
Eur. Phys. J. Plus         (2023) 138:603 
https://doi.org/10.1140/epjp/s13360-023-04218-4

Regular Art icle

Combined in situ XRF–LIBS analyses as a novel method to determine
the provenance of central Mediterranean obsidians

Ilaria Costantini1,a , Marco Veneranda2, Nagore Prieto-Taboada1, Anna Maria De Francesco3, Kepa Castro1,
Juan Manuel Madariaga1,4, Gorka Arana1

1 Department of Analytical Chemistry, Faculty of Science and Technology, University of the Basque Country (UPV/EHU), 48080 Bilbao, Spain
2 Department of Condensed Matter Physics, Crystallography and Mineralogy, University of Valladolid (UVa), Valladolid, Spain
3 Department of Biology, Ecology and Earth Science, University of Calabria (UniCal), Cosenza, Italy
4 Unesco Chair of Cultural Landscapes and Heritage, University of the Basque Country (UPV/EHU), Vitoria-Gasteiz, Spain

Received: 17 October 2022 / Accepted: 22 June 2023
© The Author(s) 2023

Abstract This work presents a new calibration method for determining the provenance of obsidian artefacts based on the combined
use of XRF and laser-induced breakdown spectroscopy (LIBS). At first, obsidian samples collected from the main Mediterranean
sources were characterized using portable XRF and LIBS systems. After data treatment, elemental information was used to carry out
principal component analysis (PCA) for each technique. Rb, Sr, Zr, Y and Fe elements, detected by using XRF, were found to be the
key parameters enabling obsidians discrimination. Likewise, LIBS data helped differentiating the analysed patterns by the intensity
of their main elemental components (Ca, Al, Mg and K). After selecting the key parameters detected by each technique, a new data
matrix combining XRF and LIBS data was finally built. According to PCA results, the discrimination of Mediterranean sources
based on combined XRF–LIBS data ensured a higher reliability over mono-analytical models, by increasing the Euclidean distance
between sources projections over three-dimensional principal components plots. Knowing that the representativeness of elemental
data could be compromised by the presence of superficial degradation products or deposition patinas, a shot-to-shot comparison of
in-depth LIBS analyses is finally proposed as a method to disclose whether the spot under analysis was superficially contaminated
or altered. Thus, the proposed strategy based on the combined use of portable XRF and LIBS spectrometers could be particularly
useful for the in situ analysis of obsidian artefacts that underwent superficial alteration or could be covered by patina products.

1 Introduction

Since the Stone Age, obsidian represented an important resource to craft numerous kinds of weapons, tools and ornamental objects.
Being a volcanic glass formed from rapidly cooled lava, the few major deposits known in ancient times represented an essential
trading resource for nearby settlements [1, 2]. In the past few decades, the number of research works comparing the chemical–physical
properties of archaeological artefacts with those of ancient obsidian sources outcrops significantly increased. As a result, analytical
studies managed to reconstruct ancient trades routes and to extrapolate reliable information about the socio-economic contacts
between cultures [1, 3]. For example, it has been analytically proved that obsidian artefacts were traded up to 900 km during the
prehistoric period, thus revealing the occurrence of long-distance commercial contacts in the Mediterranean region [1].

