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A B S T R A C T   

In this work, a detailed study of Monte Arci obsidian sub-sources using the increasingly accessible 
technique of pXRF is presented based upon a large dataset of 68 geological samples, for the 
development of X-ray fluorescence-based analytical standardless procedure. In addition, a non- 
conventional (for obsidian provenance study) direct application of multivariate analysis on 
XRF spectra (continuous variables), rather than absolute concentrations or intensity ratios 
(discrete variables) is proposed. 

Results from different softwares and data analysis approaches (bi-/trivariate versus multivar
iate) were compared. In a blind test, the bi-/trivariate approach led to the correct assignment for 
the main SA, SB, and SC sub-sources, taking into account averaged values of intensity ratios with 
their standard deviation obtained from three independent measurements. A high intra-source 
variability for the SB subgroups was detected (almost 13% of error in the assignment, 9 sam
ples out of 68). A non-conventional application of multivariate analysis was carried out directly 
on the XRF spectra and correct assignments were obtained for SA, SB1, SC groups, while 71% of 
the SB2 samples were correctly identified. The non-destructive analysis on 14 archaeological 
samples from Su Carroppu (Carbonia, southwestern Sardinia) rockshelter and from the Middle 
Neolithic (MN) 422 structure of the open-air dwelling site at Cuccuru is Arrius (Cabras, central- 
western Sardinia) permitted to test the method and hypothesise their provenance. The compar
ison with visual characterization or previous analyses by Particle Induced X-Ray Emission (PIXE) 
permitted to verify the correct provenance assignment of all artifacts for the bi-/trivariate 
method, and for 12/14 samples in the case of the multivariate one. The standardless analytical 
approach proposed in this work can represent a more general method exploitable for other 
obsidian sources, other glassy materials, besides other materials of archaeological interest.   

1. Introduction 

Obsidian is a raw material produced by fast cooling of acidic lavas [1] that can be defined as a composite where a predominant 
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glassy matrix coexists with microphenocrysts of different crystalline phases, even nanostructured, leading to a variety of morphologies 
and magnetic behaviours [2–37]. 

Since the Stone Age in Africa and Middle Palaeolithic in Eurasia, due to its mechanical properties (i.e. excellent workability and 
conchoidal fracture), and optical properties, obsidian has been used for the production of both everyday-life tools and objects of 
symbolic value [1,38]. In prehistory, obsidian has been preferably exploited even in places where alternative materials were available 
and exchange networks have been established in time [38]. Indeed, sources of obsidian are limited in number and often located far 
away from the archaeological sites where the artifacts are discovered [26]. This aspect has represented the ideal premise for the 
archaeologists to reconstruct the routes of obsidian circulation and subsequently the social and economic organisation of the ancient 
communities and their interactions by means of provenance studies, based on the assignment of each artefact to the outcrop [26,39, 
40]. Indeed, each obsidian source has its own geological history for both thermodynamic and cooling conditions, which has produced 
specific chemical, physical and structural features [16]. Therefore, a different chemical composition depending on the provenance (a 
sort of geo-chemical signature) can be identified [40]. The case of the Western Mediterranean, where besides a single mainland late 
Pleistocene case in south-eastern Spain [41], the unique obsidian sources used since the VI millennium B.C. are located in four Italian 
islands (Lipari, Palmarola, Pantelleria, and Sardinia), indicates a strong motivation and seafaring abilities of Neolithic humans [38]. 

In the literature, different analytical methods, both destructive and non-destructive, have been proposed with the aim of 
discriminating the main sources and intra-source variability of obsidian on the basis of its geo-chemistry, physical properties, or 
geological age [42]. It is worth noting that, among all these methods, non-destructive approaches are requested to preserve artifacts. 
Moreover, another important aspect to keep in mind is the so-called provenance postulate proposed by Weigand in 1977 [43] and 
reworded by Neff in 2000 [44] as follows: “Sourcing is possible as long as there exists some qualitative or quantitative chemical or 
mineralogical difference between natural sources that exceeds the qualitative or quantitative variation within each source” [45]. These studies 
were first conducted by wholly or partially destructive techniques on a few samples and without an in-depth analysis of technological 
aspects as the position/status in the raw material reduction trajectory. On the contrary, today, analytical and archaeological issues are 
considered according to an integrated approach. For this reason, the analysis, preferably by non-destructive methods, of several 
samples is fundamental. It arises from this discussion the necessity of routinal non-destructive characterisation methods [42]. 

The first provenance studies on the Mediterranean obsidian following analytical methods, dated back to the ‘60s, were carried out 
by Cann and Renfrew by optical emission spectroscopy, based on differences on the ppm contents of various elements as Ba, Zr, Nb, and 
Y. Two Monte Arci sub-sources were identified but not localised [46]. To date, among the different Monte Arci outcrops [47] four 
geo-chemical groups are considered to be relevant for provenance studies [48], namely: SA, SB1, SB2, and SC. From the ’60s until 
today, the elemental analyses on Monte Arci obsidian have been based principally on Neutron Activation Analysis (NAA) [49–54], 
Particle Induced X-Ray Emission (PIXE) [48,55–63], microanalysis by scanning electron microscopy (SEM-EDS) [20,25,64–67], and 
X-Ray Fluorescence (XRF) [40,47,68–87]. Other studies were based on infrared [88] and Raman spectroscopy [88], prompt gamma 
activation analysis [88], magnetometry [33,89], and 57Fe Mössbauer spectroscopy [3,18,90]. 

