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Characterization and study of the provenance of 
ceramics using portable X-ray fluorescence (pXRF): 
test study on terrae with granitic and metamorphic 
components from Castellar – Pendimoun (Impressa and 
Cardial, 6th millennium BCE)

Résumé : Depuis de nombreuses années, les études de provenance des terres utilisées en céramique, parmi d’autres archéomatériaux, 
se multiplient afin de documenter les transferts de matières premières ou d’artefacts. Avec la pétrographie et la minéralogie, la géo-
chimie contribue à la caractérisation des terres et à l’identification des sources de matière première afin de produire des hypothèses 
concernant l’origine et la diffusion de la production de la céramique.
Plus récemment, ces études de provenance ont bénéficié de la miniaturisation des analyseurs et de l’apparition d’appareils portables à 
fluorescence X (XRF portable), abondamment utilisés pour caractériser une grande diversité de matériaux et d’artefacts archéologiques 
(lithiques, céramiques, métaux, etc.). Grâce à leur portabilité, ces appareils offrent la possibilité d’analyser les artefacts in situ (dans les 
musées, sur les fouilles ou sur le terrain) en limitant ainsi les difficultés administratives associées à l’exportation du matériel archéo-
logique. Il est alors possible d’étudier un grand nombre d’artefacts et de proposer une approche quantitative, plus représentative de la 
diversité potentielle des sources exploitées.
Relativement faciles à utiliser par des scientifiques qui ne sont pas d’abord des géochimistes (géographes, archéologues, géologues, 
etc.), ces appareils sont parfois utilisés comme des « boîtes noires » à l’intérieur desquelles les utilisateurs n’interviennent pas. Ils 
laissent alors l’appareil opérer une déconvolution automatique des spectres X et ne questionnent pas la précision analytique. Dans ce 
contexte, cet article discute l’intérêt et les limites de la fluorescence X portable pour caractériser les céramiques.
Nous soulignons tout d’abord la nécessité d’un protocole analytique robuste. Il est primordial d’utiliser des standards afin de contrôler 
la précision de l’appareil. L’utilisation répétée de ces standards permet également de vérifier la stabilité et la répétabilité des mesures 
analytiques. Dans la mesure du possible, ces standards doivent présenter une gamme de concentration élémentaire similaire à celle 
du matériau étudié. Il peut s’agir de matériaux de référence certifiés (CRM) vendus par divers bureaux internationaux ou de standards 
« internes » (in-house standards) analysés indépendamment à l’aide de méthodes de laboratoire robustes (par exemple ICP-MS ou 
ICP-AES, etc.). Dans la présente étude, les standards internationaux sont six CRM fournis par le SARM (France) et les standards 
« internes » sont composés de vingt « terres d’intérêt » correspondant aux trois sources potentielles du piémont de l’Orméa (n = 3), du 
massif des Maures-Tanneron (n = 9) et du massif de l’Argentera-Mercantour (n = 8). Toutes ces terres d’intérêt ont été cuites à 700°C 
afin d’approcher l’état des céramiques étudiées.
Afin de tester la capacité de l’appareil à différencier les sources de matériaux, cet article présente les analyses XRF portables de vingt-
et-un tessons appartenant à dix-sept céramiques découvertes sur le site de Pendimoun et étudiées dans le cadre du programme CIMO 
(tabl. 1 ; Gabriele et al., ce volume; Lardeaux et al., ce volume). Quinze céramiques appartiennent à l’Impressa (phases PND-1A, 1B) 
et deux au Cardial (phase PND-2). Les recherches précédentes ont démontré que les céramiques de Pendimoun utilisent trois pâtes 
différentes. La pâte glauconieuse du Crétacé (GL) est facilement accessible sur les contreforts de l’Orméa, à proximité immédiate du 
site. Un deuxième groupe de pâtes, nommé quartz-micas-feldspath (QMF), provient soit de l’Argentera-Mercantour, soit du massif 
des Maures-Tanneron. Le dernier groupe correspond à un mélange des deux pâtes (MIX). Les dix-sept céramiques étudiées dans cet 
article appartiennent toutes au groupe QMF et, sur la base des analyses pétrographiques et géochimiques précédentes, sont originaires 
de l’Argentera-Mercantour (n = 7), des Maures-Tanneron (n = 1) et du QMF indifférencié (n = 9 ; tabl. 1). 
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Sur la base des analyses des « terres d’intérêt », l’article démontre la capacité de l’appareil à détecter une large gamme d’éléments 
présents dans les céramiques et généralement considérés comme « majeurs » (Al, Si, K, Ca, Fe, P, Mg), « mineurs » (Mn) et « traces » 
(Ni, Rb, Zr, Sr, Y, Ba, Nb, Pb, Th, Co, Zn, Ni, Sn, Ta) (tabl. 2). De plus, la comparaison entre les valeurs attendues et les valeurs mesu-
rées (fig. 2) pour les CRM et les « terres d’intérêt » indique une très bonne capacité de l’analyseur à mesurer dix-sept éléments dans 
des gammes de concentration allant de quelques dizaines de % (Si) à quelques parties par million (Zr par exemple). Le coefficient de 
corrélation R2 est supérieur à 0,99 pour Mg, Ca, Fe, Zn, Sr, Zr, Ba et est compris entre 0,949 et 0,99 pour Si, P, K, Mn, Ni, Nb, Rb, Sn, 
Ta et Th (tabl. 4).
Le diagramme SiO2 vs Al2O3 (fig. 6) démontre que l’appareil est capable de distinguer les trois principales sources de matériaux. Sur 
ce même diagramme (SiO2 vs Al2O3), la plupart des tessons (n = 15) sont situés près du champ occupé par les « terres d’intérêt » de 
l’Argentera-Mercantour (fig. 7). Sur le diagramme ternaire Fe2O3, Al2O3, SiO2 (fig. 8), les tessons sont également regroupés autour des 
TI de l’Argentera-Mercantour. Seuls deux tessons occupent une position intermédiaire entre les sources Maures-Tanneron et Argente-
ra-Mercantour. Le sourcing réalisé avec l’analyseur portable XRF est donc cohérent avec les résultats minéralogiques, pétrographiques 
et géochimiques obtenus précédemment dans le cadre du programme CIMO (tabl. 1). 
Afin de tester l’hypothèse d’un mélange de terres (QMF et GL) dans un même vase, des transects longitudinaux et équatoriaux ont été 
réalisés pour deux céramiques particulièrement bien conservées avec respectivement seize et vingt-deux mesures le long de chaque 
transect. Pour la première céramique, les résultats ne révèlent pas d’hétérogénéité géochimique spatiale significative, suggérant que ce 
vase a été construit principalement à partir de la terre du massif de l’Argentera-Mercantour. En revanche, pour la seconde céramique, 
le transect montre une forte variabilité de trois éléments principaux, le calcium (Ca), le phosphore (P) et le potassium (K). 
Nous faisons l’hypothèse que cette variabilité est corrélée à des effets taphonomiques plutôt qu’à une réelle hétérogénéité des pâtes. En 
effet, le calcium est particulièrement mobile et abondant dans un contexte d’abri rocheux ouvert dans le calcaire. Le phosphore est un 
élément associé à la matière organique et à l’occupation humaine de l’abri sous roche. La variation de la teneur en K pourrait être liée 
à sa mobilité relative dans les conditions d’altération. Elle pourrait également être associée à la présence de phénocristaux de feldspath 
riches en potassium sous le point de mesure. La porosité associée à de larges pores (1 à 50 µm) démontrée ailleurs (Drieu et al., 2019) 
pourrait favoriser une pollution des tessons par des éléments mobiles. Ceux-ci proviendraient soit de l’altération des roches carbona-
tées, soit de la redistribution de sucs organiques liés à l’utilisation de l’abri comme bergerie. 
Enfin, la présente étude démontre la capacité de l’appareil portable à sourcer correctement les céramiques si deux conditions sont 
respectées. Premièrement, les analyses chimiques doivent respecter un protocole robuste basé sur l’utilisation répétable de CRM et de 
standards « internes ». Deuxièmement, l’étude doit s’insérer dans une démarche combinant des méthodes complémentaires (pétrogra-
phie, minéralogie et géochimie de laboratoire). Dans ces conditions, l’utilisation de l’analyseur portable permet de réaliser des études 
non destructives sur un nombre important de céramiques dans un laps de temps relativement contraint et de distinguer rapidement les 
principales sources. 