Knowing that each obsidian outcrop presents a unique and very homogeneous chemical composition, comparative studies based
on the characterization of major, minor and trace elements proved to be the ideal strategy to disclose the provenance of obsidian
artefacts [4, 5]. Therefore, many obsidian provenance studies are nowadays based on the use of laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) [6, 7]. This analytical technique allows to identify and quantify most elements, reaching
detection limits in the order of parts per million (ppm) or billion (ppb). Source identification of obsidian objects from Italy [8], Japan
[5], Syria [9], Yemen [10], Peru [11] and Argentina [12] (among others) amply demonstrates the effectiveness of this technique.
However, being a benchtop instrument, LA-ICP-MS analyses can only be performed in the laboratory, which partially limits its
applicability to the study of unmovable artefacts. Besides LA-ICP-MS, analytical protocols based on the interpretation of X-ray
fluorescence (XRF) data have been successfully applied to obsidian sourcing for over two decades [3, 13, 14]. The main advantage
of this analytical technique resides in the capability to qualify and semi-quantify the elemental composition of a target in a totally
non-destructive way [15, 16]. As demonstrated by many publications on this topic, this analytical technique proved to effectively
trace the origin of ancient obsidian artefacts found in the Mediterranean area [17–19] and further geographic regions [20–22]. More
recently, laser-induced breakdown spectroscopy (LIBS) is also emerging as an useful analytical tool in the field of archaeological
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research [23, 24], although only one work focused on the provenance of obsidian so far [25]. Learning from other fields of research,
the micrometric crater produced by the laser pulse makes that the LIBS technique can be used for depth-profiling analysis [26].
Indeed, by performing multiple laser shots on the same spot, the LIBS technique is able to remove the superficial layer of degradation
and investigate the unaltered inner matrix. In the few cases in which obsidian artefacts undergo superficial alteration (e.g. hydration
[27]) or could be covered by patina products (e.g. deposited during usage [28] or due to the exposure to the external environment
[22]), the in-depth analysis of LIBS could represent a valuable analytical solution to overcome the issue of superficial alteration.

An additional advantage of XRF and LIBS techniques over other analytical provenance methods like LA-ICP-MS analysis resides
in the availability of portable instruments [29–33] that can be used to carry out in situ analytical studies whenever obsidian artefacts
cannot be either sampled or transferred to the laboratory. In the past decade, several studies confirmed the applicability of XRF
portable instruments to the in situ study of obsidians provenance [17, 34, 35], while the only work so far based on the use of a
portable LIBS system was published in 2019 [25].

As the combined use of LIBS and XRF has been successfully applied in other fields of research, the main objective of this work is
to investigate the potential advantages provided by the combined use of these two complementary techniques in the field of obsidian
provenance. Indeed, even though XRF spectrometers widely proved to effectively discriminate the source of obsidian artefacts, the
LIBS technique could support XRF results by allowing depth-profiling analysis and providing a more efficient identification of light
elements.

Being among the best studied and most well analysed in the world [14, 36, 37], central Mediterranean obsidian sources were
selected as a representative case of study to test the combined use of portable XRF and LIBS spectrometers. In detail, the analytical
work was organized as follows. First, portable XRF and LIBS systems were used to analyse obsidian samples from the main
Mediterranean sources. Principal component analysis (PCA) [38] of spectroscopic results was then used to build mono-analytical
discrimination models. After selecting the dominant key parameters detected by each spectroscopic system, XRF and LIBS results
were combined to build a novel PCA-based discrimination model. The separation efficiency of the three proposed methods was then
compared by measuring the Euclidean distances between averaged obsidian plot projections. A shot-to-shot comparison of in-depth
LIBS analyses was finally evaluated as a method to verify the reliability of elemental results gathered from the study of altered
obsidian artefacts.

2 Materials and methods

2.1 Obsidian samples

The Mediterranean area has several geological obsidian sources. Although mostly modest in size, the outcrops of obsidian are very
numerous, but not all of them are glassy and of highly translucent quality. In Sardinia, the region of Monte Arci provides evidences
of different Plio-Pleistocenic volcanic episodes which produced large amount of sub-alkaline rhyolites, during the first episode
[39]. In the Monte Arci area, more sources and sub-sources have been recognized. As demonstrated on previous works, different
methodologies were effectively employed to distinguish more than four geochemical groups in the obsidians of M. Arci (SA, SB1,
SB2, SC1 and SC2) [19, 40–42]. Lipari is one of the seven Aeolian islands, all of volcanic origin, which had its cyclic volcanic
activity from 270,000 years ago until 400 AD [43, 44]. On Lipari there are more obsidian outcrops of good quality, as Vallone
Gabellotto and Canneto Dentro, but the only one that was exploited in the Neolithic period is that of the Vallone Gabellotto—Fiume
Bianco, dated to a maximum of 11,400 and 8600 years BC by the fission track method [45, 46], which is visible as blocks in a
thick deposit of pyroclasts. Palmarola is the westernmost of the Pontine Islands Archipelago, in the Gulf of Gaeta. It is formed
by calc-alkaline volcanic rocks of Pliocene age. The formation of sodic rhyolitic domes occurred almost 1.7 Ma ago [47]. The
Palmarola obsidian outcrops are along the southern slope of M. Tramontana [48] and next to Punta Vardella (as secondary deposits).
The peralkaline character [49] of obsidian from Pantelleria, which is related to its genesis through fractioned crystallization by
basaltic magma, allows to distinguish this source from all other Mediterranean obsidians (above all, by the content of Zr) [19].

