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Abstract
The micro-laser induced breakdown spectroscopy (μ-LIBS) technique allows performing
IDVWHOHPHQWDODQDO\VHVZLWKRXWVDPSOHSUHSDUDWLRQDQGWKXVPDNLQJLWVSHFL¿FDOO\XVHIXO
in the analysis of the composition of ancient potsherd. The μ-LIBS instrument is equipped
with a microscope and a scanning system allowing to realize small craters (about Ø = 25
μm) 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 viVXDOL]HLQ'UHSUHVHQWDWLRQVDOORZLQJVLJQL¿FDQWLQIRUPDWLRQRQWKHWHFKQRORJLFDOIHDWXUHV
of ceramic samples.
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Introduction
Hyperspectral imaging technique has been largely applied for remote sensing applications
LQWKHDJURDOLPHQWDU\IRRGLQGXVWU\HYDOXDWLQJWKHIRRGTXDOLW\RULQPHGLFDO¿HOGIRUWKH
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
RI WKH WHFKQLTXH VSUHDGLQJ LWV DSSOLFDWLRQ WR WKH VHYHUDO ¿HOGV 0RQFD\R et al., 2018).
Big data is generally both visually and computationally hard to manage, new methods for
GLPHQVLRQDOUHGXFWLRQDVDUWL¿FLDOQHXUDOQHWZRUNV $11 DSSURDFKFDQEHVXFFHVVIXOO\
used for this purpose.
Our goal is to use the SOM, a type of ANN, to treat data collected with a μ-LIBS-scan to
realize hyperspectral elemental maps of pottery samples belonging to an advanced NeolithLFFXOWXUHLQRUGHUWRHYDOXDWHDQGGLVFXVVLWVPRVWVLJQL¿FDQWWHFKQLFDOIHDWXUHVVXFKDV
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 Modì smart LIBS system (Bertolini et al., 2006)
manufactured by Marwan Technology (Pisa) equipped with a Zeiss A1 microscope. The
laser (λ=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
DQGVHQWWRWKHVSHFWURPHWHUE\PHDQVRIDQRSWLFDO¿EHU 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 Neolithic (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
IURPDKRPRJHQHRXV¿QHWH[WXUHSRWWHU\FODVVWKDWKDVEODFNJORVVVXUIDFHVVRPHWLPHV
with a metallic appearance. From a technological point of view, these classes testify an important 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
YDOXHVRIWKH/,%6VLJQDOLQWHQVLW\DWGLϑHUHQWZDYHOHQJWKV7RUHGXFHWKHGDWDVL]HRQO\
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 (R7) to be easily reproduced. 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).

,Q )LJXUH  GLϑHUHQW DSSURDFKHV DUH VKRZQ UHJDUGLQJ WKH VSHFL¿F PLQHUDO VSHFLHV WR EH
LGHQWL¿HGIURPERWWRPWRXSWKH¿UVWURZVKRZVWKHPDLQFKHPLFDOHOHPHQWVLQGLFDWLQJ
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 characteristic elements of the clayey material (Si = red, Al = green, Ca = blue).
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Figure 5 - )DOVHFRORUPDSVUHDOL]HGZLWKDGLϑHUHQWJURXSRIWKUHHHOHPHQWV
DFFRUGLQJWRWKHVSHFL¿FPLQHUDORJLFDOLQIRUPDWLRQWRSRLQWRXW

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
DVVRFLDWHGZLWKDVSHFL¿FPLQHUDORJLFDOFODVV,QWKLVZD\LWLVDOVRSRVVLEOHWRFDUU\RXW
quantitative analysis based on standard-less methods such as the Calibration-Free (CF/,%6 >@±>@LQRUGHUWRGH¿QHLWVFRPSRVLWLRQ7KHVSHFWUDUHODWLYHWRHDFKVHJPHQW
were extracted and averaged. Since each SOM network is trained on a single sample, it is
QRWSRVVLEOHWRGLUHFWO\FRPSDUHWKHUHVXOWVEHWZHHQGLϑHUHQWVDPSOHVVR6HJIRUVDPSOHKDVDGLϑHUHQWPHDQLQJZLWKUHVSHFWRI6HJIRUIRULQVWDQFHVDPSOHRUHWF«
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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
ZLGHVSUHDGZLWKGLϑHUHQWVL]HDQGDQJOHGHGJHVLQDOOIUDJPHQWV
,QWKH32)1VDPSOHLWLVSRVVLEOHWRGLVWLQJXLVKDWKLQVXSHU¿FLDOOD\HUSUREDEO\FRQVWLWXWHGE\WKHVDPHFOD\H\PDWHULDORIWKHEXONGLϑHULQJfrom it only for a JUHDWHUSXUL¿FDWLRQ
(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 particularly reddish testifying a widespread presence of silicates. In the Mg/Al/Ca maps, instead,
WKHVKDGHWHQGVWRPDJHQWD UHGEOXH VKRZLQJWKHGLVSHUVLRQRIWKHFDUERQDWHVLQVLGH
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
SODJLRFODVHVZKLOHWKHF\DQDUHDV EOXHJUHHQ FRQ¿UPWKHSUHVHQFHRIDQHQULFKPHQW
in silico-aluminates.
7KHTXDQWLWDWLYHDQDO\VLVFRQ¿UPVWKHTXDOLWDWLYHO\REVHUYDWLRQV 7DEOH7DEOH7DEOH
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
VXEVWDQWLDOO\GLϑHUHQW32)1VHHPVWREHDPL[WXUHDOWKRXJKPDFURVFRSLFDOO\DOORIWKHP
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 appearDQFHWKHUHDUHVWLOOGLϑHUHQWZD\VRIUHDOL]DWLRQVWDUWLQJIURPGLϑHUHQW³UHFLSHV´GXHWR
a not yet standardized production process that will be typical of the subsequent Neolithic
phase.
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Table 2 - Elemental chemical composition (wt.%) of the four segments in sample POFN1 map.

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

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

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
¿QHFHUDPLFVZLWKJORVV\EODFNVXUIDFHV RQO\LQWKHVDPSOH32)1LVFOHDUO\GHWHFWDEOH
WKHSUHVHQFHRIDVXUIDFHOD\HURISXUL¿HGFOD\ZKLFKRQFHFRRNHGFRQIHUVWKLVFKDUDFWHUistic 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-Organizing 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 chemical composition. The segmentation of the scanned surfaces reduces the dimension of the
GDWDVHWRϑHULQJWKHSRVVLELOLW\WRFRQGXFWDOVRTXDQWLWDWLYHDQDO\VLVIRUHDFKUHFRJQL]HG
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
UHDOL]DWLRQ DUH YHU\ GLϑHUHQW LQ DFFRUGDQFH ZLWK WKH WHQGHQF\ RI WKH ¿QDO SKDVHV RI WKH
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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