Among the XRF-based studies (Table S1), some aimed in distinguishing among the Western Mediterranean obsidian sources [40,47, 
68,71,73–75,78,79], or focused on Monte Arci sub-sources discrimination [40,47,69,70,72–74,76–78,81–87]. The number of 
geological samples analysed by XRF was lower or equal to 25 in some studies [68,71,73,79,81] and between 35 and 60 in the other 
references [47,70,72,74,77,78]. Most of the analytical methods are based on the use of absolute concentrations [40,68,70–72,75–78], 
obtained based on the calibration of the intensities through the analysis of reference materials, i.e. international rock standards. On the 
contrary, Terradas et al. [73] proposed the use of intensities normalised for the emission line of the source, while Acquafredda et al. 
[79] used the intensity ratios. Only in a few of these works multivariate analysis by principal component analysis [68,74] or hier
archical clustering analysis [68] was adopted to treat the extracted XRF data on Monte Arci obsidians. In particular, Orange et al. [74] 
showed the clustering of 24 geological samples from Monte Arci, Palmarola, and Pantelleria by a PCA, where SA and SC groups 
featured higher absolute values of Zn and Sr, respectively. The multivariate analysis proposed by Kasztovszky et al. revealed that 
Sardinia obsidian samples did not form a definite cluster [68]. 

In this study, the Monte Arci intra-source provenance issue is tackled on the basis of a standardless p-XRF-EDS approach, by 
selecting the best experimental conditions and evaluating the data by different softwares (LabLithos, Origin, PyMca) and analysis 
approaches (i.e., bi-/trivariate versus multivariate analyses), in order to set up a non-destructive, time-, and cost-effective archaeo
metric routine and highlight possible issues related to intra-sample, and intra-source variabilities. Both geological (68 samples) and 
archaeological (14) samples were analysed, with the geological ones in form of powdered and intact samples. The bi-/trivariate plots 
were obtained based on intensity ratios for different Kα lines, while multivariate analysis was applied directly to the XRF spectra. 

2. Materials and methods 

2.1. Obsidian geological samples 

The geological samples were sourced in the four outcrops of Monte Arci and georeferenced by C. Lugliè [48]. 11 samples were 
analysed by pXRF as powder, 5 samples as both intact and powder. These samples were previously characterised [37] and their 
provenance was known and GPS recorded (Table S2). The powders were obtained by hand-milling through an agate mortar and pestle 
to avoid possible metal contamination. Additionally, 68 samples were analysed as intact and their provenance was communicated by 
C. Lugliè once the assignment to the geo-chemical group was hypothesised based on the XRF data. The location of the geological 
sampling areas is shown in Fig. 1. 

V. Mameli et al.                                                                                                                                                                                                        



Heliyon 9 (2023) e13958

3

2.2. Obsidian archaeological samples 

Fourteen artifacts coming from the Early Neolithic (EN) phase of the Su Carroppu (Carbonia, south western Sardinia) rockshelter 
[60] (CAR01-CAR10) and four from the Middle Neolithic (MN) 422 structure of the open-air dwelling site at Cuccuru is Arrius (Cabras, 
central-western Sardinia, Fig. 1) [91] were analysed non-destructively by pXRF (Fig. S1). The artifacts were selected considering that 
the archaeological sites are representative of the so-named Monte Arci obsidian “contact zone” and “direct procurement zone” [39], 
since they are about 65 and 20 km far from the volcanic massif, respectively. Su Carroppu dates back to the mid of the VIth millennium 
BCE and the EN lithic assemblage is for the biggest part (82%) made of obsidian. The backfilling of the Cuccuru is Arrius 422 pit 
structure, on the other hand, spans the second quarter of the Vth millennium BCE. During this phase the frequentation of this structure 
belongs exclusively to the regional Bonu Ighinu culture and obsidian accounts for about 93% of the lithic industry there. 

2.3. Portable X-ray fluorescence (pXRF) 

X-ray Fluorescence (XRF) spectra were recorded by the portable LITHOS spectrophotometer from ASSING S.p.A. (Fig. S2), 
equipped with a Mo X-ray source and an EDS detector with a resolution of 160 eV and cooled by Peltier effect. The instrument was 
previously used in order to study the provenance of menhir statues from Sardinia [92,93]. The spectra were acquired at 25 kV and 
0.150 mA. The instrument works in a fixed geometry with angle of 45◦, in a non-contact mode. A laser interferometer and a CCD 
camera, included in the analytical head of the spectrophotometer, permitted to set the sample surface at the analysis distance of 10 mm 
(along z axis). The laser interferometer allowed also the selection of the analysed area (in the x-y plane) on the sample. Its size can be 

