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Abstract: This paper reports the use of an advanced statistical algorithm for the recognition and
classification of a set of 30 archaeological metallic objects from the Museum of Malaga. In-situ
laser-induced breakdown spectrometry (LIBS) analysis was performed using a portable analyzer.
The coordinate-obtaining method provided the statistical weights of each element in the sample.
A comparative study between the coordinate-obtaining method and the linear correlation method
is also discussed in order to corroborate the applicability of the proposed approach to the field of
cultural heritage. The possibility of fast identification based on the simultaneous comparison of all
the spectra in the reference LIBS library while allowing the analysis of heterogeneous materials is
the main advantage of the method. In addition, statistical analysis (Euclidean distance analysis and
binary diagrams) suggested that differentiating between archaeological sites is feasible.

Keywords: laser-induced breakdown spectrometry; metallic objects; identification algorithm;
archaeometallurgical

1. Introduction

The knowledge of archaeometallurgy is of great historical importance to study the technologies,
origins, and progressive evolution of civilizations. The chemical information extracted from the raw
materials used in ancient times and the technology employed in the production of archaeological
objects are fundamental in the understanding of historic events [1]. Recently, the development of
modern analytical methods has contributed to the growth of archaeology [2–5]. The most widely
used techniques in the inspection, analysis, and dating of objects of heritage value include: scanning
auger microscopy (SAM) [6], X-ray fluorescence (XRF) [7,8], X-ray photoelectron spectroscopy (XPS),
inductively coupled plasma coupled to optical emission (ICP–OES) [9], X-ray diffraction (XRD),
Raman microscopy, [3–9] nuclear magnetic resonance (NMR) [10,11], and X-ray computed tomography
(XCT) [12–14]. The application of these methods in the cultural heritage field has provided information
about the spatial distributions of elements, structures of materials, the origins of objects, their usage,
and the levels of degradation in artworks. J. Kaiser et al. demonstrated the capability of high-resolution
X-ray computed tomography (HRXCT) for the nondestructive 3D inspection of geological material,
and they combined this technique with double-pulse laser-induced breakdown spectrometry (DP LIBS)
with the objective of obtaining chemical maps of Platinum Group Element (PGE)–Cu–Ni sulfide
deposits from Siberia [14].
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Nowadays, laser-induced breakdown spectrometry (LIBS) is an established technique for surface
analysis [15,16]. The capability of LIBS in terms of its speed, the lack of necessary preparation of
the sample, and the possibility of performing in-situ analysis has been extensively demonstrated in
the archeological and cultural heritage field [17–21]. Moreover, the development of portable systems
gives greater flexibility and also increases the range of LIBS applications [21]. This approach has
been employed in the elemental analysis of artworks located in museum, caves, historical building,
or monuments [22,23]. Regarding the importance of the corrected preservation and protection of
submerged cultural heritage, in-situ and stand-off LIBS technology for subsea analysis of archaeological
and shipwreck objects has been also reported [24–27]. The performances of underwater analysis have
been improved by using multi-pulse LIBS excitation [25]. The remote LIBS arrangement proposed by
Fortes et al. was capable of inspecting a copper-based alloy located at depths of up 30 m under the
Mediterranean Sea [26]. The same research group assessed this prototype in a marine environment
in order to identify real shipwrecks and different submerged pieces, which were sorted by linear
discrimination analysis (LDA) [24].

At present, the development of new methodologies for quantitative analysis has made possible a
more detailed characterization and understanding of archaeological specimens. Calibration curves
(CC) [28] and calibration-free (CF) methods based on the electron temperature calculated from
the Saha–Boltzmann equation have usually been used for quantitative analysis of archaeological
artifacts [29,30]. Other promising chemometric tools used for recognition and classification, such as
soft independent modeling of class analogy (SIMCA), principal component analysis (PCA), and linear
correlation, have been proposed [31–35]. Linear correlation (based on the comparison of LIBS spectra
and calculation of correlation coefficients) in conventional and ranked ways has been employed for
determining similarities and differences between LIBS spectra from Roman pottery [34,35].

