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Abstract

The micro-laser induced breakdown spectroscopy (u-LIBS) technique allows performing
fast elemental analyses, without sample preparation and thus making it specifically useful
in the analysis of the composition of ancient potsherd. The u-LIBS instrument is equipped
with a microscope and a scanning system allowing to realize small craters (about @ = 25
HMm) in order to obtain detailed hyperspectral surfaces maps (up to a maximum size of one
square centimeter). The data are processed by Self-Organizing Maps (SOMs) method to vi-
sualize in 2D representations allowing significant information on the technological features

of ceramic samples.
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Introduction

Hyperspectral imaging technique has been largely applied for remote sensing applications
in the agro-alimentary food industry evaluating the food quality or in medical field for the
analysis of tumoral tissue (Dale et al., 2013; El Masry, Kamruzzaman, Sun, & Allen, 2012;
Grahn & Geladi, 2007; Lorente et al., 2012; Manolakis & Shaw, 2002; Panasyuk, Freeman,
& Panasyuk, 2018). The appearance on the market of new and more performing tools that
allow to create elementary maps regardless of the type of samples renewed the interest
of the technique spreading its application to the several fields (Moncayo et al., 2018).
Big data is generally both visually and computationally hard to manage, new methods for
dimensional reduction, as artificial neural networks (ANN) approach, can be successfully
used for this purpose.

Our goal is to use the SOM, a type of ANN, to treat data collected with a p-LIBS-scan to
realize hyperspectral elemental maps of pottery samples belonging to an advanced Neolith-
ic culture, in order to evaluate and discuss its most significant technical features: such as
particular elementary associations, located in small areas of the maps, that could be due
to the presence of certain types of skeletal fragments.
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Material and Methods

The experimental setup consists of a Modi smart LIBS system (Bertolini et al., 2006)
manufactured by Marwan Technology (Pisa) equipped with a Zeiss A1 microscope. The
laser (A=1064nm) is focused on the sample surface through a proper 10X objective. The
movement of the sample is ensured by two motorized slides produced by Thorlabs that
guarantee translation along the X and Y axis, while the Z axis is manually controlled for
the preliminary focusing of the sample. The plasma light is collected by a spherical lens
and sent to the spectrometer by means of an optical fiber (Figure 1). The entire scanning
system is synchronized using a homemade script in LabVIEW 8.5. All data processing was
performed through Matlab scripting.

Figure 1 - Experimental setup. The reference system indicates: x=movement of sample from left
to right; y=movement from upper to down side; z=focusing distance from the objective lens.

For our study, we used potsherds belonging to a conclusive phase of the Italian Final Neo-
lithic (Figure 2). All the analyzed samples come from archeological sites in Abruzzo (Italy)
which are coherent from a cultural and chronological point of view. The fragments come
from a homogeneous fine-texture pottery class that has black gloss surfaces, sometimes
with a metallic appearance. From a technological point of view, these classes testify an im-
portant passage from domestic to increasingly specialized productions attesting a precise
knowledge of materials and manufacturing techniques. For the analysis of the negatives
of the thin sections were used, and the scans were carried out on the side-face of the
ceramic slices.

Figure 2 - Analyzed samples.
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The micro-LIBS maps acquisition procedure has been described previously (Bertolini et
al., 2006; Pagnotta et al., 2017; Pagnotta, Legnaioli, et al., 2018; Pagnotta, Lezzerini, et
al., 2018; Schiavo et al., 2016). Four spectral datasets, one for each sample, have been
prepared. Each one represents a hyperspectral cube (m x n x z), where m and n are the
number of the single LIBS shots along the sample surface, and z. is related to the 3533
values of the LIBS signal intensity at different wavelengths. To reduce the data size, only
the lines associated with the elements of interest have been selected: Na, Mg, Al, Si, K, Ca
and Fe (Figure 3).

Figure 3 - 2D maps of the elements selected for the analyses (Na, Mg, Al, Si, K, Ca and Fe).

The reduced cubes belong to a dimensional space still too large (R”) to be easily repro-
duced. The main drawback is the possibility to use the 3 color channels (Figure 4). The
basic approach is building a false color image representing the three most representative
elements for the analysis.

Figure 4 - Elemental RGB maps set-up (sample POFN2).

In Figure 5 different approaches are shown regarding the specific mineral species to be
identified: from bottom to up, the first row shows the main chemical elements indicating
the presence of plagioclases (Na = red, Al = green and Ca = blue); the second one refers
to the chemical elements useful to individuate the presence of spinel phases (Mg/Al) and
carbonate phases (Mg = red, Al = green and Ca = blue) and, the last ones, the character-
istic elements of the clayey material (Si = red, Al = green, Ca = blue).
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Figure 5 - False color maps realized with a different group of three elements
according to the specific mineralogical information to point out.

From the single maps, it is clear that the samples exhibit a strong inhomogeneity. In order
to better display all the possible information, the method already proposed by Pagnotta
et al. (Pagnotta, Lezzerini, et al., 2018) appears particularly suitable. A Kohonen SOM
network (Kohonen, 1990, 1998) was built using the seven elementary maps as input; the
optimized procedure allowed for four outputs, called segments (Figure 6).

Figure 6 - Structure of the Self-Organized Map
for the analyzed samples as provided by the MATLAB ANN tool.