Mots-clés : géo-ressources, pâtes granitiques, fluorescence X, analyseur portable.

Abstract: In recent years, the use of portable X-ray fluorescence analysers (portable XRF) has developed considerably, particularly for 
characterising archaeological materials (lithics, ceramics, metals, etc.). Because of their portability, these devices offer many advan-
tages, including the possibility of analysing artefacts in situ (in museums, on excavations or in the field) avoiding the difficulties of 
exporting archaeological material. Portable XRF allow thus to characterise a large number of artefacts during a limited time. Relatively 
easy to use, these devices are sometimes used as a “black box”, with no or poor user control. In this context, this article discusses the 
interests and limitations of portable X-ray fluorescence for characterising ceramic bodies. 
The article first highlights the need to use standards (CRM and/or in-house standards) to control the accuracy of the instrument for the 
different chemical elements studied and their concentration range. The article then takes the example of the ceramics and raw material 
sources (terres d’intérêt) studied in the framework of the CIMO programme and concludes that it is possible to distinguish the main 
sources of the materials used for the ceramics from the Pendimoun site. Finally, our paper underlines the complementarity of the 
approaches. Portable XRF geochemistry allows a relatively rapid and non-destructive analysis of a large number of sherds. But the 
analysis of these results becomes more robust when it is based on prior knowledge (geochemical, mineralogical and petrographical) of 
the potential sources. 

Keywords: geological sources, granitic pottery pastes, X-ray fluorescence, portable device.

CHARACTERIZING AND SOURCING 
CERAMIC TERRAE: SCIENTIFIC 

SETTINGS AND AIMS OF THE STUDY 

For many years, geochemistry has been used for the 
characterisation of pastes and for producing hypoth-

eses concerning the origin and diffusion of ceramics. 
The characterisation of pastes and the identification of 
sources are thus part of a current of research on archae-
omaterials, the results of which make it possible to doc-
ument the transfer of raw materials or artefacts as well 

as the mobility of the populations themselves. Classically 
implemented for historical periods (inter alia, Maggetti, 
1981 and 1986; Picon and Le Mière, 2002; Laviano and 
Muntoni, 2007; Schmitt et al., 2009; Eramo et al., 2018), 
major and trace element analysis has also been devel-
oped for the Neolithic, especially when pastes include 
rare and/or very small non-plastic particles making their 
petrological and mineralogical characterisation under the 
microscope more delicate (inter alia Basso et al. 2006; 
Laviano and Muntoni, 2006; Muntoni and Laviano, 2008; 
Muntoni and Eramo, 2016; Stapfer et al., 2019).
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Within the framework of the CIMO project, geo-
chemical analyses are part of an integrated methodology 
including petrography and mineralogy of the pastes and 
their constituents following a naturalistic approach. Within 
the CIMO project, geochemistry has provided particu-
larly robust data for the demonstration of long-distance 
transfers in the Western Mediterranean basin as early 
as the Neolithic. For example, Binder and colleagues 
(Binder et  al., 2018) have demonstrated the presence of 
the Southern Italian Serra d’Alto productions at Saint-
Benoit (cave  2 of la Lare, Alpes-de-Haute-Provence) 
in the extreme end of the 6th / first half of the 5th mil-
lennium BCE. In a similar way, Gabriele and colleagues 
(Gabriele et al., 2019) have identified in the Mediterranean 
Languedoc at Portiragnes (Pont-de-Roque-Haute, Hérault) 
early Impressa ceramics originating from the Tosco-Latian 
volcanic province and dated to the first half of the 6th mil-
lennium. Lastly, the contribution of geochemistry has been 
decisive in characterising the “granitic” pastes originating 
from the Argentera-Mercantour and their diffusion during 
the Impressa (Castellar – Pendimoun, Lardeaux et al., this 
volume). 

The use of portable X-ray fluorescence analysers 
(portable XRF, pXRF), which has increased over the last 
decade, offers the possibility of studying a large number 
of artefacts without destroying them, whereas more inva-
sive geochemical analyses processed on powder can only 
analyse a limited number of samples. In addition, taking 
advantage of their portability, these devices can be used 
in the field, on excavation or in the museum and they 
avoid the administrative constraints specific to the export 
of archaeological materials. These benefits explain that 
these devices are increasingly integrated into research 
programs dedicated to the characterisation of archaeolog-
ical materials (Liritzis and Zacharias, 2011).

Portable XRF devices have been widely used for the 
characterisation of obsidian artefacts and the identifica-
tion of the sources. Hyaline material is indeed “an ideal 
material” for such analyses for three main raisons. It is a 
homogeneous material, it comes from well-identified and 
quite limited volcanic sources, and each volcanic source 
gets a specific chemical fingerprint (for a recent review, see 
Mouralis, 2016). Moreover, during the last decade, the use 
of portable X-ray fluorescence has also developed to char-
acterise other material than ceramics (e.g. Stapfer et  al., 
2019; Belfiore et al., 2014; Forster and Grave, 2012).

In general, the widespread use of portable analysers by 
researchers who are not primarily geochemists has led to 
scientific controversy. For example, R.  J. Speakman and 
M. S. Shackley (Speakman and Shackley, 2013) criticize 
E. Frahm (Frahm, 2013) for “silo science”, i.e. for produc-
ing obsidian characterisation data using a portable analyser 
that do not meet geochemical standards and are therefore 
not comparable to those obtained by laboratory methods. 
As a matter of fact, recent papers on pXRF characterisation 
of ceramics focus on methodology (Stapfer et al., 2019) or 
on the use of reference material (Frahm et al., 2022).

As the amount of researches on ceramic pastes using 
p-XRF has increased dramatically over the past two 

decades, it is necessary to assess the validity of its appli-
cation. For this purpose, the present article has a double 
goal. The first one is to present the interest and the limits 
of the use of portable X-ray fluorescence to character-
ise ceramic pastes and to discuss the analytical protocol 
that can be implemented. The second objective is to pre-
cise how it is possible to identify the sources of ceramic 
pastes, i.e. to relate them to a known and previously char-
acterised geological source of terrae. This second ques-
tion refers in turn to the possibility of detecting the pres-
ence of several sources in the same ceramic as well as to 
discuss potential effects related to the taphonomic condi-
tions and their impact on initial chemical characteristics. 

METHOD USED AND MATERIAL STUDIED

Advantages of portable X-ray fluorescence 

Portable X-ray florescence is increasingly used in 
archaeology because of several advantages, among 

which we should mention at first portability, which 
allows for in-situ analysis and removing some of the 
administrative issues for exporting archaeological mate-
rial; second, versatility, which allows for the analysis of a 
wide variety of materials, including rocks, sediments, ter-
rae, or metals; third, non-destructive X-ray fluorescence 
analysis; and lastly, the very low cost of analysis, once 
the initial investment is made through the purchase of the 
apparatus. 

