
determined, ‘soil’ mode analysis yields a large suite of minor and trace elements. The
selected lifetime of the measurements, which were carried out in air, was 30 s for each
sample, measuring in three energy ranges (two at 40 KeV and one at 15 KeV) for the
analysis of the elements with the lowest atomic weight. During each measurement, a
photograph of the analyzed area was recorded with the integrated camera. All of the
samples were analyzed at three different spots in order to account for any uncertainties that
were potentially introduced by the method or by the selection of the measurement area. In
previous studies, up to five measurements have been suggested for the pXRF analysis of
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coarse ceramics in order to collect results with adequate precision [24]. A set of 33 elements
were measured, but those with concentration values below or near the LOD were cleared
from the list. Fourteen elements were at last used for an initial statistical evaluation: As,
Ca, Cr, Cu, Fe, K, Mn, Ni, Pb, Rb, Sr, Ti, Zn and Zr.

The soil method is a Compton normalization approach that is calibrated for the
analysis of elements whose chemical concentration is less than 2%, although good results
can also be obtained for higher concentrations [80]. To ensure the highest reproducibility
of the measurements, the instrument was used in benchtop mode and the samples were
placed in special Teflon sample holders and sealed with a Mylar film.

5.2. Data Processing

In order to determine the most suitable set of elements for investigating the variance
of the whole repertory of ceramic fragments, the relative standard deviations (RSD) were
calculated (Table 1).

Table 1. The RSDs that are representative of each element, calculated from all assays taken from the powdered samples.

RSD values of the whole repertory, as well as from the assemblages from the reference sites of Castellina, Donoratico,

Monterotondo Marittimo and Roccastrada, are reported.

TOTAL

Element K Ca Ti Cr Mn Fe Ni Cu Zn As Zr Pb Rb Sr

Mean (ppm) 26,868 26,662 4197 221 639 34,949 75 29 76 40 209 1781 186 163
Population STD 4240 28,373 815 141 356 10,049 42 13 20 67 59 4790 58 104

RSD % 16 93 19 64 56 29 56 46 26 167 28 269 31 64

Castellina

Element K Ca Ti Cr Mn Fe Ni Cu Zn As Zr Pb Rb Sr

Mean (ppm) 28,360 29,768 4139 171 567 31,807 60 25 72 34 228 482 214 192
Population STD 4284 28,531 743 101 311 9820 31 10 19 30 63 2107 52 96

RSD % 15 89 18 59 55 31 52 40 26 87 27 437 24 50

Donoratico

Element K Ca Ti Cr Mn Fe Ni Cu Zn As Zr Pb Rb Sr

Mean (ppm) 24,651 5588 4982 440 695 43,026 139 30 78 51 210 3916 128 69
Population STD 2089 1380 320 107 414 7874 23 10 15 110 33 5522 10 10

RSD % 8 25 6 24 59 18 16 34 20 216 15 141 8 14

Monterotondo Marittimo

Element K Ca Ti Cr Mn Fe Ni Cu Zn As Zr Pb Rb Sr

Mean (ppm) 27,318 39,202 4339 178 924 39,742 70 35 90 30 147 24 146 171
Population STD 4529 20,773 687 23 336 5501 28 11 13 23 29 6 50 97

RSD % 17 53 16 13 36 14 40 30 15 75 20 24 34 57

Roccastrada

Element K Ca Ti Cr Mn Fe Ni Cu Zn As Zr Pb Rb Sr

Mean (ppm) 22,435 8285 3120 152 510 29,533 41 26 67 35 159 39 201 82
Population STD 2728 2643 538 47 339 7915 13 8 17 44 43 10 47 38