Fig. 1. Location of the geological sampling areas and the archaeological site of Cuccuru is Arrius (Cabras, central-western Sardinia). Group 1: N104, 
109, 222, 223, 224, 225, 226, 228, 230, 231, 516, 517, 518, 519, 520, 521, 522; Group 2: N119, 126, 127, 128, 211, 212, 213, 216, 217, 353, 354, 
355, 356, 357, 358, 509, 510, 511, 512, 513, 514, 515; Group 3: N132, 133, 134–135, 147–148, 149–150, 151–152, 409, 425, 426, 481, 499, 500, 
501, 502, 503, 504, 505, 506, 507, 508; Group 4: N489, 490, 491, 492, 493, 494, 495, 496, 497, 498. The archaeological site of Su Carroppu 
(Carbonia, southwestern Sardinia) is indicated in the inset in the south-west compared to Monte Arci massif. 
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decided according to different beam shutters of different diameters (Fig. S3). A zirconium filter is also present to reduce the light 
elements contribution. The analysis time can be also chosen (Fig. S4). 

Each powdered obsidian sample was pressed on a plexiglass sample holder to expose a planar surface to the X-ray beam, and one 
spectrum was acquired. On each intact sample, three independent measurements on three different zones were acquired. In addition, 
on the sample N408 for each area analysed by pXRF two additional measurements were acquired under the same experimental 
conditions to have triplicates for each of the three different analysed zones, in order to estimate the repeatability of the method (for a 
total of 9 measurements). 

2.4. Curve fitting 

The XRF spectra were fitted by using different software for comparison: a common software for the data analysis (Origin), the 
software of the instrument (LabLithos) and a specific software for the visualization and analysis of energy-dispersive X-ray fluorescence 
data developed by the Software Group of the European Synchrotron Radiation Facility (ESRF) (PyMca). The data are reported in 
Tables S3–S8, respectively, and examples of curve fitting are given in Fig. S5. From this procedure, the intensity ratios, defined as the 
ratio between the peak areas ascribed to Kα lines of two different elements, were calculated. For the powdered samples, a mean value 
with the corresponding standard deviation is calculated for each Monte Arci sub-source (intra-source variance on powders). The data 
on the intact samples are reported as mean values with the corresponding standard deviations for three independent measurements 
(intra-sample variance, see paragraph 2.1). 

2.5. Multivariate analysis 

The data were also analysed by means of multivariate analysis through the R-based software CAT (Chemometric Agile Tool) (R. 
Leardi, C. Melzi, G. Polotti, CAT (Chemometric Agile Tool), freely downloadable from http://gruppochemiometria.it/index.php/ 
software). 

3. Results 

3.1. Bi-/trivariate analysis of powdered geological obsidian samples 

Once the experimental conditions were selected as 25 kV, 0.150 mA, 5 mm-beam shutter, 960 s, after an initial study described in 
the paragraph S.1 of the Supporting Information, sixteen samples of known provenance (Table S2) were analysed in form of powders 
to inspect the potentiality of the available pXRF spectrophotometer in discriminating the Monte Arci obsidian sub-sources (Fig. 2). This 
first set of analysis runs permitted to evaluate the discriminating power of this tool on ideal, i.e., homogenous, and planar samples, 
beyond those limits typical of intact objects in terms of chemical and morphological inhomogeneities (in particular concerning 
roughness and thickness). Potassium (K), calcium (Ca), titanium (Ti), manganese (Mn), iron (Fe), zinc (Zn), rubidium (Rb), and 
strontium (Sr) were visible as Kα and Kβ lines in a typical XRF spectrum of obsidian. As expected, the Kβ lines of some elements (K, Mn, 
Sr) overlapped with the Kα lines of others (Ca, Fe, Zr, respectively). Additional peaks associated with Kα and Kβ lines of molybdenum (X- 
ray source, E (Kα) = 17.48 keV), Kα of argon (present in the 1 cm-air cushion between the sample and the analytical head of the in
strument), and elastic/inelastic scattering phenomena above 16 keV were also visible (Fig. 2a). Light elements contributed by 
enhancing the background signal as Bremsstrahlung radiation. 

Fig. 2b and c shows qualitatively differences on the XRF spectra of the different Monte Arci sub-sources (normalised with respect to 
Fe Kα intensity, which is the most intense peak): (i) Ti Kα intensity increases in the order SA < SB2 < SB1 < SC; (ii) Mn Kα intensity 
increases in the order SC < SB1 < SB2 < SA; (iii) Zn Kα intensity increases in the order SB2 < SC < SB1 < SA; (iv) Rb Kα intensity 

Fig. 2. XRF spectra of 16 obsidian samples analysed as powders, grouped on the basis of their provenance. *Sr Kβ line is probably overlapped with 
Zr Kα line. 
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increases in the order SC < SB1 < SB2, SA; (v) Sr Kα intensity increases in the order SA < SB2 < SB1 < SC. Therefore, at least SA and SC 
groups seemed to be recognizable: SC features the highest intensities of Ti and Sr Kα lines, and the lowest for Mn and Rb ones, whereas 
the highest intensities of Mn and Zn Kα lines and the lowest for Ti and Sr ones seems to be typical of SA. 