Principles of X-ray fluorescence (XRF) and 
calibration

X-ray fluorescence occurs when the X-rays reach 
the rock or other material: the material re-emits energy, 
notably in the form of “secondary” X-rays, the spec-
trum of which is characteristic of the composition of the 
sample. For each energy line (expressed in keV), the ana-
lyser’s detector records an intensity (expressed in counts 
per second). Each chemical element is characterised by a 
set of energy lines. Software can then identify the various 
chemical elements contained in the sample according to 
the characteristic lines (a process often called “decon-
volution” of the signal). Finally, the software associates 
the intensity of the lines with the elemental concentra-
tion (expressed in ppm or %). This last step is highly 
dependent on the calibration of the instrument.

There are different types of calibration (Shackley, 
2011). The FP (fundamental parameters) method uses 
mathematical algorithms that describe the response of 
the detector when the X-ray encounters pure elements. 
Empirical calibration is based on the use of international 
standards, analysed in different laboratories and whose 
concentrations are certified (certified reference materials, 
hereafter abbreviated CRM). In this case, the operator 
measures the CRM contents using the portable XRF ana-
lyser and compares them with the certified values to iden-
tify the correction factors to be introduced in the software. 
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Laboratory (or “benchtop”) instruments are never 
calibrated by the manufacturer. For these devices, the ope-
rator is responsible for calibration (Hunt and Speakman, 
2015) and must therefore use the fundamental parameters 
and/or CRMs. In contrast, portable devices are generally 
sold “ready to use” offering a “factory” calibration that 
comes in different modes (ores, soils, etc.) approximating 
the types of materials the user may encounter. 

Thus, in most cases, portable XRF instruments behave 
like “black boxes”, as the manufacturers do not provide 
access to the algorithms for identifying elements and their 
concentration. On the other hand, it is possible to intro-
duce correction parameters that are added to the “factory” 

calibration and come close to an empirical calibration 
using CRMs. Before performing the calibration, it is useful 
to check to what extent the “factory” settings are correct, 
by comparing the measured values with reference values. 

Two additional points have to be taken into account. 
Firstly, the CRMs should be as closed as possible from 
the analysed material: they should contain the same che-
mical elements with comparable concentrations. This 
proximity will ensure the accuracy of the model (Hunt 
and Speakman, 2015). Secondly, in X-ray fluorescence, 
the intensity of a ray is not directly proportional to the 
concentration of the chemical element as some of the cha-
racteristic lines overlap. Thus, the other elements within 

Fig. 1 – Photographs of the analytical device. A: use of the Vanta portable XRF under the measurement stand and driven by a laptop. 
B: use of the portable device “freehand” on a ceramic the shape of which makes it impossible to enter the measuring stand. C: the 

measuring stand and the AP001 ceramic.
Fig. 1 – Photographies du dispositif analytique. A : utilisation de l’XRF portable Vanta asservi sous le stand de mesure et piloté par un 

ordinateur portable. B : utilisation de l’appareil portable « à main levée » sur un tesson dont la forme ne permet pas son installation dans 
le stand de mesure. C : le stand de mesure et le tesson AP001.
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the sample contribute to the overall signal: this is known 
as the “matrix effect”. It is therefore necessary to calibrate 
the apparatus using materials whose elemental contents 
are as close as possible to the samples studied.

The international standards used (CRM) have matrices 
different from the ceramic bodies we wish to analyse for 
this study. Therefore, in order to control the quality of the 
“factory calibration” of the portable analyser, we used not 
only CRMs but also in-house (or internal) standards from 
experimental ceramics made with the probable sources 
of terrae and named in the CIMO project “terres d’in-
térêt”, hereafter abbreviated to TI (fig. 1). These terrae 
had previously been analysed using another method (e.g. 

ICP-MS) considered as a reference method. It is then pos-
sible, as with the CRMs, to compare the expected and 
measured values and thus to control the measurements 
from the portable device, or even to calibrate it. These 
internal standards have the advantage of having the same 
concentration ranges and the same matrix effects as the 
ceramic terrae to be analysed.

Apparatus and analytical conditions

The analyser used is a VANTA VMR model manu-
factured by Olympus and acquired by the GEOAZUR 
Laboratory in the framework of the CIMO programme. 

Fig. 2 – Geological map of the study region with the location of Pendimoun rock shelter and the selected terrae (TI) sampled within their 
structural contexts. The precise locations of the TI are presented in SD 2 to 5. 

Fig. 2 – Carte géologique de la région d’étude : l’abri Pendimoun et les terres d’intérêt (TI) échantillonnées dans leurs contextes 
structuraux. Les localisations précises des terres d’intérêt sont présentées dans les DS 2 à 5. 
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This apparatus contains a rhodium (Rh) anode in a 
4W tube with a voltage of 50kV. The diameter of the beam 
is approximately 7mm and its surface area is 40mm2. We 
opted for an analysis time of 60s for light elements and 
60s for heavy elements, i.e. 120s in total. The analyses 
were conducted using the “Geochem-REE-extra” mode, 
which includes a factory calibration based on the funda-
mental parameters and which the user can correct using 
an “empirical calibration”. 

The analysed materials come in two different forms. 
Firstly, the certified materials (CRM) and the in-house 
standards (terres d’intérêt or TI) are in the form of pow-
ders. Each sample was placed in a pillbox of about 2.5cm 
diameter, filled to a thickness of 0.5 to 1cm and covered 
with a 4µm thick Fluxana® TF240-355 polypropylene 
film. These samples where analysed using the dedicated 
stand (“VANTA workstation”). Secondly, the archaeo-
logical ceramics are shards of varying shapes and sizes. 
Depending on their size, they were analysed either with 
the stand or without (freehand; fig. 2).

Analyses of TI and ceramics using the portable 
analyser

The analyses were carried out in two sessions, in 
February and July 2019. Six CRM standards were ana-
lysed twice each to check the accuracy of the measure-
ments (figs. 3 to 5). Twenty TI samples, fired at 700°C 
beforehand, were analysed by ICP-MS (fig. 3, SD.1 and 
SD.2 to 5) in order to check the importance of the matrix 
effect. Seventeen ceramics from the Impressa (n  =  14) 
and Cardial (n = 3) phases of Castellar – Pendimoun were 
analysed (table  1), with at least two measurements for 
each of the samples studied. Two ceramics, AP001 and 
AP045, were respectively analysed in sixteen and twen-
ty-two longitudinal and equatorial transects, in order to 
highlight possible heterogeneities of the pastes used. For 
four of the seventeen vases analysed in this study, two 
sherds were analysed, making a total of twenty-one stud-
ied sherds.

One hundred and twenty-nine analyses were car-
ried out using the portable XRF analyser (SD.6). They 
include the contents of twenty-one chemical elements for 
which we consider the measurements to be reliable (see 
table 2). The mean and standard deviation of the CRMs 
and ceramics for which several analyses were carried out 
are given in SD.7).

Impresso-Cardial ceramics from Castellar 
– Pendimoun

The Impresso-Cardial ceramics from Castellar – 
Pendimoun have been the subject of extensive studies 
combining petro-mineralogical (mesoscopic, i.e. stereo-
scope up to x50 and microscope in unanalysed polarised 
light LPNA or polarised-analysed light LPA up to x200) 
and geochemical characterisation methods (Gabriele, 
2014; Gabriele et al., this volume; Lardeaux et al., this 
volume)

These 158 ceramics (table  3) refer to the Impressa, 
phase 1A (n = 20) and phase 1B (n = 84) as well as to 
the Cardial phase 2 (n = 54). The majority of the produc-
tion was made in glauconitic marl and clayey sediments 
(hereafter GL) dated to the Cretaceous, easily accessible 
on the foothills of the Orméa in the immediate vicinity of 
the site: 7/20 in phase 1A and 42/84 in phase 1B of the 
Impressa; 43/54 in phase 2 of the Cardial. This type of GL 
ceramics was not analysed in our study. 