RSD % 12 32 17 31 66 27 32 31 25 127 27 27 24 47

If the whole repertory of samples is considered, most of the elements showed an RSD%
ranging between 16 and 93%, with the exception of As and Pb, which were characterized
by higher values (167% and 269%, respectively). From a more in-depth investigation of
the single repertories from the reference sites, the reasons for the high RSD values for As
and Pb were found to have resulted from their being mainly correlated to the sparse-glazed
ware samples from Donoratico, suggesting that an external factor was responsible for the
observed Pb fluctuations. The sparse-glazed wares consisted of single-fired lead-glazed
ceramics, where a suspension of PbO (alone or mixed with SiO2) was applied to leather-
hard bodies to obtain a transparent coating [81]. Depending on the firing conditions, a more
or less extended diffusion of lead within the ceramic body could occur and the detection of
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high levels of lead in some of the glazed samples was considered to be a consequence of
the incomplete removal of the external layers during sampling procedures.

The exploitation of a number of different lead deposits during the late Roman and
early medieval periods has been widely documented [59,82–84]. Arsenic (together with
other elements, such as silver, iron, or zinc) is frequently associated with poly-metallic
sulfide deposits and could be present as an impurity in the final product [85].

The investigation of Pb and As levels in glazed ware samples showed a peculiar
correlation between those fragments where the use of lead from southern Tuscany was
assumed [10] and the presence of high levels of arsenic was again related to the diffusion
of the glazing mixture within the ceramic body (Figure 4). The Roccastrada assemblage
was also characterized by a high RSD% value for As. The reasons for the As anomaly were
in this case related to the geology of the area and, in particular, to the intense hydrothermal
activity that affected the primary rhyolitic rocks and which caused an enrichment in
As [70,86].

Figure 4. Pb/As bi-plot of glazed ware. Trend line and r2 are reported.

Despite the fact that As could represent a marker that would help us discriminate
between the use of raw materials from Roccastrada and other contexts, the anomaly that
was registered for Donoratico suggested that lead and arsenic should be excluded from the
analysis. Together with Pb and As, those elements that are known to be affected by other
external factors (Cl, P, Ba and S) have also been excluded [21]. Due to the diffused presence
of mixed sulfide formations in southern Tuscany, the inclusion of Cu and Zn in the dataset
was considered to be significant for a more detailed grouping of the samples.

The chemical dataset was then pre-treated in order to minimize the influence of matrix
effects and reduce distinctions in the magnitudes between major and trace elements [87].
Previous studies have discussed the identification of a more suitable type of transforma-
tion for investigating a closed archaeological dataset [42,44,47,48,88–90]. Among other
techniques, the normalization of the data according to titanium and the standard log10
transformations have been compared in the present study.

Normalization according to a major element (or signals from the cathode) allowed
us to limit experimental errors and fluctuations (e.g., irregular surfaces, small variations
of the sample–instrument distance) and helped us ensure a higher level of analytical
reproducibility [91,92]. Spearman’s correlation was used to investigate the relationships
between major, minor and trace elements, and titanium was then identified as the most
representative element for the present chemical dataset [47,93].

On the other hand, log10 transformation was considered, as it compensates well for
the differences in magnitudes between the major elements and the trace elements [42,87].

6. Results

The petrographic investigation of reference samples allowed us to identify the main
mineralogical features that correspond to different areas of production (Table 1).
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The fragments from Donoratico (fabric group DON, Figure 5a) were characterized by
quartzose–feldspathic inclusions, which were the main mineralogical phases, with minor
quantities of micas, opaque minerals, secondary calcite and rare pyroxenes. Lithic frag-
ments were also observed, which mainly consisted of meta-arenites and siltites, together
with rare intrusive rocks. Previous studies on the mineralogical and chemical features of
these samples [10] also showed the diffuse presence of Fe and Ti oxides, together with
lower amounts of spinel (mainly from the chromite series), titanite, monazite, and apatite.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 5. Microphotograph of selected samples from the fabric groups identified following the

petrographic investigation: (a) sample DON194a, fabric group DON; (b,c) samples RA22 (fabric

group MR1) and MR21 (fabric group MR2) from Monterotondo Marittimo; (d) sample RS35, fabric