In this work, a mathematical algorithm named “coordinate obtaining method” for identifying
samples in cultural heritage analysis was evaluated [36]. The coordinate-obtaining method is based
on a linear algebra model to obtain the relation between the sample and a library of spectra. In this
way, the spectrum coming from the sample is simultaneously compared with all the elements of a
standard reference library. As a result, a normalized coordinate that indicates the statistical weight of
each standard reference present in the sample is obtained. The advantage of this process with respect
to other techniques for spectrum identification, such as linear and rank correlation, is the possibility
to acquire semi-quantitative data of a mixture of specimens in the sample. The coordinate-obtaining
method was applied to spectral data obtained by LIBS in order to obtain in-situ characterization
of thirty archaeometallurgical artifacts in the Museum of Malaga. This mathematical approach is
compared with a linear correlation method.

2. Materials and Methods

2.1. Experimental Set-Up

The portable LIBS instrument and its construction have been described elsewhere [23], so only
a brief description of the field apparatus is given here. The LIBS system consists of (i) a hand-held
probe that encloses the laser head, the focusing lens, and the fiber-optic cable, (ii) a main unit
containing the spectrometer, a miniaturized PC motherboard, and electronics, and (iii) the laser power
supply. These blocks can be easily split, permitting effortless separate transportation of the instrument.
The main unit has an overall weight of approximately 5 kg and a size of 45 × 27 × 15 cm3.

Samples were irradiated using a Q-switched Nd:YAG laser (Ultra CFR Model, Big Sky Laser,
MO, USA), operating at 1064 nm and generating pulses of 50 mJ and 6.5 ns. The laser beam was
focused onto the sample surface by an antireflection-coated BK7 planoconvex lens (diameter = 6.35 mm,
focal length = 75.6 mm). The plasma light was directly collected by a fiber-optic cable (5 m length,
600 µm in diameter, N.A: 0.22) and coupled to the 10 µm slit of a compact spectrometer located at
the main unit of the instrument. The main unit of the instrument consisted of a specially adapted
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backpack, in which both the spectrometer and the personal computer were enclosed. The spectrometer
was a crossed Czerny–Turner design (HR2000 Model, Ocean Optics Incorporated, FL, USA), with a
holographic diffraction grating of 1200 grooves mm−1. This configuration provided a spectral resolution
of 0.05 nm/pixel in the spectral range of 240–340 nm. It was equipped with a built-in mono-dimensional
Charge-Coupled Device (CCD) array (2048 pixels) for the optical detection. Conversely, the laser head
and all the optical arrangements were housed in the hand-held probe. A fiber-optic cable guided the
plasma emission from the probe to the spectrograph. All of the system was controlled wirelessly by
means of a hand-held Personal Digital Assistant (PDA) device that permitted data visualization as well
as control of the spectrometer and the laser parameters. Furthermore, a LabView routine was designed
to carry out the calibration and quantification processes, among others.

2.2. Samples

A set of archaeological objects was analyzed in situ by LIBS in the Museum of Malaga. The Museum
boasts prehistoric items from the most significant archaeological sites in the province, and samples
were selected according to the criteria of representativity, morphology, and cultural significance. In this
sense, the assembly of pieces represents a wide chronological and cultural range, from prehistory
to the antiquity, and belongs to three different archaeological sites from the Early Bronze Age (AS1),
Final Bronze Age (AS2), and Iron Age (AS3). Photographs of a selection of these metallic objects are
shown in Figure 1. Although the pieces have different shapes and sizes, this is not a restriction for LIBS,
since samples are positioned into the nozzle of the portable analyzer and the experimental conditions
are maintained. Additional information regarding the samples is summarized in Table 1.
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Table 1. Archaeological information about the thirty ancient artifacts analyzed using LIBS.