To extract semiquantitative discriminating criteria from XRF spectra of the powdered samples, a curve fitting was carried out by 
using three different software: LabLithos, Origin, PyMca (for further details see the paragraph S.2 of the Supporting Information). The 
background was estimated in different ways depending on the software (Fig. S5). The data are listed in Tables S3–S6. LabLithos 
permitted to define the background thanks to the combination of values associated with smoothing, radius, and noise sensitivity. By 
Origin the background was profiled as an anchor point line by using 20 points. PyMca gave the possibility to choose between a peak 
stripping algorithm (STRIP) and a Statistical Nonlinear Iterative Peak clipping algorithm (SNIP). Here, two attempts were made by 
using two different backgrounds by which a different level of agreement between the experimental and calculated XRF spectra was 
obtained. Besides differences in the absolute values of relative areas, the trends in the mean values for the geochemical groups are the 
same regardless the adopted software (Fig. 3): (i) SA has the highest Rb/Fe, Zn/Fe and Mn/Fe, and the lowest Ti/Fe and Sr/Fe; (ii) SC 
has the highest Ti/Fe, Sr/Fe and the lowest Rb/Fe and Zn/Fe; (iii) SB1 has the same trend of SC but with higher (Rb/Fe, Zn/Fe) or lower 
(Ti/Fe, Sr/Fe) absolute values; (iv) SB2 has the same trend of SA but with higher (Ti/Fe, Sr/Fe) or lower (Rb/Fe, Zn/Fe) absolute 
values. 

The comparison between the different softwares made us to prefer Origin and especially PyMca, and therefore, they were chosen for 
the next steps of the work (for further details see the paragraph S.2 of the Supporting Information). These encouraging results led us to 

Fig. 3. Intensity ratios obtained from the XRF spectra of 16 powdered samples coming from the Monte Arci sub-sources (SA in blue, SB1 in red wine, 
SB2 in olive, SC in purple). The data were obtained by curve fitting with different software: LabLithos (a); Origin (b); PyMca by using a SNIP 
algorithm for the baseline (c, d); PyMca by using a Strip algorithm for the baseline (e, f). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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analyse also the intact geological samples, and among them those of unknown (for the chemists) provenance (blind test) to verify if a 
sub-source could be identified. 

3.2. Bi-/trivariate analysis of intact geological samples 

43 intact samples were analysed by pXRF and the data treated by Origin and PyMca software to obtain the intensity ratios with 
respect to the Fe Kα and to the Rb Kα. 38 samples were analysed in a blind test (Table S8), while 5 samples of known provenance (N426, 
N224, N225, N141, and N408, Table S7), also analysed as powders, were used to assign the groups to the geological sources. Three XRF 
spectra were collected on each sample and the mean values of the intensity ratios were reported in 2D-3D graphs to verify if the 
samples tend to form discrete groups according to different chemical composition. In the 2D graphs, the mean values are given with 
their standard deviation. In Fig. 4, the results obtained by Origin are presented. From the 2D plots, it is possible to distinguish 3 groups 
corresponding to SA, SB and SC. In particular, Ti/Fe vs. Mn/Fe and Ti/Fe vs. Zn/Fe allowed the distinction of the SA sub-source 
(Fig. 4a–d), while the SC group feature higher values of Ti/Rb, Sr/Rb, and Mn/Rb ratios (Fig. 4e–h). The sub-discrimination of the 
SB groups was also attempted by 3D plots, as those reported in Fig. 5, which makes clearer the discrimination of SC thanks to the higher 
values of Fe/Rb, Ti/Rb, and Sr/Rb ratios, while for SA groups the effect of lower Ti/Rb and Sr/Rb and higher Mn/Rb allows the SA 
samples to separately group at the bottom of the graph. 

Based on this bi-/trivariate analysis a provenance assignment for the 38 intact and unknown geological samples was hypothesised, 
and compared with the actual provenance of the samples, as summarised in Table S9. All the samples were correctly recognised for 
their SA, SB and SC provenance, while three samples, were wrongly assigned (N509, N511) or not further distinguished (N515) for 
their SB1-SB2 provenance, leading to an error of the 8% in the assignment of SB samples (3/38 samples, or 3/18 SB samples leading to 
a 17%). In particular, if the sample N515 is at the edge of the hypothesised SB1-SB2 regions, the samples N509 and N511 appear to be 
more similar to the SB1 group members. The reason behind this behaviour was not associated with morphological issues in terms of 
thickness or flatness in these specific samples (Fig. S6). Therefore, in order to verify if these findings were a hint of a higher intra-source 
variance of the SB2 group, additional SA (+6 samples), SB1 (+5), SB2 (+13), SC (+1) samples were analysed. This latter SC sample 
(N238) was considered as an SB2 member based on its visual characters (visual characterization performed by C. Lugliè), but it was 
sourced in a secondary deposit in an area of possible SB2-SC mixing. Previous analysis by NAA ascribed an SC provenance to it, instead 
of an SB2 one. The data were fitted through the PyMca-SNIP approach, being the most promising one in terms of efficacy and timing. 
The SA members can be quite easily identified based on both 2D (Fig. 6) and 3D graphs (Fig. 7). All the SC samples can be recognised 
(even the sample N238 assigned as SB2 by visual characters but as SC by NAA), as well as the SB members. Therefore, a correct 
assignment was obtained with a 100% of success for the main SA, SB, and SC geochemical groups. On the contrary, the further 
distinction of the SB subgroups seems to be challenging due to a higher intra-source variability than previously hypothesised. In 
particular, some SB2 samples (N509, N511, N515, N232, N233, N353, N354, N355) and one SB1 obsidian (N230) are not assignable to 
an SB sub-source due to their distances in the 2D and 3D graphs from the other analogues. This led to a13% of error in the assignment. 
These results suggest a higher intra-source variability of the chemical composition of the SB2 samples, and the necessity of further 