In Table 1 the obtained four outputs for each sample are shown. Each segment may be
associated with a specific mineralogical class. In this way it is also possible to carry out
quantitative analysis based on standard-less methods such as the Calibration-Free (CF-
LIBS) [11]-[13], in order to define its composition. The spectra relative to each segment
were extracted and averaged. Since each SOM network is trained on a single sample, it is
not possible to directly compare the results between different samples, so Seg. 1 for sam-
ple 1 has a different meaning with respect of Seqg. 1 for, for instance, sample 2 or 3, etc...
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Seg.1
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Table 1 - SOM segments for each analyzed sample,
with a relative percentage of the area in respect to the total scanned area.

Results and Discussion

The study of the false colors maps allows to easily identify the skeletal fraction and the
matrix of the individual potsherds. The fraction probably containing carbonate phases is
widespread with different size and angled edges in all fragments.

In the POFN1 sample, it is possible to distinguish a thin superficial layer probably constitut-
ed by the same clayey material of the bulk, differing from it only for a greater purification
(something that we can identify as “chamotte”). In the other samples, where a metallic
black gloss surfaces are still present (due to the similar surface aspect to the other), this
layer is not detectable in the maps. The Si/Al/Ca maps of POFN3 and POFN4 appear partic-
ularly reddish testifying a widespread presence of silicates. In the Mg/Al/Ca maps, instead,
the shade tends to magenta (red + blue) showing the dispersion of the carbonates inside
the ceramic body, while the presence of small yellowish spots may indicate the presence
of spinels. Similarly, small yellow dots in the Na/Al/Ca maps may highlight the existence of
plagioclases, while the cyan areas (blue + green) confirm the presence of an enrichment
in silico-aluminates.

The quantitative analysis confirms the qualitatively observations (Table 2, Table 3, Table
4, Table 5). Assuming that the segment with the greater percentage (in bold) represents
the matrix of the ceramic, samples POFN3 and POFN4 are quite similar, while POFN2 is
substantially different, POFN1 seems to be a mixture, although macroscopically all of them
show the same features of the other fragments. The results of these preliminary analyses
carried out on a limited number of samples show that for a ceramic class of similar appear-
ance, there are still different ways of realization, starting from different “recipes”, due to
a not yet standardized production process that will be typical of the subsequent Neolithic
phase.
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Seg.1 | Seg.2 | Seg.3 | Seg.4

Al | 25.7 25.7 | 25.3 |24.2
Ca | 5.7 9.4 8.3 10.3
Na | 0.3 0.6 0.5 0.6
Mg | 0.8 0.8 0.8 0.8
Fe | 35.8 32.1 356 |39.2
K 1.4 2.7 2.2 3.1
Si | 30.3 28.1 | 27.3 |24.2

Table 2 - Elemental chemical composition (wt.%) of the four segments in sample POFN1 map.

Seg.l | Seg.2 | Seg.3 | Seg.4

Al 112.4 12.5 12.8 | 11.5
Ca | 4.8 4.6 5.1 5
Na | 0.2 0.3 0.2 0.2
Mg | 0.3 0.2 0.3 0.2
Fe | 68 67.7 67.8 |70.2
K 0.7 0.9 0.8 0.9
Si | 15.5 13.8 13 12

Table 3 - Elemental chemical composition (wt.%) of the four segments in sample POFN2 map.

Seg.1 Seg.2 Seg.3 | Seg.4
Al 24.7 32.1 35.5 31

Ca | 6.2 8.2 9 9.8
Na | 0.23 0.4 0.4 0.5
Mg | 0.9 1.2 1.2 1.2
Fe | 36.4 15.9 11.6 15.7
K 1 1.4 1.7 1.8

Si 30.5 40.8 40.6 39.9

Table 4 - Elemental chemical composition (wt.%) of the four segments in sample POFN3 map.

Seg. 1 Seg.? | Seg.3 | Seg.4
Al 30.7 30.3 25.9 33.7

Ca | 6.9 7.4 6 i1
Na | 0.3 0.3 0.3 0.5
Mg | 1.1 1 0.9 1.2
Fe | 21.1 23.7 32.4 io
K 1.1 1.3 1 1.8

Si 39.2 35.8 33.4 41.8

Table 5 - Elemental chemical composition (wt.%) of the four segments in sample POFN4 map.

Although macroscopically all the ceramic fragments belong to the same archeological class
(fine ceramics with glossy black surfaces), only in the sample-POFN1 is clearly detectable
the presence of a surface layer of purified clay which, once cooked, confers this character-
istic aspect. Moreover, the LIBS analyses reveal that the composition of the ceramic matrix
is not the same.
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Conclusion

The elemental maps obtained from a scanning micro-LIBS system and processed by Self-Or-
ganizing Maps (SOMs) method can provide valuable results with inhomogeneous matrices.
In the case of ceramic materials, this approach allows to identify features that can provide
important information about the manufacturing technology. We can automatically calculate
the percentage of the scanned area occupied by a single cluster and identify the chemi-
cal composition. The segmentation of the scanned surfaces reduces the dimension of the
data set offering the possibility to conduct also quantitative analysis for each recognized
cluster. In this particular case it has been possible to understand that even in the case of
a homogeneous class of artifacts with similar macroscopic characteristics, the “recipes” of
realization are very different in accordance with the tendency of the final phases of the
Neolithic in which there is a tendency to maintain an identity, probably at a domestic level,
in the creation of objects with a very standardized appearance.
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