Knowing that each obsidian source presents a very homogeneous chemical composition (data dispersion estimated in ±1% for
most elements [50]), one representative sample was collected from each location and analyses were carried out in different spots.

2.2 Analytical instruments and data processing

For the spectroscopic characterization of obsidian patterns, portable instruments were used. On one side, X-ray fluorescence analyses
were carried out by using a handheld XMET5100 spectrometer (Oxford Instruments, Oxford UK). The instrument is equipped with
a rhodium anode X-ray tube and a silicon drift detector (energy resolution of 150 eV and spectral resolution of 20 eV), and the
measurement spot has a diameter of 9 mm. For each sample, five spectra were acquired during 100 s (real time) to improve the limit
of detection for the identification of trace elements.

On the other hand, LIBS analyses were performed using a portable EasyLIBS IVEA (model Easy 2C) system. This instrument
employs a pulsed Nd:YAG laser, emitting at 1064 nm. The laser energy per pulse on the sample is 30 mJ with a repetition
rate of 1 Hz and a duration of 5 ns. The beam is focused by a 15-cm focal length converging lens, which produces a spot of

123



Eur. Phys. J. Plus         (2023) 138:603 Page 3 of 12   603 

Fig. 1 Comparison between XRF
spectra from Lipari’s obsidian,
gathered by setting SoilFP and
SoilLEFP analytical modes. The
three graphs have been represented
using equal vertical scales
(number of counts) to underline
how spectral intensities varies
according to the employed method

analysis of around 500 μm in diameter. The plasma signal is delivered by an optic probe to three spectrometers, covering the
ultraviolet (UV, 196–419 nm), the visible (VIS, 420–579 nm) and the near-infrared (NIR, 580–1000 nm) spectral ranges, respectively
(HR2000+/Ocean Optics, USA). In this work, measurements were performed with the double pulse mode by setting an optimized
delay time of 50 μs to the laser pulse and a gate width of 5 ms. For each sample, five spectra (resolution of 0.2 nm) were collected by
accumulating 30 laser shots from the same spot of analysis. The AnaLIBS 6.3 software was used for automatic spectra acquisition
and visualization, while peaks identification was carried out using the NIST Atomic database [51].

After spectra acquisition, obsidian samples comparison was carried out taking into account the normalized intensity values of the
main peak of each detected element. In the case of XRF spectra, the Kα line found at 1.74 (Si), 3.32 (K), 3.69 (Ca), 4.53 (Ti), 5.90
(Mn), 6.41 (Fe), 8.60 (Zn), 10.50 (As), 13.39 (Rb), 14.16 (Sr), 14.96 (Y), 15.8 (Zr) and 16.62 keV (Nb) was taken into consideration
for the identification of Si, K, Ca, Ti, Mn, Fe, Zn, As, Rb, Sr, Y, Zr and Nb elements, respectively. Regarding LIBS spectra, the
emission lines detected at 257.5 (Mn), 259.8 (Fe), 279.5 (Mg), 288.3 (Si), 334.8 (Ti), 393.2 (Ca), 396.0 (Al), 455.3 (Ba), 588.6
(Na), 766.0 (K) and 779.4 nm (Rb) were considered.