Fig. 4. 2D plots of different intensity ratios obtained by Origin for 43 intact obsidian samples coming from the Monte Arci sub-sources (blind test 
samples in black, SA in blue, SB1 in red wine, SB2 in olive, SC in purple): Ti/Fe vs. Mn/Fe (a, b); Ti/Fe vs. Zn/Fe (c, d); Mn/Rb vs. Sr/Rb (e, f); Fe/Rb 
vs. Sr/Rb (g, h). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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analysing a higher number of samples from this study and others reported in the literature to construct a more robust provenance study 
tool. 

3.3. Analysis of archaeological samples 

14 archaeological samples were analysed again for a blind-test in order to verify the possibility to hypothesise the provenance of 
obsidian artifacts with the as-built standardless bi-/trivariate model, based on the intensity ratios among Kα lines (Fig. 6 - right side, 
Fig. 7 – bottom part). The assignments are listed in Table 1, in comparison with the assignment based on previous analyses by PIXE or 
the visual characterization performed by C. Lugliè, and that based on the multivariate approach later discussed in this study (para
graph 3.4) [60,62]. As shown, the assignments based on the two analytical techniques (pXRF and PIXE) perfectly matched, whereas for 
some of the samples a mismatching was observed when the results obtained by pXRF were compared with those obtained by visual 
characterization, as for the artifacts 422-274, CAR03, CAR06. 

The agreement in the assignments based on pXRF and PIXE analyses of the archaeological samples from Su Carroppu, in contrast 
with the visual characterization, highlights the importance of developing a fast analytical tool able to distinguish among the three main 
geochemical groups, especially when taphonomic alterations of macroscopic features may render the visual assignment challenging. 

The samples from the Middle Neolithic (MN) 422 structure at Cuccuru is Arrius were previously analysed by visual character
ization, and the two assignments matched for three samples. The disagreement observed for the provenance of the sample 422-274 is 
not surprising due to the previously mentioned issues in the visual characterization and needs to be further investigated by other 
analytical technique. In this framework, the complete lithic collection coming from Cuccuru is Arrius is under study in a more 

Fig. 5. 3D plots of different intensity ratios obtained by Origin for 43 intact obsidian samples coming from the Monte Arci sub-sources (blind test 
samples in black, SA in blue, SB1 in red wine, SB2 in olive, SC in purple): Fe/Rb vs. Ti/Rb vs. Sr/Rb (a, b); Fe/Rb vs. Ti/Rb vs. Mn/Rb (c, d); Ti/Rb vs. 
Sr/Rb vs. Mn/Rb (e, f). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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comprehensive archaeometric research. Concerning the samples from Su Carroppu, the results show the following distribution in terms 
of provenance of the source: 50% from SC (5/10), 30% from SA (3/10), and only 2 artifacts came from SB groups, exclusively from SB2. 
These results need to be considered as preliminary, and we cannot conclude on the distribution of the raw matter in this site. Further 
analyses might be conducted on other obsidian artifacts found in Su Carroppu to investigate the archaeological aspects related to the 
use of obsidian. 

Fig. 6. 2D plots of different intensity ratios obtained by PyMca-SNIP for 68 intact obsidian samples coming from the Monte Arci sub-sources (SA in 
blue, SB1 in red wine, SB2 in olive, SC in purple): Ti/Fe vs. Mn/Fe (a, b); Ti/Fe vs. Zn/Fe (c, d); Mn/Rb vs. Sr/Rb (e, f); Fe/Rb vs. Sr/Rb (g, h). On the 
right, the same plots show the ratios for the 14 analysed artifacts (red spheres). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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3.4. Multivariate analysis 

An attempt to build an efficient method to identify the geochemical provenance of the obsidian samples was proposed based on 
multivariate analysis directly on the XRF spectra of the 68 geological intact samples. A schematic representation of the development 
steps of the multivariate method is shown in Fig. S7. The three XRF spectra acquired on each sample were averaged. Table 2 lists the 
four geochemical groups together with the number of samples, divided into training and test sets. 