Item Reference Code Dating Typology

1 AS1_1 Early Bronze Age Axe
2 AS1_2 Early Bronze Age Penknife
3 AS1_3 Early Bronze Age Axe
4 AS1_4 Early Bronze Age Bottom
5 AS1_5 Early Bronze Age Chisel
6 AS1_6 Early Bronze Age Chisel
7 AS1_7 Early Bronze Age Arrow
8 AS2_1 Final Bronze Age Axe
9 AS2_2 Final Bronze Age Axe

10 AS2_3 Final Bronze Age Axe
11 AS3_1 Iron Age Buckle
12 AS3_2 Iron Age Cross
13 AS3_3 Iron Age Cross
14 AS3_4 Iron Age Cross
15 AS3_5 Iron Age Fibulae
16 AS3_6 Iron Age Fibulae
17 AS3_7 Iron Age Fibulae
18 AS3_8 Iron Age Coin
19 AS3_9 Iron Age Votive Cup
20 AS3_10 Iron Age Bronze head
21 AS3_11 Iron Age Nail
22 AS3_12 Iron Age Buckle
23 AS3_13 Iron Age Stick
24 AS3_14 Iron Age Buckle
25 AS3_15 Iron Age Plate
26 AS3_16 Iron Age Earring
27 AS3_17 Iron Age Spearhead
28 AS3_18 Iron Age Scissors
29 AS3_19 Iron Age Ring
30 AS3_20 Iron Age Ring

A LIBS reference library containing silver (Ag), aluminum (Al), arsenic (As), carbon (C),
calcium (Ca), chromium (Cr), copper (Cu), iron (Fe), magnesium (Mg), manganese (Mn), lead (Pb),
silicon (Si), tin (Sn), and titanium (Ti) was built from standard reference materials provided by Sigma
Aldrich with 99.90% (p/p) of purity. To achieve an acceptable degree of accuracy in the results and to
ensure the representativeness of the data, the following sampling procedure was carried out: The LIBS
spectrum was acquired by averaging 50 laser shots on ten adjacent positions to obtain a typical
spectrum of each sample by averaging all measurements.

2.3. Method

The LIBS methodological protocol used for archaeometallurgical analysis is described in Figure 2.
As shown, the procedure outline in the flowchart is based on three basic steps to attain a chronocultural
study of the metallic objects. In a first step, the visual inspection offers general information (provided
by the Museum’s conservator) about the manufacturing technology of the object, as well as a global
vision concerning the environmental degradation of the object during its history. However, the visual
inspection presents limitations and, although it can give hints about the origin, the raw material
employed, or even its heat treatment, etc., it does not give certainty and needs to be accompanied by a
chemical characterization. In this sense, the spectral analysis can be organized in two approaches: a
surface (lateral and in-depth) analysis in order to examine the environmental elements present in the
sample, and a chemical assessment of the metal alloy. The final step consists of the chronocultural
sorting [24] of the ancient objects, taking these considerations into account. The identification and
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recognition of certain elements are important factors in archaeometallurgy because they could be used
as chronological indicators.
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3. Results and Discussion

3.1. In-Situ Chemical Characterization in the Museum of Malaga

The spectra recorded by the portable LIBS instrument covered the spectral range of 240–340 nm.
This spectral window was chosen since all elements of interest could be measured simultaneously,
ensuring the minimum damage to the sample by laser ablation. In this sense, the technique is minimally
destructive; the dimensions of the crater were 100 µm in diameter and approximately 100 µm deep
for the 50 laser shots achieved in each sampling position, making it virtually imperceptible to the
naked eye. The recognition of the sample’s constituents provides a source of information about the
raw material employed in its production and the origin of the objects.

Figure 3 shows the LIBS spectra corresponding to different archaeometallurgical objects. The most
important emission lines of the elements of interest in this spectral window are summarized in Table 2.
LIBS spectra were acquired by averaging 50 laser shots on five adjacent positions for each sample to
obtain a typical spectrum of the material. As observed, the differences among materials are appreciable.
Ca, Mg, and Si are environmental elements, and their presence in the LIBS spectra is closely related to
the environmental degradation of the pieces. Figure 3A shows that the Axe from the Early Bronze
Age (AS1_3) was mainly composed of Cu and As, the typical composition of ancient bronzes [31].
On the other hand, the Cross (AS3_2) presents intense emission from Cu, Sn, and Pb, which reveals
the composition of the Iron Age (Figure 3B). In addition, traces of Fe were observed. Figure 3C,D
belong to samples from the Iron Age. Figure 3C illustrates that the Spearhead (AS3_17) is mainly
composed of Fe, while the Ring (AS3_19) exhibits the emission lines of Cu and Ag in the spectral range
of 240–340 nm (Figure 3D).
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Table 2. Analytical emission lines used for identifying elements in the archaeometallurgical objects of
Malaga’s museum.