The IDAT/SpectPro software [52, 53] was used to treat and normalize all spectra, while the intensity value of elemental peaks
was automatically calculated for each spectrum by using a dedicated MATLAB routine [54]. In this way, regardless of the analytical
technique, each element will be represented by a numerical value comprised between 0 and 1. Normalized intensity values were
finally analysed through the Unscrambler®7.6 software by using a multivariate method based on principal component analysis
(PCA) [38].

The PCA converts the elemental values of the analysed data matrix into a new set of nonlinear variables called principal components
(PC). Considering that PC1, PC2 and PC3 (which generally explain almost the totality of data variance) can be represented in a
three-dimensional coordinate system, the separation among obsidian sources was evaluated by measuring their Euclidian distance
in the Cartesian space. To do so, the following equation was used:

d(Oa, Ob) �
√

(X2 − X1)
2 + (Y2 − Y1)

2 + (Z2 − Z1)
2 (1)

where d is the distance between the two obsidians sources to be evaluated (Oa and Ob), while x, y and z are the numerical expression
of the considered averaged obsidian projections over PC1, PC2 and PC3, respectively.
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Fig. 2 Averaged XRF spectra
collected from the study of
obsidian patterns. Signals detected
between 17 and 25 keV are
attributed to the Compton and
Rayleigh scattering lines [57]

3 Results

3.1 XRF discrimination model

The spectrometer used in this work is provided with different fundamental parameter (FP)-based methods to optimize the elemental
identification and semi-quantification according to the target under analysis (soils, pure metals, alloys, etc.). For this reason, the first
step of this work consisted in selecting the optimal method to characterize obsidian standards. Taking into account the experience
gained in previous works [55], the spectra obtained using SoilFP and SoilLEFP methods were compared. On the one hand, acquisition
parameters of SoilFP mode are optimized to maximize the detection of heavy elements (Z > 18). Thus, spectra are acquired over
100 s (spectral range between 0 and 40 keV) by setting a voltage of 45 kV and a current of 15 μA (see Fig. 1). On the other hand, by
setting the SoilLEFP mode, the 100 s of acquisition is used to collect two different spectra. During the first 60 s, the spectrometer
optimizes the detection of light elements (atomic number Z < 18) by emitting X-rays with a voltage of 15 kV and a current of 45 μA.
The remaining 40 s are then used to capture a second spectrum by setting the same current and voltage conditions described for the
SoilFP mode (see Fig. 1).

Knowing that obsidian sources can be mainly differentiated by their relative content of heavy elements as Rb, Sr, Y, Zr and Nb
(Z between 36 and 41) [19, 56], SoilFP proved to be the optimal method to analyse the Mediterranean patterns.

After selecting the analytical method, five spectra per sample were collected. The comparison provided in Fig. 2 clearly highlights
that, besides the Kα peak of Fe (6.40 keV), the main differences among obsidian sources were found in the range between 13 and
17 keV, where the spectral features of Rb (13.40 keV), Sr (14.17 keV), Y (14.96 keV), Zr (15.78 keV) and Nb (16.62 keV) are
present.

After observing clear spectral differences among obsidian patterns, all XRF spectra were normalized to the height of the Rh Lα

Compton peak [58]. Afterwards, a MATLAB routine was used to extrapolate, from each spectrum, the intensity values of the main
elemental peaks listed in Sect. 2.2. All values were then divided by the normalized intensity of the strongest peak (Ka line of Fe,
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Fig. 3 Scores and loadings plots
from the PCA of XRF data. a)
PC1–PC2 and b) PC1–PC3 (Zr
projection is out of scale: (+ 0.41;
+ 0.74). The variance explained by
PC1 + PC2 + PC3 is 96%

from the fourth spectra of Sardinia SB1). In this way, a data matrix was created in which all elemental parameters are expressed by
a value ranging between 0 and 1. The multivariate analysis of the data matrix was finally carried out using The Unscrambler 7.6
software.