Within the whole spectral range, three main regions were selected: (1) region of the Kα and Kβ lines of the Ti: from 4.2 keV to 5.2 
keV, corresponding to the range in channels from 144 to 178; (2) region of the Kα and Kβ lines of Mn, Fe, and Zn: from 5.5 keV to 10 
keV, corresponding to the range in channels from 188 to 340; (3) region of lines Kα and Kβ of Rb, Sr, and Zr: from 12.5 keV to 16.5 keV, 
corresponding to the range in channels from 425 to 559. 

Fig. S8 shows the original XRF spectra, whereas the averaged spectra for the four different geological sub-sources are depicted in 
Fig. S9. The main differences already described for Fig. 2 are clearly visible: (i) the Zn and Mn peaks are more intense for the SA group; 

Fig. 7. 3D plots of different intensity ratios obtained by PyMCA-SNIP for 68 intact obsidian samples coming from the Monte Arci sub-sources (SA in 
blue, SB1 in red wine, SB2 in olive, SC in purple) (upper part). In the central part, the same graphs are provided with the labels to identify the 
samples that were wrongly assigned to the sub-sources. On the bottom part, the same plots are shown with the data for the 14 analysed artifacts (red 
spheres). From the left to the right: Fe/Rb vs. Ti/Rb vs. Sr/Rb (a, d, g); Fe/Rb vs. Ti/Rb vs. Mn/Rb (b, e, h); Ti/Rb vs. Sr/Rb vs. Mn/Rb (c, f, i). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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(ii) the Ti and Sr peaks are more intense for the SC group; (iii) SB groups have intermediate features between these two extremes, with 
SB1 more similar to SC, and SB2 to SA. 

A supervised classification model was built by the chemometric tool of the k-nearest neighbours (k-NN), which is a distance-based 
discriminant method. It aims to classify test samples by the computation of their distances (multivariate Euclidean distances are 
commonly adopted) from all the samples in a training set of known class membership. The parameter k, which is the number of 
neighbours to be counted in the assignation rule, has to be defined and optimized within the training set. Then, the test sample is 
ascribed to that class with the majority representation in the k selected samples. If an odd k is selected, the k-NN delimiter is usually 
non-linear (depending on the number of k) and divides the space into as many subspaces as classes [94]. In this case, a probabilistic 
method such as the linear discriminant analysis (LDA) was not employed because the four classes (i.e., the geochemical groups) feature 
a different variance-covariance matrix, being not characterized by the same dispersion and correlation structures [95]. 

Moreover, in order to obtain simple and more robust models, a genetic algorithm (GA) was applied, with the aim to select the 
informative regions of the spectra [96–98] 

In the present work, a multi-step classification modelling was considered (Fig. S7). In the first step (Model A, Table 3), the model 
referred to the three main classes by making the SB1 and SB2 converge into the SB class (SA, SB, SC). 

By applying the GA, the regions among the entire spectrum to better separate the three classes were chosen. Subsequently, a second 
model (Model B, Table 4) was built by considering separately the classes SB1 and SB2 (training set B = 28 samples). In this smaller 
training set, GA was applied again to select the spectral regions responsible for specific features useful to describe these two sub- 
classes. 

All the samples predicted as SB in the first model were submitted to the second model as test set and it defined the actual 
geochemical membership between SB1 or SB2. Standard Normal Variate (SNV) and autoscaling were adopted as pre-treatments 
(Fig. S10). In both models the number of k for the k-NN algorithm was equal to 5. After the selection of the informative spectral 

Table 1 
Provenance assignments of archaeological samples based on pXRF data treated by the bi-/trivariate and multivariate methods in comparison with 
those obtained from previous analyses by PIXE and visual characterization.  

Sample Assignment based on pXRF bi-/trivariate method (this 
study) 

Assignment based on pXRF multivariate method (this 
study) 

Assignment based on previous 
analyses 

PIXE Visual 
characterization 

422–106 SB (SB1) SB (SB2) – SB1 
422–113 SA SB (SB2) – SA 
422–190 SC SC – SC 
422–274 SB (SB2) SB (SB2) – SB1 
CAR01 SC SC SC SC 
CAR02 SA SA SA SA 
CAR03 SB (SB2) SB2 SB2 SA 
CAR04 SC SC SC SC 
CAR05 SC SC SC SC 
CAR06 SB (SB2) SB2 SB2 SA 
CAR07 SA SA SA SA 
CAR08 SC SC SC SC 
CAR09 SA SA SA SA 
CAR10 SC SC SC SC  

Table 2 
Number of samples from the four geochemical groups divided into training and test sets.  

Geological origin Training set Test set 

SA 12 5 
SB1 10 5 
SB2 18 7 
SC 8 3 
Tot 48 20  

Table 3 
Distribution of the spectra of the geological samples between the training and test set for the 
Model A, aimed to distinguish among the three main geochemical groups: SA, SB, SC.  