Element Wavelength a,b (nm)

Ag 240.24 (II) (31000), 241.13 (II) (180000), 242.95 (II) (190000), 243.78 (II) (450000), 247.37 (II) (140000),
328.07 (I) (55000r), 338.29 nm (I) (28000r)

Al 257.58 (I) (480), 281.70 (II) (650), 308.30 (I) (4500), 309.36 (I) (7200)
As 278.02 (I) (170r)
Ca 299.73 (I) (8), 300.68 (I) (10), 315.88 (I) (170), 317.93 (I) (180)
Cu 261.84 (I) (2500r), 282.44 (I) (1250r), 296.11 (I) (2500r), 324.75 (I) (10000r), 327.40 (I) (10000r)
Fe 259.94 (II) (23000), 274.04 (II) (250), 274.35 (I) (2750), 274.71 (II) (29000), 275.09 (I) (830), 275.57 (II) (110000)
Mg 280.27 (II) (12), 285.21 (I) (50)
Si 288.16 (I) (1000)
Sn 281.35 (I) (3800), 283.99 (I) (13000r), 285.06 (I) (7500), 286.33 (I) (10000), 326.23 (I) (15000r)
Pb 280.20 (I) (25000r), 282.32 (I) (14000r), 283.30 (I) (35000), 287.33 (I) (14000)

a Wavelengths are followed by (I) or (II) depending on whether they refer to emission from neutral atoms or emission
from singly charged ions, respectively. b Relative intensity of the emission lines (r indicates that it is a resonant line).

In a first step, visual inspection offers general information about the technology employed during
the manufacturing process, and the heterogeneities and surface oxidation (heat treatment and/or
environmental degradation) can be related to the state of conservation of the artwork. However,
if we only attend to this information, errors in the dating of the piece may occur. In some cases,
especially in bronze-based alloys, the piece could be manufactured from the foundry of other bronze
objects, which indicates an archaeological recycling. As an example, Figure 4 shows the different
metallic alloys used in the manufacture of the most important piece in the collection, a Roman Head
(AS3_10). Each spectrum refers to a specific area of the bronze Roman Head. The selected spectral lines
are summarized in Table 2. As shown, the metallic alloy depends on the inspected area. The noblest
area is the decorative detail of the head, which contains Ag. In contrast, the rest of the piece presents
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copper-based alloys of different chemical compositions: Cu-Pb, Cu-Sn, and Cu-Sn-Pb. This fact could
indicate that, as commented above, its origin may be related to a recasting of different bronze objects.
Thus, chemical information extracted from ancient objects as well as the technology employed in its
production becomes fundamental for a better understanding of historic events.
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Belonging to the same era, archaeologists found remnants of chimneys in which bronze objects
were manufactured. The results are presented in Figure 5. The spectrum shown in Figure 5 corresponds
to the laser shot #5 of the depth profiling analysis and reveals the presence of Cu, Sn, and Pb. Si, Mg,
and Fe were also detected, but their content was directly related to the chemical composition of the
nozzle—clay. In order to estimate the thickness of the bronze layer in the nozzle’s surface and to
demonstrate that the presence of Cu, Sn, and Pb is owed to the manufacturing process, a depth profile
analysis was performed. The normalized LIBS intensities of Si (I) at 288.16 nm and Cu (I) at 324.75 nm
are plotted in the graph. An averaged ablation rate value of 1.5 µm per pulse was estimated on the
material studied. As seen, about 200 consecutive laser shots were necessary to remove the bronze
thickness, approximately 350 µm. These results could indicate its use in the bronze’s foundry.
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3.2. Libraries for Spectrum Identification: Method of Normalized Coordinates