group RS1; (e) sample RS87, fabric group RS2; (f) sample RS24, fabric group RS3; (g) sample CSN124,

fabric group RS4; (h) sample CSN221, fabric group EXT.
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The ceramic assemblage from Monterotondo Marittimo was characterized by its
having calcareous pastes where the predominant mineralogical inclusions were represented
by quartz, together with feldspars (both plagioclase, K-feldspar), biotite, secondary calcite
granules, sub-rounded rock fragments quartz arenite, siltstones and siliceous limestones.
Minor amounts of clay pellets, opaque minerals and relics of microfossils (mainly ostracods)
were also observed (fabric group MR1, Figure 5b), while rare mafic intrusive rock inclusions
were detected in some of the samples (fabric group MR2, Figure 5c).

The fabrics from Roccastrada were characterized by the use of high-silica mineral inclu-
sions, which were mainly represented by mono-crystalline quartz grains with sub-angular
shape and a high degree of particle size standardization, suggesting a deliberate addition
of a siliceous sand to the clay (fabric groups RS1, RS2, RS3 and RS4, Figure 5d–g, respec-
tively). Subordinate amounts of rock fragments (poly-crystalline quartz and quartzite) and
inclusions of volcanic origin (sub-rounded fragments of rhyolite and/or glass) were also
observed, together with feldspars (mainly plagioclase), biotite, clay pellets, rare pyroxenes
and opaque minerals.

Petrographic observations of the Vetricella assemblage allowed us to assign most
of the samples to the above-described fabric groups. Only a few glazed ware samples
showed peculiar features, suggesting the different provenance of the raw materials (likely
extra-regional). A further fabric group was then identified (fabric group EXT, Figure 5h).
All of the samples belonging to EXT group were characterized by large amounts of calcare-
ous/dolomitic pastes where the predominant mineralogical phases were represented by
quartz (mono and polycrystalline) and feldspars, together with frequent carbonates and
micas. The carbonates mainly consisted of variable amounts of spathic and/or micritic
calcite, together with rare bioclastic and/or dolomitic inclusions. Subordinate quantities of
opaque minerals, rock fragments (flint and rare sandstone with clayey matrix) and rare
pyroxenes and garnet inclusions were also observed.

Principal component analysis of the Ti-normalized and Log10 datasets was first of all
performed on reference samples. Four components were extracted that represented 79.23%
and 80.39% of the total variance of Ti-normalized and Log10 data, respectively. Biplots of
the two first components of each PCA are shown in Figure 6a,b.

For the Ti-normalized dataset, PC1 (principal component 1) represented 38.90% of the
total variance and allowed us to distinguish between high-Ca and low-Ca pastes, as well
as between more weathered items (such as Rb-rich kaolinized intrusives, or shales). On
the other hand, PC2 represented 15.24% of the total variance and was influenced by the
presence of Cr- and Ni-bearing mineral phases.

The log10 statistical dataset, where PC1 and PC2 described 37.47% and 24.42% of
the total variance, respectively, provided a better grouping of the samples. Contrary to
Ti-normalized dataset, PC1 and PC2 are herein described by the nature of the mineral
inclusions and the nature of the clay, respectively. From both the Ti-normalized and log10
PCAs it was possible to easily distinguish between the pastes from Donoratico from those of
the internal areas (Monterotondo Marittimo and Roccastrada), where the main discriminant
in represented by the use of a different temper in association with more or less calcareous
clays. Due to the calcareous/dolomitic nature of the clays that were used for glazed ware
pastes, the samples belonging to the EXT group represented the more calcareous terms of
the series, but they could not be discriminated from local high-Ca pastes.

Once the main features of the reference samples were defined, the statistical analysis
was then extended to the whole repertory to investigate the chemical variance of the
samples from Vetricella. Four components were extracted that represented 79.91% and
80.19% of the total variance of Ti-normalized and Log10 data, respectively. Biplots of the
two first components of each PCA are shown in Figure 6c,d. PC1 and PC2 represented,
respectively, 32.35–29.91% and 36.02–20.74% of the total variance for Ti-normalized and
log10 PCAs, respectively.