Geological origin Training set Test set 

SA 12 5 
SB 28 11 
SC 8 4 
Tot 48 20  
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regions and before the computation of the classification models, a PCA was carried out on the training set as a data display method. 
According to the GA results for Model A, 24 variables were selected. The energy (eV) intervals corresponding to the variables 

selected are shown in Fig. S11a and correspond to the Ti Kα (≈4.4–4.6 keV), Mn Kα (≈5.8–6.0 keV), Zn Kα (≈8.6 keV), and Rb Kα 
(≈13.3–13.5 keV). After the variable selection, the first PCA (Model A) was computed (Fig. 8), and two significant components 
explaining the 80.47% and 9.44% of the total variance (89.9%) were identified. 

The score plot on the plane PC1-PC2 (Fig. 8), with the samples coloured according to the geochemical group, shows quite clearly 
that SA, SB and SC feature a specific location on the components plane, where SA and SC locate themselves at opposite scores on PC1 
and at positive scores on PC2, while SB is at intermediate values on PC1 and at negative loadings on PC2. Only sample N232 (indicated 
in Fig. 8 as 39SB2) is confused with SC class. This sample appeared also problematic by bi-/trivariate analysis. SB category has the 
greatest variability with intermediate characteristics between SA and SC. Within SB, as expected, SB1 and SB2 appear to be confused 
with each other. For this reason, it has been chosen to reapply the GA to select specific features useful to better describe the two sub- 
classes. For classification purposes, as mentioned before, k-NN method was preferred on LDA due to the different dispersion and 
correlation structures of the classes. 

By applying the GA on the samples predicted as SB from the Model A, 19 variables were selected. The energy (eV) intervals cor
responding to the selected variables are shown in Fig. S11b. Together with the regions associated with the Zn Kα (≈8.7 keV) and Rb Kα 
(≈13.3–13.5 keV), the Sr Kα (≈14.1–14.2 keV) and a region between 9.5 and 9.6 keV were selected. This latter spectral region is 
associated with the baseline. The second PCA performed on samples predicted as SB by the first model (Model B) identifies 3 significant 
components explaining respectively 53.60%, 12.05%, and 8.30% of the total variance (73.95%) (Fig. 9, where only the first two 
components are shown). 

The score plot on the plane PC1-PC2 (Fig. 9), with the samples coloured according to the geochemical membership, shows the two 
sub-classes quite separated along PC2, except for samples N356 (16SB2) and N230 (30SB1), respectively confused with SB1 and SB2 
category. In particular, the sample N230 was not recognised as an SB1 member also by bi-/trivariate analysis. Furthermore, a greater 
variability is detected among the samples belonging to the SB2 class compared to those of the SB1 class, in agreement with the results 
obtained by bi-/trivariate analysis. The re-use of GA to select the informative region was necessary to better describe the two sub- 
classes and consequently to improve the classification rate. 

Table 5 shows the confusion matrix in prediction with the corresponding correct predictions (%) for each class. 
The geochemical group with the lowest percentage of correct prediction was SB2 (71%), whose samples were mainly confused with 

SC and SB1, while the others returned perfect predictions. The non-correctly assigned samples were 59SB2 (N509) and sample 65SB2 
(N511), respectively predicted as SC and SB1, in agreement with the issues on these samples observed by bi-/trivariate analysis. 

The as-built multivariate method, although it will need further improvement with the analysis of additional samples, was also 
applied to the archaeological samples, and the results are shown in Table 1. A correct assignment in agreement with bi-/trivariate 
pXRF and PIXE analyses, was obtained for 12 samples out of 14, with the 422-106 and 422-113 wrongly assigned to the SB2 subgroups, 

Table 4 
Distribution of the spectra of the geological samples between the training and test set for the 
Model B, aimed to distinguish the SB subgroups: SB1, SB2.  

Geological origin Training set Test seta 

SB1 10 5 
SB2 18 5 
Tot 28 10  

a Samples predicted as SB in the model A. 

Fig. 8. Principal component analysis for the Model A: scree plot on the left (a), and score plot on the right (b).  
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instead of SB1 and SA sources, respectively. 

4. Discussion & conclusion 

Nowadays, archaeological dissertations should be frequently based on archaeometry with analytical tools used not as black boxes 
but through a critical analysis of all possible sources of error. Once the archaeological objective has been defined, e.g., in terms of 
provenance, function, technology questions, an analytical protocol based on the available instruments should be designed to build a 
non-destructive, time- and cost-effective routine. 

As previously reported by other authors [74], pXRF spectroscopy has a lot of advantages in terms of easiness, low-cost, and speed of 
measurement, and depending on the available instrument allows the in-situ analysis in a non-destructive manner of differently 
sized-objects. In addition, this technique can be favourably used to determine the presence of high-atomic number elements, since the 
probability for an atom to relax from an excited state (reached as a consequence of the absorption of primary X-photons) through the 
physical phenomenon of fluorescence depends on the atomic number. Fortunately, for provenance purposes often the discriminative 
elements are heavy atoms easily detectable by this technique although present as few tens or hundreds of part per million [75]. The 
main obstacle in the wide use of this technique is related to the occurrence of the so-called “matrix effects”, which makes it as a 
semi-quantitative method, unless the use of calibration and reference materials with similar matrix. Some issues might arise from the 
morphology of the analysed object in terms of thickness, roughness, and flatness, or weathering phenomena. Indeed, for a specific 
element, the intensity of the emission lines is not directly proportional to the concentration, and is affected by the presence of the other 
elements, i.e. the matrix. In particular, beside the concentration, the intensity is influenced by absorption, granulometric and surface 
effects [78]. In order to make these factors negligible, we have adopted the following solutions:  