As displayed by the score plots shown in Fig. 3, PCA results underlined a clear separation between most Mediterranean sources.
In detail, the greatest variance in data projection lies on principal component 1 (PC1, 55%) and PC2 (30%). By associating scores
position with loadings distribution (red dots), it was deduced that Rb, Fe, Y, Zr, Sr and K are the elemental variables that contribute
the most to the separation of Mediterranean obsidians. Even though most sources were effectively discriminated, the proximity
between SA (blue circles) and SB2 (magenta circles) projections over both PC1–PC2 and PC1–PC3 plots proved that XRF was
not able to clearly separate the two clusters. Even though Sardinia SB1 (purple circles) and Lipari (light blue circles) clusters were
found relatively close in the PC1–PC2 plots, their distance increases considerably by taking into consideration PC3. The PC values
representing the five projections of each obsidian pattern were averaged and represented in the binary plots as black dots. As PC1,
PC2 and PC3 (explaining 96% of data variance) can be represented as the axis of a xyz coordinate system, the separation among
obsidian sources was measured by calculating their Euclidean distance in the three-dimensional space. As listed in Table 1, the
calculated distance between Sardinia SA–Sardinia SB2 proved that the two obsidian varieties cannot be differentiated by the model.
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In addition to this, the Euclidian distances measured between Lipari–Sardinia SB1, and Sardinia SB1–Sardinia SC averaged values
were also found to be particularly low (< 0.5).

3.2 LIBS discrimination model

Complementarily to XRF data, additional LIBS analyses were performed. After selecting five spots of interest per sample, LIBS
spectra were collected by accumulating the plasma generated by 30 consecutive laser pulses. The five spectra collected from
each obsidian standard were then averaged using the IDAT/SpectPro software and represented in Fig. 4. Even though the three
spectrometers cover a range between 190 and 1000 nm, Fig. 4 only displays the UV (between 230 and 480 nm) and IR (between 700
and 810 nm) sections, as the main emission lines of most elements are observed there. Similar to the XRF results, clear differences
in the intensity of many emission lines were detected among the averaged LIBS spectra of Mediterranean obsidian standards.

After visual comparison, all LIBS spectra were normalized. Knowing that the silica content of Mediterranean standards is
relatively constant (SiO between 73 and 75.5 wt% [19]) and that the Si emission lines were proved to be irrelevant parameters for
LIBS-based provenance studies [25], all spectra were normalized to the height of the main emission line of Si (288.3 nm). All values
were then divided by the normalized intensity of the strongest peak (Na line at 589.0 nm, from the second spectra of Sardinia SB1
standard). In this way, we obtained a data matrix in which all elemental parameters are expressed by values ranging between 0 and
1. As for the case of XRF, LIBS data matrix was finally analysed using a multivariate method based on PCA.

As displayed in Fig. 5, projected data are mainly resolved by Ca, Al, K and Mg elements, which are acknowledged for being the
major components of obsidians’ geochemistry [56]. This result underlines the complementarity between LIBS and XRF. Indeed,
the high sensitivity of the LIBS technique towards the identification of alkaline and alkaline earth elements helped compensating
the low sensitivity of XRF in the detection of light elements.

Binary plots provided in Fig. 5 proved that the degree of obsidians discrimination achieved by PCA of LIBS data was not as
good as with XRF results. Indeed, as summarized in Table 1, the three-dimensional Euclidean distance between obsidian averaged
projections was often low (below 0.5). In detail, Palmarola, Sardinia SB2 and SC samples cannot be differentiated by the plot of PC1
and PC2, which explain 82% of the total variance. Even though a better discrimination of Sardinia SC projections can be achieved
by considering PC3 (11%), the measured Euclidian distances are still unsatisfactory.

However, it is important to underline that, unlike XRF, the PCA of LIBS data successfully differentiated Sardinia SA averaged
projection from the Sardinia SB2 one (Euclidean distance � 0.52). Similarly, increased three-dimensional distances were measured
between Lipari–Sardinia SB1 (0.64) and Sardinia SB1–Sardina SC (0.75). Therefore, this result highlights the complementary
information provided by the two techniques when dealing to the discrimination of Mediterranean obsidians.