The PCA analysis of the whole repertory showed the highly heterogenous nature of
the ceramic assemblage from Vetricella, with data superimposed on the groups that were
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identified by the reference samples. The petrographic analysis of the samples also provided
a better assessment of the variations due to temper-related issues.

The combined use of PCA and petrographic analysis indicated a large incidence of
Roccastrada pastes among the Vetricella fabrics (67%), while Monterotondo Marittimo
(19%), Donoratico (10%) and extra-regional (4%) pastes were less represented.

The incidence of the different ceramic functional classes or shapes within the Vetricella
assemblage is reported in Figure 7a. If the results from the petrographic and chemical
analysis are considered, the samples belonging to the Roccastrada ateliers consisted of
small amphorae (55%), likely used for the transportation of goods (so-called small transport
amphorae, or STA), cooking ware (23%) and table and storage ware (21%). On the contrary,
the samples with a geochemical and mineralogical association with the Monterotondo
Marittimo area showed a higher incidence of table and storage ware (50%), together with
minor amounts of STAs (38%) and cooking ware (13%). Finally, glazed ware represented the
only ceramic class representative of the Donoratico region and extra-regional production
(Figure 7b).

 
(a) (b) 

  
(c) (d) 

Figure 6. Bivariate plots from the PCA analysis of the Ti-normalized and log10 datasets relative to:

(a,b) the reference ceramic samples; and (c,d) the whole repertory.
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(a) (b) 

Figure 7. Outline of the main features of the Vetricella assemblage investigated in the present study

according to the results from the archaeological, geochemical and petrographic analyses: (a) pie chart

showing the main ceramic functional classes; (b) tree charts showing where the Vetricella assemblage

is associated with different production areas depending on the mineralogical and geochemical nature

of the pastes. The incidence of each ceramic functional class is also reported.

7. Discussion

The results of the investigation of the reference samples indicated how assemblages
and materials can be distinguished from each other through the combined use of petro-
graphic and non-destructive pXRF analysis. Based on the elements used in this analysis,
the geochemical signatures of the samples showed more or less pronounced differences
between the ceramic assemblages originating from different sites, while the petrographic
investigation of the ceramic pastes provided a more detailed contextualization of the
geochemical data.

Both mineralogical and geochemical data were strongly in agreement with the complex
geology of southern Tuscany.

The reference samples from Roccastrada mainly consisted of cooking ware where
the intentional addition of a temper, represented by abundant quartz with subordinate
and variable amounts of clay pellets, rhyolite and volcanic glass, was observed. In the
PCA bi-plots, the samples from Roccastrada formed a more dispersed group that was
characterized by a good correlation with Rb, where the abundance and the mineralogical
composition of the temper played a significant role in the definition of slight discrepancies
in the geochemical signature.

The geology of the Roccastrada area is characterized by a diffused presence of Miocenic
marine clays, represented by fine-grained blue clays with quite abundant micro-fauna
(Argille Azzurre Formation) and gray clays with intercalated fine-grained sandstones (Tor-
rente Raquese Formation, or Pycnodonta clays). The abundance of refractory materials, such
as volcanic rocks (rhyolite and volcanic glass) and highly siliceous rock assemblages, pro-
moted an intense production of refractory ceramic, such as cooking ware and technical
ceramic for smelting activities.