The ceramics analysed in this study have been made 
using pastes with non-plastic inclusions (quartz-mica-feld-
spar group, hereafter QMF) and represent a minority of the 
vases identified in the Impressa (8/20 in phase 1A, 12/84 
in phase 1B) and Cardial (5/54 in phase 2) contexts. The 
previous petro-mineralogical analyses have shown that the 
corresponding pastes come from the alteration of crystal-
line granitic and metamorphic formations, mainly from the 
Argentera-Mercantour massif and very marginally from 
the Maures-Tanneron massif.

A last group, different from the GL and QMF, is 
made up of mixed pastes (hereafter abbreviated to MIX) 
presenting inclusions characteristic of the two previous 
groups: 5/20 in phase 1A and 30/84 in phase 1B of the 
Impressa; 6/54 in phase 2 of the Cardial (table 3).

For the present study, seventeen vases from the QMF 
group were specifically selected. The pastes used were 
attributed as follows: seven to the Argentera-Mercantour 
massif, one to the Maures-Tanneron massif and nine to 
the generic QMF group (table 1). This attribution is based 
on systematic mesoscopic observations prior to the prepa-
ration of thin sections on a limited number of samples. 
Thus, of these seventeen vases, seven were attributed on 
the basis of a double meso- and microscopic examina-
tion to the Argentera-Mercantour domain and one to the 
Maures-Tanneron domain, while nine were attributed to 
the undifferentiated QMF group on the sole basis of bin-
ocular examination. In addition, three of them belonging 
to the Impressa QMF family (samples AP001, AP011 and 
AP028) benefited from a global chemical analysis at the 
SARM of Nancy in addition to the microscopic observa-
tion in thin section (table 1). The seventeen ceramics that 
form the corpus of the present study were subjected to 
two analysis sessions using the XRF-portable in February 
and July 2019 (SD.6, SD.7). 

Checking the accuracy of the analyser: 
internal standards and CRMs

In order to control the accuracy of the instrument, two 
types of materials were used. Firstly, six CRMs from the 
Service d’analyse des roches et minéraux (SARM) of the 
Centre de Recherches Pétrographiques et Géochimiques 
(CRPG), located in Nancy (France), were analysed using 
a dual strategy. In order to use certified materials with ele-
mental contents close to the analysed terrae, three gran-
ite CRMs (Granit-GA, -GH and -GS-N) were chosen. 
In addition, in order to control the measurements of the 
instrument with a wide range of grades, three other CRMs 
were used: a poorly differentiated rock (Basalt BR) and 
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Fig. 3 – XRF-portable analyses of CRM provided by CRPG-SARM and terrae samples heated at 700° C. Expected vs. measured 
values for some chemical elements (Ba, Nb, Zr, Y, Rb and Sr). Note the very good correlation coefficients (except for yttrium) for various 

concentration ranges. All correlation coefficients for the twenty-one elements considered in this study are provided in table 4.
Fig. 3 – Analyses par XRF-portable des CRM fournis par le CRPG-SARM et des TI chauffées à 700° C. Valeurs attendues vs valeurs 

mesurées pour quelques éléments chimiques (Ba, Nb, Zr, Y, Rb et Sr). Remarquez les très bons coefficients de corrélations (à 
l’exception de l’yttrium) pour des gammes de concentration très variables. Les coefficients de corrélation pour les vingt-et-un éléments 

pris en compte dans cette étude sont donnés dans le tableau 4.
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Fig. 4 – Expected (certified) and measured (portable XRF) values for three granitic CRMs. Values normalized to the upper continental 
crust (Taylor and McLennan, 1995).

Fig. 4 – Valeurs attendues (certifiées) et valeurs mesurées (XRF-portable) pour trois CRM granitiques. Valeurs normalisées à la croûte 
continentale supérieure (Taylor et McLennan, 1995).
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Fig. 5 – Multi-element plots of CRM analyses acquired with the portable-XRF device.
Fig. 5 – Diagrammes multiélémentaires des analyses des CRM réalisées à l’aide de l’appareil XRF-portable.
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ID Sherds Chemistry 
(ICP)

Petrogr.
(thin 

section)
CT‐Scan Culture 

(phase) Shape Decoration Surface deposit

QMF ‐ Mylonites
Argentera ‐
Mercantour
QMF ‐ Mylonites
Argentera ‐
Mercantour
QMF ‐ Mylonites
Argentera ‐
Mercantour
QMF ‐ Mylonites
Argentera ‐
Mercantour
QMF ‐ Mylonites

Argentera ‐
Mercantour

QMF ‐ Mylonites
Argentera ‐
Mercantour
QMF ‐ Mylonites
Argentera ‐
Mercantour

AP_049
Including one 
annealed 
sherd

No No No Impressa 
(PND1A)

Discontinuous 
closed (neck) Instrumental Secondary 

carbonation QMF ‐ generic

AP_070 4719 No No No Impressa 
(PND1B)

Continuous, 
closed Digito‐ungual Secondary 

carbonation QMF ‐ generic

AP_080 ‐ No No No Impressa 
(PND1B) Undefined Digito‐ungual

Moderate 
secondary 
carbonation

QMF ‐ generic

AP_081 340015 No No No Impressa 
(PND1A) Undefined Digito‐ungual

Moderate 
secondary 
carbonation

QMF ‐ generic

AP_091 25118 No No No Cardial 
(PND2) Undefined None

Moderate 
secondary 
carbonation

QMF ‐ generic

AP_093 26693 No No No Impressa 
(PND1B) Undefined Instrumental

Significant 
secondary 
carbonation

QMF ‐ generic

AP_094 hs No No No
Impressa 
(PND1‐
indivise)

Undefined Instrumental
Moderate 
secondary 
carbonation

QMF ‐ generic

AP_112 17850 No No No Impressa 
(PND1A) Undefined Plastic

Moderate 
secondary 
carbonation

QMF ‐ generic

QMF ‐ Maures , 
Metamorphism

AP_206 19302 & 
42161 No No No Cardial 

(PND2) Undefined Cardiidae
Moderate 
secondary 
carbonation

QMF ‐ generic

No Cardial 
(PND2)

Discontinuous 
closed (neck) Cardiidae

Moderate 
secondary 
carbonation

AP_177 Sherds A & B No Yes

Yes Impressa 
(PND1A)

Continuous 
closed None Secondary 

carbonationAP_045 ‐ No Yes

Yes Impressa 
(PND1B)

Continuous 
closed Digito‐ungual

Moderate 
secondary 
carbonation

AP_039 47856 No Yes

No Impressa 
(PND1B)

Discontinuous 
closed (neck) None

Significant 
secondary 
carbonation; red 
dye

AP_028 ‐ Yes Yes

No Impressa 
(PND1A)

Continuous 
closed Instrumental Secondary 

carbonationAP_018 74P15 & hs No Yes

No Impressa 
(PND1A) Continuous open Digito‐ungual Secondary 

carbonationAP_011 ‐ Yes Yes

Yes Impressa 
(PND1A)

Continuous 
closed Instrumental Secondary 

carbonationAP_008 ‐ No Yes

Ceramics Analyses (CIMO project) Ceramic features

Petrographic group 

AP_001 ‐ Yes Yes Yes Impressa 
(PND1B) Continuous open None

Moderate 
secondary 
carbonation

Table 1 – Main characteristics of the ceramics analysed in this study.
Tabl. 1 – Principales caractéristiques des céramiques analysées dans cette étude.
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two ferro-magnesian rich samples (Biotite, Ferriferous 
mica and Magnesian Phlogopite mica).