Given the great compositional diversity, textural differences, and surface alterations of artworks,
the use of advanced statistical algorithms is essential for the recognition and classification of
archaeological findings. In this work, the method of normalized coordinates, based on the algebraic
determination of the “problem spectrum” coordinates with respect to the LIBS spectral library,
is proposed [36]. These coordinates are the identification weights of each component (Ag, As, Al, C,
Ca, Cr, Cu, Fe, Mg, Mn, Pb, Si, Sn, and Ti standard reference materials) of the library. The problem of
calculating the position of a specific spectrum with respect to a library is algebraically expressed as the
problem of finding the coordinate’s ai of the sample vector p in a specific base {v} (Equation (1)).

p j =
N∑

i=1

ai · v ji, (1)

where N is the number of spectra in the reference LIBS library, pj is the problem spectrum at the
wavelength j, vji is the value of the wavelength j of the spectrum i in the library, and ai is the contribution
of each spectrum of the library in the problem spectrum. Then, there is a system with the same
number of equations and wavelengths (M), where it is necessary to solve only N unknown quantities.
As a matrix, Equation (1) can be expressed as:

p = V·a, (2)

where p is the column problem vector (M × 1), a is the column coordinate vector in the new base (N × 1),
and V is the matrix that represents the new base (the library), with its vectors located in each column
(M × N). Once the matrix is resolved, it is possible to obtain a representative value of the relative
contribution of each component by normalizing each coordinate ai to the sum of all coordinates [36].
Thus, an ai value of 1 means that the spectrum i of the library perfectly matches with that of the
unknown sample. In contrast, if ai is 0, it indicates that the spectrum i of the library is totally different
from that of the problem spectrum. Furthermore, an intermediate value of ai means that the problem
spectrum is composed of a mixture of several spectra from the LIBS reference library.

Once the in-situ chemical characterization in the Museum of Malaga was performed, LIBS spectra
were simultaneously compared with the LIBS reference library (see Section 2.2.: Samples) to obtain
the normalized coordinates. The results are presented in Figure 6. Figure 6A plots the normalized
coordinates (y axis) of the inspected archaeological samples (x axis). In this work, only copper-based
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alloys (Table 1, items #1–25) were considered for the calculation of the normalized coordinates,
while iron- and silver-based alloys were excluded from this study. As seen, the compositional profile
reveals the presence of As, Cu, Fe, Pb, and Sn in each sample. The weights for the normalized copper
coordinate are located between 0.85 and 0.95 for samples belonging to AS1, around 0.5 for samples
belonging to AS2, and in the range 0.6–0.95 for samples belonging to AS3. In the case of As, a key
element for the chronocultural sorting of archaeological samples, its content is associated to AS1
and AS2. Concerning AS3, the LIBS spectrum of the samples associated with this archaeological site
presents a significant statistical weight in the normalized coordinates of iron, lead, and tin. It must
be taken into account that the presence of Ca, Mg, and Si in the LIBS spectra of the inspected objects
is closely related to the environmental degradation of the objects during their history. In this sense,
the contributions of these elements were also included in the LIBS reference library.
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Since the type of metal alloy used has evolved with time, a knowledge of the elemental composition
of this kind of sample makes possible the assignment of the manufacturing period and the chronocultural
sorting of the metallic objects. In this sense, the employment of the method of normalized coordinates
offers a semi-quantitative analysis of the inspected objects, which could help to sort between different
archaeological sites, which, in this case, means to sort in time.

To corroborate the applicability of the method of normalized coordinates to the field of
cultural heritage, a comparison with respect to the linear correlation method has been performed.
Figure 6B plotted the linear correlation coefficient (y axis) of the inspected archaeological samples
(x axis). If we observe in detail, a number of anomalies in the results are noticed. Thus, samples from
AS2 present the highest coefficient value for lead, around 0.4–0.5. In this case, the linear correlation
method fails due to the fact of the interference of the emission line of Mg (II) at 280.27 nm with Pb (I) at
280.20 nm. In addition, the identification of samples from AS3 also fails, since the method identifies
elements not present in the LIBS spectrum. In this sense, beyond the discrimination capacity, the main
advantage of the method of normalized coordinates over linear correlation is that the identification is
based on the simultaneous comparison of all the spectra in the LIBS reference library, allowing the
analysis of heterogeneous materials—and not in a successive comparison, as occurs in the linear
correlation method.