The rhyolites of Roccastrada mainly consist of glass (53%), quartz (14–15%), K-feldspar
16%, plagioclase (8–9%), biotite (3–6%) and cordierite (2%), with minor apatite and zir-
con [70]. Rb+ substitutes frequently for K+ in K-feldspars, micas and clay minerals, with
a natural tendency to concentrate during the weathering of the parent rock due to ion
exchange and adsorption mechanisms. In magmatic systems, Rb+ highly concentrates
during late stages and could substitute for K+ in K-bearing phyllosilicates (such as mica
and biotite) and, to a lesser extent, in K-feldspar [86]. During the first weathering stages,
the dismantling of biotite and the plagioclase present in rhyolitic rocks leads to a depletion
in Rb. In the last stages, following the decomposition of K-feldspars and the alteration of
zircon, a consequent increase in Rb depletion, together with K and Zr, is documented [70].
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As observed for the samples of Roccastrada, the heterogeneous textural and miner-
alogical features observed for the fragments from Monterotondo Marittimo represented
the main reason for higher fluctuations in the chemical composition. Most of the fine-
and medium-grained vessels from this group were mainly represented by a good correla-
tion with Ca (together with Sr) and K, while some coarse ware fragments constituted an
intermediate cluster that was represented by Rb.

The correlation of fine- and medium-grained samples with Ca was in accord with the
geology of Monterotondo Marittimo, as it is mainly represented by the diffuse presence
of Miocenic blue marine clays, together with limestones, marl and polygenic marine
conglomerates. Quartzose-feldspathic-micaceous sandstone (Macigno Formation) are
also abundant, while sporadic gabbroic intrusions have been observed within the more
extended outcrops related to Palombino shales. The use of a quartzose-feldspathic temper
and/or a less purified clay, or at least a different clay source, was assumed to be responsible
of the peculiar association of the coarser fabrics with Rb.

As for the fine-grained ware from Monterotondo, the glazed ware fragments belonging
to the EXT group were well represented by Ca. The chemical and mineralogical composition
of this group accords well with the geology of the Roman and northern Latium areas,
characterized by the presence of Pliocenic marls and basic volcanites [94,95].

Finally, the sparse-glazed ware from Donoratico represented a well-defined group
characterized by a peculiar correlation with Cr, Ni and Ti. Highly serpentinized ophiolite
fragments, in addition to the presence of chromite and abundant quartz, together with
minor amounts of Cr-spinel and Cr/Ni-rich pyroxene, have been documented in the
sedimentary materials from Val di Cecina [96]. The identification of Cr- and Ni-bearing
minerals was closely associated with the fractioning processes that are produced by the
weathering and dismantling of the ophiolitic outcrops present in the area.

Previous studies on sparse-glazed ware manufacture in Donoratico confirmed the
existence of dedicated ateliers in the area and the exploitation of local raw materials [59].

The introduction of the fragments from Vetricella in the statistical database revealed
a wide distribution within the compositional clusters that was defined by the reference
samples and which suggested the existence of a wide circulation of pottery converging
towards the southern Tuscany coast.

The results from the PCA were in agreement with the petrographic analysis of the
fabrics and paved the way for important considerations about the circulation and con-
sumption of ceramics in the area during the Early Middle Ages that could be supported by
further archaeological and archaeometric investigation on a large scale.

The first indications arising from the results of the present study stressed the central
role of Vetricella as a collector of goods from different areas of southern Tuscany and
provided impetus for future investigations that might help formulate a more detailed
definition of the trading routes to and from Vetricella (Figure 8).

The comparison of the results of the geochemical and petrographic examinations of the
studied repertory suggested a well-defined exploitation of raw materials across the Colline
Metallifere in relation to the manufacture of artefacts with different intended uses. From the
analysis of the whole repertory, it was possible to observe how coarse-grained pastes mainly
showed a higher incidence of geochemical and mineralogical markers for Roccastrada,
while fine- and medium-grained fabrics were equally distributed among the Monterotondo
and Roccastrada fabric groups, as well as within the geochemical clusters. The sparse-glazed
ware from Vetricella finally showed strong analogies with the Donoratico assemblage.
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Figure 8. Outline of the results from the geochemical investigation of the ceramic assemblage from

Vetricella, overlaying the geographical maps of the area. The pie chart represents the Vetricella

assemblage according to the provenance of the pastes from different areas.