In a second step, in order to control matrix effects, 
twenty internal standards were analysed. These were weath-
ering terrae sampled around the Argentera-Mercantour 
massif and foothills (n  =  8), the Maures (n  =  4) and 
Tanneron (n = 5) massifs and the Roc d’Orméa foothills 
(n = 3). These “terres d’intérêt” (TI), which constitute the 
potential sources of the studied ceramics (table 1), were the 
subject of experimental cooking at different temperatures, 
petrographic analyses and, for most of them, geochemical 
analyses by (major) ICP-AES and (trace) ICP-MS (SD.8; 
Gabriele et al., this volume; Lardeaux et al., this volume). 
For the present study, only the “terres d’intérêt” (TI) heated 
to 700°C were analysed using portable XRF and compared 
to the archaeological ceramics.

Each of the reference samples, CRM and TI, were ana-
lysed twice using the portable analyser. Supplementary 
data 7 and 8 (SD.6 and SD.7) give the percentage and/
or ppm values for all the chemical elements included 
in this study. The seven analyses of the equatorial pro-
file of AP-001 ceramic gave outliers for two elements 
Si and Al with respectively more than 345,000ppm and 
140,000ppm, i.e. more than 75% and 27% of SiO2 and 
Al2O3, corresponding to outliers. We therefore did not 
take these values into account in the rest of the study. 

RESULTS: ASSESSMENT OF ACCURACY 
AND REPEATABILITY

Measurement accuracy is the closeness of agreement 
between a measured value and a value considered 

to be true, or certified (JCGM, 2012). Repeatability can 
be equated with measurement precision, i.e. the close-
ness of agreement between measured values of the same 
object during repeated measurements (JCGM, 2012). 

Elements detected by the analyser

In order to assess the accuracy of the measurements, 
it was necessary to work on chemical elements present in 
both the sample and the reference material as well as in 
sufficient quantities to be measured by the apparatus, i.e. 
whose concentration (or content) is higher than the limit 
of detection (LOD). 

Thus, although the instrument used theoretically mea-
sures forty-one chemical elements using the “Geochem-
REE-extra” mode, not all of them are present in sufficient 
quantity in the samples to be correctly measured by the 
portable analyser. Our study therefore only retains the 
chemical elements whose contents in the ceramic bodies 
studied are sufficient to be correctly measured, i.e. those 
whose measured content is higher than the LOD in at least 
50% of the measurements (n = 22, table 2). For the other 
chemical elements theoretically measured by the analyser 
(n = 20), the levels measured in the samples are below the 
LOD in more than one analysis out of two.

Finally, within our ceramic corpus, the elements 
detected by the portable analyser are both “major” (Al, 
Si, K, Ca, Fe, P, Mg), “minor” (Mn) and “trace” elements 
(Ni, Rb, Zr, Sr, Y, Ba, Nb, Pb, Th, Co, Zn, Ni, As, Sn; 
table 2). 

Accuracy of measurements

In our study, the accuracy of the handheld device is 
controlled with reference to the certified material (CRM) 
and the “terres d’intérêt” (TI) studied in the framework 

Chemical elements
All the analyses (100 %) are >  LOD n = 7 Al, Si, P,  K, Fe, Rb, Zr

More than 95 % of the analyses > LOD n = 13 Previous + S, Zn, Sr, Y, Nb, Ba

More than 85 % of the analyses > LOD n = 16 Previous + Ca, Pb, Th

More than 75 % of the analyses  > LOD n = 18 Previous + Mn, Ni

More than 50 % of the analyses > LOD n = 22 Previous + Mg, Co , As, Sn

Chemical 
elements 
taking into 
account in 
this study 
(n=22)

Tableau 2 Eléments chimiques analysés à l'aide du XRF portable dont la concentration dans les échantillons analysés 
est supérieure à la limite de détection (LOD) de l'appareil

Table 2 – Chemical elements analysed using the VANTA VMR portable XRF instrument (Olympus) with sufficient concentration in the 
samples (above the detection limit of the instrument, LOD).

Tabl. 2 – Eléments chimiques analysés à l'aide de l’appareil XRF portable VANTA VMR (Olympus) dont la concentration dans les 
échantillons est supérieure à la limite de détection (LOD) de l'appareil.

Distribution and total number of ceramics from the Pendimoun shelter 

QMF GL MIX TOTAL

Impressa Phase 1A 8 7 5 20
Impressa Phase 1B 12 42 30 84
Cardial Phase 2 5 43 6 54

Total 158

QMF : Quartz-mica-feldspar group.
GL: Glauconitic marl and clay.
MIX: Mixed pastes.
The 17 ceramics studied in this study belongt to QMF group (14 reported to 
Impressa, 3 to Cardial). Cf. table 1.

Table 3 – Distribution and total number of ceramics from the 
Pendimoun rock shelter.

Tabl. 3 – Répartition et nombre total de céramiques de l’abri 
Pendimoun.
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of the CIMO programme (figs. 3 to 5). Table 4 shows the 
correlation coefficient (R2) calculated using the expected 
values (certified values for CRMs and measured values 
in ICP-AES and ICP-MS for TIs) compared to the values 
measured with the portable XRF.

Accuracy of CRM measurements

Concerning the CRMs, the coefficient of correlation 
(R2) values above 0.99 (Mg, Ca, Fe, Zn, Sr, Zr) and those 
between 0.92 and 0.99 (Si, P, K, Mn, Ni, Nb, Rb, Sn, Pb, 
Th and Ba) indicate a very good capacity of the analyser 
to measure these seventeen (17) elements in concentration 
ranges from several tens of per cent (Si) to a few ppm (Zr 
for example). For the lowest concentrations, the Zr con-
centration of the CRM “Mica Mg” for example is certified 
at 16ppm and the analyser measured 10 and 9ppm; or the 
Sr concentration of the CRM “Granite GH” is certified at 
8.7ppm and the analyser gave 9 and 11ppm respectively 
for each of the two measurements carried out (fig. 3).

The correlation coefficient is lowest for yttrium 
(R2 = 0.784) due to the difficulty of the pXRF to correctly 
measure the CRM “Mica-Fe” (fig. 3) certified at 48ppm 
whereas the portable analyser indicates values of 18 and 
23ppm. When this CRM is not taken into account, the R2 
correlation coefficient rises to 0.994 for the Y. 

Finally, the measurements are very poor (R2 <0.586) for 
three elements: Al, Pb and Co. For the first two, the R2 cor-
relation coefficient is much better when only TIs are taken 
into account (without CRMs), whereas for Co, the measure-
ments made by the portable analyser are always far from the 
expected measurements, whether for CRMs or TIs. 

The portable analyser measurements of all twenty-one 
chemical elements considered in this study were com-
pared to reference values for three granitic CRMs (fig. 4). 
In order to be able to compare widely varying range of 
content, the data was normalised to the continental crust 
(Taylor and McLennan, 1995). This diagram provides an 
overview of the elements for which pXRF measurements 
allow reproducibility of certified measurements (Al, Si, 
K, Ca, Mn Fe, Rb, Sr, Y, Zr, Nb, Sn, Ba, Pb, Th). 

Accuracy of TI measurements

The TI used as “internal standards” are raw mate-
rials fired at 700°C to approximate the ceramic pastes. 

They present similar matrix effect to those of the anal-
ysed ceramics and thus allow to check the accuracy of 
the measurements. By limiting this matrix effect, we 
expected to obtain a better accuracy, i.e. closer proximity 
of the values measured with the analyser to the expected 
values. On the contrary, the measurements made with the 
portable XRF are further away from the expected mea-
surements for eighteen of the twenty-one elements con-
sidered in our study (table 4). 