3.3 Combination of XRF and LIBS data

After confirming the complementarity between XRF and LIBS results, a new data matrix was built that combined the main discrim-
inant variables detected by each technique. According to the PC plots displayed in Figs. 3 and 5, Rb, Sr, Zr, Y and Fe elements were
considered as key parameters for XRF, while the intensity values of Al, K, Mg and Ca lines were considered for LIBS. Since both
XRF and LIBS parameters were previously normalized to values ranging from 0 to 1, the values obtained for each technique were
considered to have comparable statistical weight.

As displayed in Fig. 6, PCs gathered from the PCA of the combined XRF–LIBS data matrix ensured an improved separation of
all obsidian clusters. Comparing the PCA of combined XRF–LIBS parameters with the results provided by the LIBS data matrix,
the Euclidean distance measured between averaged obsidian projections increased in all the cases in a range that goes from + 148
to + 1160%.

Compared to XRF results, Euclidean distances improved in 71.5% of the cases (6 out of 21 combinations). As displayed in Table
1, the most evident improvements were obtained in the separation of obsidian clusters that, as explained in Sect. 3.1, were not well
resolved by the PCA of the XRF data matrix. Thus, the Euclidean distance between averaged Sardinia SA and SB2 passed from
0.09 to 1.86 (+ 1982%), while the values between Lipari–Sardinia SB1 and Sardinia SB1–Sardinia SC passed from 0.49 to 2.24 (+
360%) and from 0.47 to 2.70 (+ 590%), respectively.

The results described in this section proved again the advantages provided by the combination of XRF and LIBS data. Indeed,
by selecting the key elemental parameters detected by each technique, it was possible to obtain a solid discrimination model that
ensured an increased separation of obsidian’s clusters over mono-analytical methods.

3.4 Shot-by-shot LIBS analysis

Besides the different sensitivity in elements detection, XRF and LIBS techniques also differ in the way they collect the spectral
information from the target under analysis. Indeed, XRF performs non-destructive measurements by collecting elemental information
from a bigger spot of analysis than LIBS systems (in our case, 9 mm vs. 0.5 mm diameter). This feature favours the use of XRF systems
when it comes to the analysis of well-preserved obsidian artefacts, since the elemental information gathered from a larger area ensures
a higher representativeness of the glass geochemistry. However, the bigger spot could be a disadvantage when superficial alterations
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Fig. 4 Averaged LIBS spectra
gathered from the study of
obsidian standards

or deposition patinas are present. Indeed, it would increase the chances to intercept the detection of micrometric degradations, which
would enrich the resulting spectra of specific elements, thus compromising the reliability of provenance studies. This is particularly
problematic when the employed spectrometer is not coupled to a camera, since the operator cannot check the surface of the spot to
be analysed. (This is the case of most commercial instruments, as the one used in this work.)

Compared to the non-destructive XRF, LIBS is a micro-invasive instrument that analyses the plasma generated by laser ablation.
The higher the number of laser pulses accumulated from the same spot of interest, the deeper is the resulting crater (which is
often not visible at the naked eye). Taking advantage of its micro-invasiveness, in-depth LIBS analyses can be used to discriminate
the presence of superficial alteration products that cannot be discriminated by XRF measurements. Indeed, if the spot of interest
presents superficial alterations or deposition patinas, the spectral comparison of LIBS shots accumulated from the same spot should
reveal elemental fluctuations. Indeed, as consecutive laser shots would end penetrating the alteration layer, the peak intensity of the
elements included in the degradation or deposition patina should decrease with increasing the depth of the analysed pulse. For the
same reason, the intensity of Si lines should increase with depth, as it is the major component of obsidians.

To evaluate this hypothesis, shot-to-shot measurements in the same spot were performed and the spectra were compared to detect
potential elemental fluctuations in obsidian standards when getting deeper shots. To do so, the intensity ratio of all detected elements
was compared to the characteristic line of Si (288.3 nm).