Small amphorae (STA) represent an interesting case study. This peculiar, double-
handled closed shape was first identified during previous archaeological investigations
in different sites in southern Tuscany [7]. As it stands at present, it is not possible to
provide an exhaustive contextualization of the use and circulation of STAs in the region.
Nevertheless, the exceptional number of STA fragments returned from the last excavations
in Vetricella provides new clues to support further research within this framework.

In the present study, STAs represented 48%, 55% and 38% of the whole ceramic
assemblage from Vetricella, Roccastrada and Monterotondo Marittimo, respectively. STA
fragments from Vetricella, in particular, had a highly heterogenous composition where
the chemical and mineralogical markers of both Monterotondo Marittimo (23%) and
Roccastrada (77%) were observed. Previous studies also showed the presence in Vetricella
of a few fragments related to some ateliers located in the coastal area [61].

The relevant amount of STAs produced with local raw materials suggested the ex-
tensive manufacture of handled closed shapes, likely intended for circulation as a local
alternative to the import of amphorae from the south of the peninsula, though this traffic
is still scarcely documented along the coastal and sub-coastal strip of Tuscany [97], and
evidence regarding the nature of the transported materials are still poor.

Further investigations will be thus vital to provide an accurate characterization of
STA manufacture and consumption, as well as a detailed definition of the exchange routes
within the territory.

8. Conclusions

The present work aimed to contribute to the long-lasting debate surrounding the
successful use of pXRF with archaeological materials. While the widespread application
of portable analytical methods to archaeological issues prompted a number of multidis-
ciplinary studies, the non-negligible limits in the investigation of highly heterogenous
materials restricted the use of pXRF to pottery assemblages.

Based upon the indications arising from the comparison with the more solid pet-
rographic analysis and the application of statistical methods, pXRF was here used as a
powerful tool for a broad ‘screening’ of a large repertory of fragments and provided a
reliable internal grouping of a ‘closed’ population of samples.

In the future, the limitations arising from the detection of chemical elements within a
restricted dataset could be reduced via the application of more sensitive analytical methods
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on selected samples. The detection of a wider array of chemical elements (comprehensive of
light elements and REE) will help to more accurately distinguish between the sub-groups,
and lead to the creation of a well-defined database to support further pXRF examinations
of additional unstudied fragments.

The combined use of pXRF and statistical analysis facilitated the geochemical grouping
of the ceramic assemblage, providing clues about the convergence of different commercial
routes towards the site of Vetricella that reveal its key role as a central site dedicated to
the collection and re-distribution of a wide and heterogeneous range of goods that were
produced in the area, as also indicated by the presence of glazed pottery that required
highly skilled labour.

The petrographic investigation also supported a more in-depth analysis of the fabrics,
particularly concerning those samples where the chemical clustering was uncertain.

Despite the fact that the repertory that we studied here represents just a limited
selection of samples from all of the sites cited in the present work, the results allowed us to
show how ceramic manufacture was diffused via trading capillaries across a wide area, i.e.,
the Colline Metallifere. In contrast with previous studies, the study also suggested that
the diffused ateliers were tightly interconnected, while the archaeological data indicated
how the ceramic production was strongly dependent on the complex management of local
resources that were under the control of the royal authority.

In the debate about pXRF application in the archaeological sciences, the recent huge
increase in the use pXRF instruments by conservators and archaeologists represents another
controversial point [19]. Beside the purely analytical and technical issues, the present
work also wanted to stress the importance of tight cooperation between scientists and
archaeologists, which would help us to develop a more solid analytical strategy and
provide reliable answers to archaeological and historical questions.

The interdisciplinary interpretation of the analytical data here also paves the way for
the organization of future investigations that are focused on different and more specific
topics where the application of more solid analytical methods could help to delineate a
more accurate picture of pottery circulation to and from Vetricella on a larger scale.
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Table S2: Summary of the main petrographic features of the reference ceramic assemblages from

Monterotondo Marittimo, Roccastrada and Donoratico. Samples have been grouped after the identi-

fication of the area of provenance of the raw materials according to the mineralogical composition
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