For two elements (Al and Y), however, the TI mea-
surements are closer to the expected values than for the 
CRMs. Thus, for aluminium, R2 is 0.725 for TI (against 
0.024 for CRM) and for Y, R2 increases to 0.92 (against 
0.78). For these two elements, a calibration using TIs 
could therefore bring a significant gain in the accuracy of 
the measurements of the portable device. 

We do not have a simple explanation for these obser-
vations. However, they underline that matrix effects have, 
for some chemical elements, a real influence on the auto-
matic deconvolution of X-ray spectra.

Repeatability of the measurements

In order to test the repeatability of the measurements, 
each CRM was measured twice with the portable analyser. 
The mean and standard deviation of these measurements 
(table 5; fig. 5) indicate a good stability of the analyser 
and therefore correct repeatability of the measurements 
in the content ranges represented by the CRMs. Table 5 
shows that the standard deviations of the measurements 
are often less than 5% of the measured value for the twen-
ty-one elements of the six CRMs analysed. It would obvi-
ously be necessary to multiply these measurements over 
a longer period of time in order to control the repeatabil-
ity of the apparatus even more precisely and to check the 
possible analytical drifts over several months.

RESULTS AND DISCUSSION

The results presented here show both good repeatabi-
lity -which should be confirmed in a more systematic 

way in later studies- and good accuracy for several che-
mical elements present in the ceramic bodies.

NAME Mg Al Si P S K Ca Mn Fe Co Ni Zn As Rb Sr Y Zr Nb Sn Pb Th Ba
R2 (CRM) 0,995 0,024 0,958 0,960 NA 0,950 0,999 0,949 0,993 0,068 0,967 0,997 NA 0,982 1,000 0,784 0,992 0,978 0,935 0,924 0,974 0,980
R2 (TI) 0,977 0,725 0,671 0,795 NA 0,769 0,963 0,644 0,976 0,003 0,944 0,904 0,000 0,856 0,975 0,918 0,927 0,846 0,013 0,709 0,644 0,920
R2 (CRM & TI) 0,980 0,567 0,697 0,774 NA 0,896 0,965 0,883 0,980 0,035 0,954 0,990 0,004 0,981 0,998 0,840 0,979 0,982 0,678 0,704 0,972 0,980

In bold, R2 > 0,92. Normal: 0,71 > R2 > 0,92. Red:  R2 < 0,6
For S and As, the absence of a certified value does not allow the calculation of R2.

Tableau 4 : Coefficients de corrélation (R 2 ) entre les valeurs "certifiées" et "mesurées" par le XRF portable pour les 21 éléments retenus dans cette étude. 
La première ligne indique R2 pour les CRM; la seconde uniquement pour les "terres d'intérêt" (TI) et la troisième pour les CRM et les TI

Table 4 – Correlation coefficients (R2) between the “certified” values and the values “measured” using a portable XRF for twenty-one 
elements of the CRM and TI heated to 700°C.

Tabl. 4 – Coefficients de corrélation (R2) entre les valeurs « certifiées » et « mesurées » par le XRF portable pour vingt-et-un éléments 
des CRM et des TI chauffées à 700°C.
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In this context, the following discussion focuses on 
three points identified at the start of this study. Firstly, the 
extent to which the portable analyser is able to differen-
tiate between the sources (TI) used in the manufacture of 
the ceramics. Then, we question the capacity of the ana-
lyser to correctly attribute a sherd to one of the potential 
sources (TI). Finally, we discuss the possibility of eva-
luating the heterogeneity of the pastes used for making 
some of the pots and the possibility to detect taphonomic 
effects that could disturb the geochemical signal. 

Characterising the “terres d’intérêt”

The sourcing carried out during the CIMO pro-
gramme, based on petrographic, microstructural and geo-
chemical analyses, has enabled to identify three potential 
sources of terrae for the Pendimoun rock shelter ceramic 
pastes: first, terrae from the alteration of Argentera-
Mercantour mylonites; second, terrae deposits associated 
with the Maures-Tanneron metamorphic rocks; and third, 
sedimentary marls and terrae of Cretaceous origin from 
the Roc d’Orméa foothills (Gabriele et al., this volume; 
Lardeaux et al., this volume). 

The new analyses carried out in the present study 
aim to assess the extent to which the portable XRF anal-
yser can recover these distinctions. The SiO2 vs Al2O3 
binary diagram allows to partially distinguish these 
sources, grouped on three different clusters on the fig-
ure 6. Among these sources, the Argentera-Mercantour 
mylonite alteration materials have the highest SiO2 con-
tent (>50%). The terrae from the alteration of the meta-
morphic rocks of the two Maures and Tanneron massifs 
come from the same geological, petrographic and struc-
tural group (Toutin-Morin et al., 1994) and are charac-
terised, in both cases, by Al2O3 contents ranging between 
15 and 27%. Finally, the soils of the Orméa foothills are 
clearly distinguished from the other plutonic or meta-
morphic TI by lower values of SiO2 (< 43%) and Al2O3 
(< 7.5%).

Other plots as SiO2/Al2O3 vs Fe2O3 (SD. 9) show simi-
lar information without completely removing some over-
lap between the geochemical domains of the three main 
sources. The multi-element diagram (SD. 10) representing 
some of the chemical elements allows us to identify the 
most discriminating elements: mainly CaO, Nb, and Zr. 

Finally, the diagram of the twenty-one chemical 
elements normalized to the continental crust (SD. 11) 
allows an overall visualization. Despite the continuity of 
the measured values for most chemical elements, these 
TIs can be partially distinguished, notably those of the 
Argentera with low Ca contents and those of the Orméa 
with low Al or Zr values. 

It thus appears that the portable X-ray fluorescence 
device allows a suitable separation of the potential 
sources (“TI”). However, our data show how essential it 
is to associate XRF analyses with mineralogy and petro-
graphy. Finally, it seems illusory to claim that portable 
XRF may be able to distinguish “sub-sources” within the 
three main sources (“TI”). 

Attributing a ceramic to a source (TI)

In order to identify the potential sources of the studied 
ceramics, their compositions were compared with those 
of the geological references (TI) using the most discrim-
inating elements. Their position on the SiO2 vs. Al2O3 
diagram (fig. 7 and fig. 8; SD.9 and SD.10) indicates the 
Argentera-Mercantour as the probable origin of the pastes 
for most (n = 15) of the twenty-one sherds belonging to 
the seventeen studied ceramics. The portable XRF analy-
ses are therefore consistent with the mineralogical, petro-
graphical and geochemical results previously obtained in 
the framework of the CIMO programme (table 1).

On the basis of figure 7 alone, sherds AP028, AP08, 
AP093, AP045, AP11 and AP049 are difficult to attribute. 
They are indeed in an intermediate position between the 
different sources (“TI”), with relatively low SiO2 and 
Al2O3 values. This situation is probably linked to the high 
CaO values (> 7%) consistent with the secondary carbon-
ations observed on all these sherds (table 1) and which 
lead, in this figure, to the exclusion of these sherds from 
the Argentera-Mercantour Mylonite group. These higher 
CaO content slightly modify the relative value of other 
major elements (table 1).