Considering that each LIBS spectrum was obtained by accumulating 30 laser shots, elemental fluctuations were evaluated by
averaging the intensity values of their characteristic lines every five consecutive shots. As shown in Fig. 7, the values obtained by
averaging the most superficial shots (1–5) were in line with those measured at deeper pulses (26–30). The detection of constant
intensity ratios proved the intensity of the detected elements was not affected by the presence of superficial alterations or deposition
patinas. Averaged values and relative standard deviations are provided as supplementary material (Table SM1).

The negligible elemental fluctuations can be justified by the lack of alterations or deposition patinas on the surface of the
analysed obsidian standard (from Lipari). However, when superficial products are present, elemental ratios should display decreasing
intensities with depth. Knowing that key elemental parameters detected by LIBS (K, Mg, Ca and Al) are the ones most easily altered
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Fig. 5 LIBS score plot. K (−0.45;
+ 0.80), Ca (+ 0.52; + 0.55) and
Mg (+ 0.65; − 0.03) variables
have been represented outside the
graph, as their projections were
out of the scale of the PC1–PC2
plot. The same happened for K
(−0.45; + 0.33), Mg (+ 0.65; +
0.72) and Ca (+ 0.52; −0.46)
projections on the PC1-PC3 plot.
The variance explained by PC1 +
PC2 + PC3 is 96%

by the presence of alteration products (e.g., superficial salt deposits, as is the case of Pompeian mirrors [59]), this method could
be used to rule out spurious spectra from the PCA analysis of the combined XRF–LIBS data matrix, thus further increasing the
reliability of the discrimination method for provenance studies.

4 Conclusions

Obsidian fragments sampled from the central Mediterranean sources were analysed using two portable commercial instruments.
After data collection, a MATLAB routine was used to extrapolate, from each spectrum, the normalized intensity values of the main
characteristic peak of each detected element. Multivariate analyses of LIBS and XRF data matrixes were then carried out using the
PCA method. The data plots provided in Fig. 3 show the portable XRF system was capable to correctly differentiate most obsidian
sources, being Sardinia SA and SB2 the only varieties showing a reduced Euclidean distance. By associating scores position with
loadings distribution (red dots), Rb, Fe, Y, Zr and Sr were found to be the main elemental variables contributing to the discrimination
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Fig. 6 Scores and loadings plots
from the PCA of combined
XRF–LIBS data. a) PC1–PC2 and
b) PC1–PC3. The variance
explained by PC1 + PC2 + PC3 is
89%

of Mediterranean sources. The reliability of XRF-based discrimination model can be attributed to the use of the SoilFP method,
which adjusts the acquisition parameters to optimize the detection of heavy elements (Z > 18).

Unlike XRF, the use of portable LIBS instruments for obsidian provenance studies has been barely introduced. (The only paper
focusing on this topic was published in 2019.) The results obtained in this work show this analytical technique could be of key
importance for the in situ study of altered obsidian artefacts. Al, Mg, K and Ca were found to be the main LIBS parameters for the
discrimination of obsidian standards, these being the main elements (besides Si) characterizing obsidians geochemistry. Although
the calculated three-dimensional Euclidean distance between the analysed Mediterranean sources was often below XRF levels, the
data plots provided in Fig. 5 show that LIBS data ensured a better discrimination of Sardinia SA and SB2 varieties over XRF results.

In order to increase the potential of the previous PCA models, a new data matrix that combines the key elemental parameters
detected by XRF (Fe, Nb, Sr, Zr and Y) and LIBS (K, Mg, Al and Ca) was built. As proved by the PCA results provided in Fig. 7,
combined XRF–LIBS data improved the discrimination of Mediterranean sources over mono-analytical models, ensuring a much
higher Euclidean distances between obsidian clusters.

As well as providing elemental parameters that are complementary to XRF ones, the shot-to-shot analysis of LIBS depth profiling
could be used to detect spectral contaminations caused by the presence of superficial degradation patinas. This makes the combined
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Fig. 7 Shot-to-shot evolution of
elemental intensity ratios from the
in-depth LIBS analysis of Lipari
obsidian pattern

use of portable XRF and LIBS spectrometers a particularly useful strategy to apply for the in situ analysis of obsidian artefacts that
underwent superficial alteration or could be covered by patina products.
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