• although obsidian is a composite materials [37], the size of the analysed area was chosen big enough to obtain good quality spectra 
in terms of signal/noise ratio and an averaged information in the plane, making negligible the presence of microliths; 

• the repeated analyses on three different areas of the same sample featuring different geometry permitted to obtain mean infor
mation, despite the differences in terms of surface effects, with a standard deviation accounting for the intra-sample variability;  

• the construction of a database made on many intact geological samples (68 samples), not a priori selected on the basis of thickness, 
flatness, and roughness, allowed the occurrence of all the possible limits in terms of morphology detectable in the artifacts;  

• the construction of a database where all the Monte Arci sub-sources are represented with at least ten samples, and where those 
problematic groups as SB2 have been over-represented to better evaluate the intra-source variability (17 from SA, 15 from SB1, 24 
from SB2, 12 from SC); 

Fig. 9. Principal component analysis for the Model B: scree plot on the left (a), and score plot on the right (b).  

Table 5 
Confusion matrix in prediction with the corresponding percentage of correct predictions for each geochemical group.  

Predicted geological origin SA SB1 SB2 SC % Correct Predictions 

SA 5 0 0 0 100 
SB1 0 5 0 0 100 
SB2 0 1 5 1 71 
SC 0 0 0 4 100 
% Total Correct Predictions    93  
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• the adoption of a standardless method based on discriminative intensity ratios rather than absolute concentrations permits to skip 
the issues related to the quantification, taking into account that the X-rays emitted from two different elements in the same sample 
will be affected by the same matrix effects, and makes the method universal and independent on the specific pXRF instrument [78]. 

The results show the possibility to distinguish the main groups SA, SB, and SC. In particular, all the SA and SC samples are identified 
by the bi-/trivariate method, while a higher variability was detected for the SB1 and SB2 samples. The measurements performed, 
despite spanning over ten years, can be directly compared with a perfect match of the discriminative parameters, as observed for the SA 
samples, since the intensity ratios are not affected by changes in the absolute number of photons in the primary beam, i.e. aging of the 
X-ray tube over time. 

In addition, a multivariate approach was attempted directly on the spectra with the aim of building a method independent on the 
analytical steps of data treatment, where from continuous variables, i.e., the spectra, discrete variables are extracted, i.e. absolute 
concentrations or intensity ratios. Although different softwares (LabLithos, Origin, PyMca) led to similar discrimination powers among 
the Monte Arci sub-sources, the curve fitting procedure is the most time-consuming step in the process. Multivariate methods are 
commonly employed for provenance studies on obsidian based on discrete variables (absolute concentrations or intensity ratios) [52, 
53,63,68,74,80,99–111]. The direct application of multivariate analysis to XRF spectra was proposed in the literature for provenance 
studies on obsidian samples only in one case, associated with the study of Mesoamerican obsidian sources [112]. 

As indicated in the introduction, provenance studies on obsidian from Monte Arci dated back to the ’60s, and some of them focused 
on the specific discrimination of Sardinian sub-sources [40,47,70,72–74,76–78,81]. A direct comparison with the literature is not so 
trivial, due to differences in the number of geological samples analysed by XRF, the adoption of multitechnique determination of the 
discriminative parameters, the focus on archaeological samples more than the description of the details in the analytical methods. For 
instance, percentage of errors in the determination of the provenance of the geological samples are often missing, probably due to the 
fact that the analytical method was not built in a “blind test” mode, as we did. The error bar in the bivariate plots is also not reported 
and sometimes samples at the edge of two different sub-sources regions are found. Surely, better discrimination might arise from the 
determination of other elements, such as Y, Nb, La, Ba, Zr, and Ga (Table S1), that were not visible in the XRF spectra acquired by the 
instrument here adopted. Nevertheless, we succeeded in developing a standardless method that might be similarly built on other 
instrument by other researchers and for other materials, once a large geological dataset is available and the sources appear different for 
elements detectable with that instrument, but without the necessity of quantitative parameters. Despite local impacts, this work might 
be useful for researchers dealing with provenance studies to develop standardless methods by the available pXRF, on other obsidian 
sources, and even other materials archaeologically relevant. The preliminary results here presented are promising with a 100% of SA, 
SB1 and SC samples correctly predicted but a 71% of success in the case of SB2 geological members. However, both the methodologies 
agree in suggesting the limits in identifying the obsidian samples from SB2, associated with a higher compositional variability, and 
defines the necessity to further enlarge the analysed samples to build even more robust classification methods. The analyses on 14 
artifacts revealed the agreement of classification between the approaches here and previous analyses by PIXE on ten samples 
(CAR01-CAR10). 
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