The ternary plot Fe2O3, Al2O3, SiO2 (fig.  8) allows 
to better distinguish the three sources (“TI”). The terrae 
sources located around the Piedmont of Orméa present 

Fig. 6 – SiO2 vs. Al2O3 diagram showing portable XRF analyses 
of the 20 TI heated to 700°C. This graph is completed by SD.9 

(the SiO2/Al2O3 vs Fe2O3 diagram), SD.10 (multi-element 
diagrams) and SD.11 (concentrations normalized to the 

continental crust).
Fig. 6 – Diagramme SiO2 vs. Al2O3 montrant les analyses 

XRF-portables des 20 terres d’intérêt (TI) cuites à 700°C. Ce 
graphique est complété par les DS.9 (le diagramme SiO2/Al2O3 

vs Fe2O3), DS.10 (diagrammes multi-élémentaires) et DS.11 
(concentrations normalisées à la croûte continentale).
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relatively higher values of Fe2O3 compared to the two other 
sources. In this figure 8, the sherds are correctly grouped 
around the Argentera-Mercantour TI. On this plot, only 
two ceramics (AP177 and AP093) are in an intermediate 
position where the TI are difficult to differentiate.

Figure 8 shows that AP177 ceramic has SiO2 (49.4%), 
Al2O3 (17.5%) and Fe2O3 (5.42%) contents for which 
there is confusion between the Maures-Tanneron and 
Argenterra sources. This situation can be associated with 
the carbonate deposit, well measured by the portable 
analyser which indicates a higher CaO content (8.75%) 
than the other sherds. Previous observations of the thin 
section had attributed AP177 to the Maures metamor-
phism (table 1). 

In figure 8 sherd AP093 occupies a similar location 
on the plot where the Maures-Tanneron and Argentera 
sources overlap. Mesoscopic observation had previously 
assigned this sherd to the QMF group (table 1) and did 
not show any inclusions that could suggest a mixing with 
glauconitic materials. In thin section, AP093 present 
numerous microclines minerals, but they have not altered 
the chemical measurements: the K2O content (2.65%) is 
in comparable ranges to the other sherds. However, once 
again, the important carbonate deposit, partly invading 
the decorative impressions, was well measured by the 
portable analyser (13.3% CaO) and played a role in the 
relative concentrations of major elements.

These observations show the importance of the tapho-
nomic processes that we discuss in the next section.

Heterogeneities and/or taphonomic process: 
possible effects on the p-XRF measurements

Recent research has demonstrated and documented the 
manufacture of ceramics from the Impressa and Cardial 
horizons of Pendimoun by the Spiralled Patchwork tech-
nique (SPT, Gomart et al., 2017; Gomart, Binder, Gabriele 
et al., this volume). Furthermore, the mixing of terrae of 
different origins was observed recurrently in the same 
ceramic, forming mixed pastes (MIX). They present the 
joint presence of minerals or rock fragments entering in 
the composition of glauconitic pastes (GL) and “granitic” 
pastes (QMF). These two independent technical charac-
teristics (i.e. the assembly by juxtaposition of small spiral 
elements and the potential use of different earths for the 
assembly of the same ceramics) clearly pose the hypoth-
esis of a strong variability of chemical compositions 
within certain ceramics.

In order to test this last hypothesis, longitudinal and 
equatorial transects were carried out for two particularly 
well-preserved ceramics from the QMF group (AP001 
and AP045) (fig.  9). Sixteen and twenty-two measure-
ments were made on each of these ceramics respectively. 
For AP001, the results do not reveal any significant 
spatial geochemical heterogeneity, suggesting that this 
ceramic was built with a unique source of materials orig-
inated from the Argentera-Mercantour massif.

On the other hand, for the AP045 ceramic, the tran-
sect shows a strong variability of three main elements, 

Fig. 7 – Position of the twenty-one shards (belonging to the 
seventeen studied ceramics) on the SiO2 vs. Al2O3 diagram, 

compared with the potential sources heated at 700°C
Fig. 7 – Position des vingt-et-un tessons (appartenant à dix-sept 

céramiques) sur le diagramme SiO2 vs. Al2O3 comparée avec 
les sources potentielles (terres d’intérêt) chauffées à 700°C.

Fig. 8 – Position of the twenty-one shards (belonging to the 
seventeen ceramics) on a ternary diagram Fe2O3, Al2O3, SiO2 

(%). In order to better separate the groups, the Fe2O3 and Al2O3 
contents have been multiplied by 5 and 2 respectively.

Fig. 8 – Position des vingt-et-un tessons (appartenant aux dix-
sept céramiques) sur un diagramme ternaire Fe2O3, Al2O3, SiO2 
(%). Afin de mieux séparer les groupes, les teneurs en Fe2O3 et 

Al2O3 ont été multipliées, respectivement par 5 et 2.
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Fig. 9 – Analyses (portable XRF) carried out along the longitudinal and equatorial transects, through the ceramics AP001 and AP045.
Fig. 9 – Résultats des analyses XRF-portable réalisées selon les transects longitudinaux et équatoriaux, à travers les céramiques 

AP001 et AP045.
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calcium (Ca), phosphorus (P) and potassium (K). This 
variability can be attributed to a taphonomic effect rather 
than to a real heterogeneity of the pastes. Indeed, calcium 
is particularly mobile and abundant in an open rock shel-
ter context in limestones. Phosphorus is an element asso-
ciated with organic matter and human occupation of the 
rock shelter. The variation in K content could be related 
to its relative mobility under weathering conditions. We 
also hypothesis that it could also be due to the random 
density of potassium feldspar phenocrysts under the mea-
surement spot -even if this hypothesis was rejected in in 
the case of ceramic AP093 (see above). 

The thin (sub-millimetre) superficial deposits over-
lying the archaeological material are not able to alter 
the results of an XRF analysis. Indeed, the X-ray pene-
trates the material to depths of a few millimetres, greater 
than the thickness of most crusts (Liritzis and Zacharias, 
2011). However, in some cases, the thickness of the crusts 
or the porosity of the pastes could be at the origin of a 
redistribution of the elements within a higher thickness 
of the sherd. Thus, we have seen that, among the sherds 
studied, AP093 and AP011 show carbonate crusts clearly 
visible to the naked eye and XRF analysis revealed high 
CaO contents of 13.3 and 16.5% respectively.

The estimation of the porosity of the Pendimoun vases 
built from granitic soils provides some keys to interpret 
these data. Indeed, analysis by mercury intrusion porosi-
metry (Drieu et al., 2019) indicates that unlike glauconi-
tic pastes, those derived from mylonite alteration are cha-
racterised by the absence of very small pores (< 0.1μm), 
with a very strong dominance of large pores (between 1 
and 50µm). This very open porosity may favour the pol-
lution of the shards by mobile elements resulting either 
from the dissolution of carbonates from the rock face, or 
from the redistribution of organic juices linked to the use 
of the shelter as a sheepfold. 

Another taphonomic evolution may be linked to 
repeated firing phenomena after the vases were aban-
doned. Thus, sherds AP049 (fired) and AP018 (74P15) 
were fired after the vases were fragmented. Analyses of 
the fired sherds show chemical variations compared to 
analyses of the unfired sherds coming from the same pots 
(SD. 12). For AP049, a decrease in SiO2 content (41.9 to 
31.6%) and secondarily in Al2O3 (10.5 to 8.1%) is obser-
ved, mainly in favour of CaO (6.5 to 14.5%). However, 
the evolution is the opposite for AP018 with a relative 
enrichment in SiO2 and Al2O3 and a depletion in CaO.

CONCLUSIONS

The quality of geochemical measurements (accuracy, 
repeatability) made with portable X-ray fluorescence 

equipment depends on several factors. Firstly, the instru-
ment itself (e.g. sensitivity of the sensors, more or less 
efficient algorithms for interpreting or “deconvoluting” 
the complex spectra) must be taken into account. The 
nature of the samples also plays a major role in the quality 

of the measurements, whether it be the heterogeneity of 
the materials (granulometry, mineralogy, water content, 
porosity, etc.) or matrix effects. Finally, as with any mea-
surement, the analytical protocol is essential: in particu-
lar, it must be based on the use of international (CRM) 
and/or internal standards (in-house standards) which 
allow the accuracy and repeatability of measurements to 
be controlled.