In addition, it could be interesting to estimate the similarities or differences between the twenty-five
inspected copper-based alloy samples. Thus, the Euclidean distance from the original LIBS spectra
was calculated as expressed in Equation (3):

dkl =

 m∑
j=1

(pkj − pl j)
2


1/2

. (3)

In this equation, m is the number of samples, pkj is the problem spectrum of the sample k, and plj is
the problem spectrum of the sample l. The Euclidean distance values calculated for each archaeological
sample are plotted in a symmetric matrix (Figure 7). The higher the value of the Euclidean distance,
the easier the differentiation between samples. Taking a look along the diagonal, the degree of similarity
between samples belonging to the same archaeological site is, as expected, quite large, especially in
AS1 and AS2. In contrast, in AS3, the Euclidean distance values are a little bit higher. As seen, the color
scale indicates that samples belonging to AS2 can be clearly differentiated from AS1 and AS3. On the
other hand, an intermediate degree of similarity exists between AS1 and AS3, presenting Euclidean
distance values around 10–15, except for sample AS3_8, which is quite different from the rest of the
samples belonging to the same archaeological site. In the Euclidean distance analysis, contrarily to the
normalized coordinate method, LIBS spectra are directly compared with each other in the 278–290 nm
spectral range. In particular, AS3_8 presents a greater content of environmental elements, and the
differences found are probably due to this fact. Nonetheless, the results obtained are complementary
to those obtained by the method of the normalized coordinates, and they reveal that differentiating
between archaeological sites seems feasible.
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Once the weights of each normalized coordinates were calculated, in order to corroborate the
results obtained above, binary diagrams were constructed from the coordinates of copper, lead, and tin.
As revealed in Figure 8, it is possible to distinguish several clusters of data. The binary diagram of
Cu-Sn (Figure 8A) clearly resolves the three samples’ assemblies, presenting a normalized copper
coordinate higher than 0.4: values of 0.45–0.55, 0.6–0.8 and 0.85–0.95 for AS2, AS3, and AS1, respectively.
In contrast, although the Cu-Pb binary diagram also differentiates between the three archaeological sites,
the resolution between groups is not as remarkable as in the previous case (Figure 8B). No differences
were noted in the Pb-Sn binary diagram (Figure 8C). Moreover, no correlation was found between
samples of the same category, e.g., fibulae and rings, which could indicate that similar samples have
different origins or manufacturers.
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4. Conclusions

In this work, it has been demonstrated that the LIBS technique is a powerful tool for the chemical
characterization and sorting of archaeological metallic objects, regardless of the great compositional
diversity, textural differences, and surface alterations of artworks. Compositional heterogeneities must
be taken into account in order to obtain reliable information about their chemical composition.

The coordinate-obtaining method has been presented here as an advanced statistical algorithm
for the recognition and classification of archaeological findings. This method provides the statistical
weights of each element in the sample. Once the in-situ chemical characterization was performed in the
Museum of Malaga, LIBS spectra were simultaneously compared with a LIBS reference library to obtain
the normalized coordinates. Only copper-based alloys were considered for this study. To corroborate
the applicability of the method of normalized coordinates to the field of cultural heritage, a comparison
with respect to the linear correlation method was performed. The results suggest that the advantage of
the proposed algorithm over linear correlation is that the identification is based on the simultaneous
comparison of all the spectra in the LIBS reference library, allowing the analysis of heterogeneous
materials—not in a successive comparison, as occurs in the linear correlation method.

Similarities and differences between groups were evaluated in terms of Euclidean distance.
The results reveal that differentiation between archaeological sites was feasible, and that samples
belonging to AS2 could be clearly differentiated from those belonging to AS1 and AS3. However,
an intermediate degree of similarity exists between AS1 and AS3. The data were corroborated using
the binary diagrams of Cu-Sn and Cu-Pb.
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