Once these elements have been taken into account, the 
data discussed here show the reliability of the measure-
ments carried out using the portable X-ray fluorescence 
analyser. Indeed, the latter shows an excellent capacity to 
reproduce the expected measurements on certified mate-
rials (CRM). This very good precision was also verified 
on the “terres d’intérêt” (TI) that had previously been the 
subject of petrographic characterization as well as chem-
ical analyses by ICP-AES and ICP-MS and whose matri-
ces are close to those of the ceramics that we wished to 
characterise. 

The correlations between the expected measurements 
(certified or reference) and those carried out with the por-
table analyser on CRMs and TIs show that the analyser 
reproduces the expected measurements of CRMs with 
greater precision. It can be assumed that the lower accu-
racy obtained for TIs is partly related to their composi-
tion, which is more heterogeneous than that of the inter-
national standards. For this study, the accuracy associated 
with the “factory” calibration was found to be sufficient 
to allow the analyser to distinguish between the different 
sources (“TI”), without the need to calibrate the instru-
ment. In this case, the use of CRMs and in-house stan-
dards allows this accuracy to be controlled. For further 
studies on other materials, however, it may be necessary 
to calibrate the analyser. 

The TIs resulting from the alteration of the Argentera-
Mercantour mylonites form a coherent group that is very 
different from the marls and clayey formations from the 
Orméa foothills and from the terrae outcropping in and 
around the Maures-Tanneron massif. Nevertheless, this 
last geological ensemble does not define a restricted 
geochemical domain: the characteristics of the Maures-
Tanneron materials remain dispersed. 

In these conditions, the p-XRF analyses easily allow 
us to differentiate the ceramics (fig. 7 and fig. 8) whose 
raw material comes from the Argentera-Mercantour 
which constituted the essential part of the analysed cor-
pus (15/17) and the ceramic (AP177) using paste whose 
chemical characteristics are within the variability of those 
of the Maures-Tanneron. Concerning the ceramic AP093, 
if it is not a resource not yet identified, the particular com-
position could indicate an important pollution linked to 
deposits after its abandonment. 

The analyses carried out for this study did not allow 
us to observe any internal variability likely to argue for 
a mixture of pastes. The mesoscopic observations are 
therefore, from this point of view, generally conclusive. 
The variability in chemical composition observed on the 
two transects seems to be generated by the burial con-
ditions of the ceramic remains, which can be observed 
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macroscopically. Therefore, the chemical elements likely 
to be linked to differential burial conditions and water cir-
culation (Ca, P, K) must be used with caution to charac-
terise the pastes and establish their origin.

Two methodological points deserve particular atten-
tion. Firstly, this assessment shows the importance of 
prior knowledge of potential sources in terms not only 
of geochemistry but also of petrography and mineralogy. 
The field and laboratory knowledge enables the quality 
and credibility of the analyses to be verified. Secondly, it 
is absolutely necessary to carry out, in parallel with any 
set of portable XRF analyses, repeated measurements of 
certified materials and internal standards, which are the 
only way to check the robustness of the analyses. 

Finally, this study demonstrates that, when associated 
with a naturalistic approach providing a prior knowledge 
of petrographic and geochemical of the potential sources, 
the use of the portable XRF makes it possible to carry out 
non-destructive studies on a large number of ceramics in 
a relatively constrained period of time and to distinguish 
the main sources quickly and efficiently. 
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sheet n°1359)  / Les « Terres d’intérêts » du massif des 
Maures. Localisation des terres d’altération «  grani-
tiques » échantillonnées dans le massif des Maures (carte 
géologique 1/50 000 vecteur harmonisé, BRGM, Feuille 
N°1359). 
SD-4 – Location of glauconitic marls and earths sampled 
in the Orméa piedmont (geological map 1/50 000, BRGM, 
sheet n°1579)  /  Les «  Terres d’intérêt  » du piémont de 
l’Orméa. Localisation des marnes et terres glauconieuses 
échantillonnées dans le massif de l’Orméa (carte géolo-
gique 1/50 000 vecteur harmonisé, BRGM, Feuille N°1579). 
SD-5 – Location of “granitic” alteration earths sampled in 
the Tanneron massif (geological map 1/50 000, BRGM, 
sheet n°1359) /  Les «  Terres d’intérêts  » du massif du 
Tanneron. Localisation des terres d’altération «  gra-
nitiques  » échantillonnées dans le massif du Tanneron 
(carte géologique 1/50 000 vecteur harmonisé, BRGM, 
Feuille N°1359). 

SD-6 – Portable XRF analyses of CRMs, TIs heated 
to 700°C and ceramics from the CIMO program, pro-
cessed during the two sessions in February and July 
2019 / Analyses à l’aide du XRF-portable des CRM, des 
TI chauffées à 700°C et des céramiques du programme 
CIMO, réalisées lors des deux sessions de février et juil-
let 2019.
SD-7 – Means and standard deviations of portable XRF 
analyses of CRMs and CIMO ceramics (February and 
July 2019) / Moyennes et écarts type des analyses des 
réalisées à l’aide de l’analyseur XRF portable des CRM 
et des céramiques du programme CIMO (février et juillet 
2019).
SD-8 – Elements identified by ICP-AES and ICP-MS in 
geological reference samples (raw and experimentally 
fired) and archaeological samples /Table des éléments 
identifiés par ICP-AES et ICP-MS dans les échantillons 
de référence géologiques (crus et cuits expérimentale-
ment) et des échantillons archéologiques.
SD-9 – SiO2/Al2O3 vs Fe2O3 diagram allowing to distin-
guish the terrae coming from the Col de l’Orme, without 
removing the existing confusions between the three other 
“terrae of interest” (cf. figure 4) / Diagramme SiO2/Al2O3 vs 
Fe2O3 permettant de distinguer les terres provenant du col 
de l’Orme, sans pour autant supprimer les confusions exis-
tantes entre les trois autres « terres d’intérêt » (cf. figure 4). 
SD-10 – Harker diagram for some chemical elements 
allowing to characterise the “terrae of interest” of the 
CIMO program. The SiO2 vs. CaO or Zr vs. Nb diagrams 
are the most discriminating in addition to the SiO2 vs. 
Al2O3 diagram (figure 4A) / Diagramme de Harker pour 
quelques éléments chimiques permettant de caracté-
riser les « terres d’intérêt » du programme CIMO. Les 
diagrammes SiO2 vs. CaO ou Zr vs. Nb sont les plus dis-
criminants en plus du diagramme SiO2 vs. Al2O3 (figure 
4A).
SD-11 – Chemical elements normalized to the continen-
tal crust. Some elements (Al, Ca, Nb, Zr) appear to be 
discriminating, but the figure highlights the difficulty in 
distinguishing between the different “terrae of interest”, 
visible in figure 4 or in SD.3 and 4 / Éléments chimiques 
normalisés à la croûte continentale. Quelques éléments 
(Al, Ca, Nb, Zr) apparaissent discriminants, mais la figure 
souligne la difficulté à distinguer les différentes «terres 
d’intérêt», visible sur la figure 4 ou les DS.3 et 4.
SD-12 – Variation of SiO2 and Al2O3 concentration 
of fired shards compared to the same non-fired shards 
(samples AP_018 and AP_049)  /  Variation de concen-
tration en SiO2 et Al2O3 de tessons recuits par rapport 
aux même tessons non recuits (échantillons AP_018 et 
AP_049). https://doi.org/10.34847/nkl.a32ax334 
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