
1. INTRODUCTION

From a historical point of view, the knowledge of ar-
chaeometallurgy is of great importance in order to study
the technology, the origin and the progressive evolution of
civilizations. The chemical information extracted from the
raw material used in the past and the technology employed
in the production of archaeological objects is fundamental
in the understanding of ancient events [1]. Recently, the
development of modern analytical methods has con-
tributed to the compositional study of archaeological ob-
jects [2]. The application of these methods [3-8] in the cul-
tural heritage area has provided data about the structure of
the materials, the origin of the objects, their usage and the
level of degradation in the artworks. The chemical analysis
by laser-induced breakdown spectrometry (LIBS) of an-
cient artefacts involved several steps. Visual inspection is
the first step in the analysis which offers general informa-
tion about the physical constitution of the object (origin,
the raw material and the metallurgy employed) and also a
global vision concerning to the heterogeneities and surface
oxidation. The second step is based on the chemical study
and characterization of ancient objects by LIBS. In this
sense, spectral analysis of ancient artifacts can be carried
out in two procedures: a surface (lateral and in-depth)
analysis in order to examine the environmental elements
such as Ca, Mg, Si, Al, Na and K present in the sample, and
a chemical assessment of the metal alloy. Finally, the last
stage in this methodological procedure is the chronocultur-
al sorting [9] of the ancient objects. Metallic objects under
investigation included ancient Alexandrian coins and cop-
per based alloys used for weapons, home utensils, jewellery
and decoration. In these samples, recognition and quanti-

tative analysis of alloying elements is an important point to
consider because it could be used as a chronological indica-
tor. Nevertheless, the recycling of bronzes in the ancient
metallurgy is a limiting factor for establishing a relation-
ship between the chemical composition and the age, metal-
lurgy and the origin of the object. 

In this work, different analytical methods such as in-
tensity peak ratios, statistical tools and calibration curves
will be discussed in order to characterize and catalogue ar-
chaeometallurgical objects.

2. EXPERIMENTAL SET-UP

The experimental set-up presented in this work has been
described elsewhere [9]. A schematic detail of the LIBS exper-
imental set-up is shown in Fig. 1. Briefly, this consists of a
pulsed Q-Switched Nd:YAG laser operating in the second
harmonic (532 nm) with homogeneous energy along the beam
cross section (Spectron, model SL 284, pulse width 5 ns).
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Figure 1 - Schematic drawing of a typical LIBS set up
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The microplasma was generated on the sample surface
in air at atmospheric pressure. The laser pulse energy was
set to 12-15 mJ for all the studied samples. The beam was 3x
expanded and then focused onto the sample surface with 50
mm focal length BK7 lens. With this configuration the spot
diameter was less than 60 Ìm so the effect on the appear-
ance of the object was virtually negligible (Fig. 2). Plasma
emission was collected at right angle by a plano-convex
glass lens (BK7, diameter = 25.4 mm) with a focal length of
100 mm onto the entrance slit of a 0.5-m focal length Cz-
erny-Turner imaging spectrograph (Chromex, model 500
IS, f-number 8, fitted with indexable gratings of 300, 1200
and 2400 grooves mm-1). Spectral emission was detected by
an intensified charge-coupled device (ICCD, Stanford
Computer Optics, model 4Quik 05) with 768 x 512 pixels,
each 7.8 x 8.7 Ìm2. This configuration provides a spectral
window of ~15 nm and a spectral resolution of 0.02 nm pix-
el-1 using an entrance slit width of 50 Ìm and the grating of
2400 grooves mm-1. Operation of the detector was con-
trolled with 4Spec software. Experimental conditions for all
the samples were 500 ns delay time, 500 ns acquisition time
and 750 MCP voltage. The sample was positioned on two
crossed motorized stages (Physik Instrumente) for both X
and Y displacement and was placed approximately 200 mm
away from the collection lens, with the distance from the
entrance slit to the lens being 200 mm. Thus, the optical
magnification was approximately 1. A viewing system for
assisting in examination and sample positioning was used.

On the other hand, archaeological metallic objects of-
ten present heterogeneities and surface oxidation derived
from heat treatment during manufacturing and environ-
mental degradation of the object during its history. This
fact produces variations in the morphology and the ele-
mental composition of ancient metal alloys which can af-
fect the reliability of the analysis. For this reason, lateral
and in-depth analysis would be conducted in order to ob-
tain accuracy information about chemical composition
and consequently a precise logging of the studied object.

3.2 Use of LIBS analysis and chemometric methods for
chronocultural sorting of ancient objects

In order to evaluate the capability of chemometric
methods based on LIBS for characterize and sort of an-
cient objects a set of twenty-six Alexandrian coins has
been studied.
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Figure 2 - Ancient bronze from Early Bronze Age
showing the diameter of the crater

3. RESULTS AND DISCUSSION

3.1 Spectral characterization and effect of sample mor-
phology on LIBS signal

For the present work, a single spectral window covering
approximately 15 nm and centered at 242 nm was chosen
since all elements constituents of copper based alloy and
others metallic objects compose of silver could be measured
simultaneously, ensuring the minimum damage to the sam-
ple by laser ablation. Two typical LIB spectra of standard
bronze samples containing arsenic, tin, lead and iron as mi-
nor components is shown in Fig. 3. However, it should be
noted that during characterization of the samples other ele-
ments such as calcium, sodium, magnesium and silicon
could be found. These elements are attributed to dirt depo-
sition and impurities on the surface of the sample. 

Figure 3 - Typical LIB spectra obtained from two certifi-
cated bronze samples (A) and (B) which present an ar-
senic composition of 0.2 and 3 %, respectively.

The selected samples (Fig. 4) belong to different peri-
ods (Nero, Antoninus Pius, Probus, Diocletianus and
Maximianus). The ancient coins are copper based alloys
and the elements identified by LIBS were Ag (I) at 237.57
nm, Cu (I) at 249.29 nm, Sn (I) at 248.41 nm, Pb (I) at
247.64 nm and Fe (I) at 250.19 nm. 

Chemometric analysis involves the use of mathemati-
cal and statistical tools to improve the performance of the
analytic process, ensure the quality of the results and also
to extract more information from the data. In the course
of this statistical study, ancient coins were sorted in based
on theirs rationed intensities calculated for Pb/Cu, Sn/Cu,
Fe/Cu and Ag/Cu. One of these statistical tools is the
analysis of the variance (ANOVA). This mathematical ap-
proach demonstrated that only the Pb/Cu intensity ratio
presents significant differences within the average values.
In this case, the p-value for the F-test was smaller than
0.05, indicating that there is a significant difference be-
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tween the averages of Pb/Cu from one emperor to anoth-
er with 95% confidence. The ANOVA representation for
Pb/Cu intensity ratio component is presented in Fig. 5. As
shown, the Pb/Cu average is distinct for all the cases stud-
ied. This fact could erroneously classify the eras in five dif-
ferent emperors, however, by applying the minimum sig-
nificant difference method of Fisher (LSD) it is possible
to recognize only four homogeneous assemblies (Table I).
This can be attributed to the similar chemical composition
and consequently an inexistent significant difference be-
tween Nero and Pius coins. Consequently, other chemo-
metric methods as the principal component analysis
(PCA), discriminating linear analysis (DLA) and binary
diagram were tested. 

The PCA analysis consists of reducing the number of
variables to a minimum of independent variables, i.e. prin-
cipal components (PC), which are a linear combination of
the original variables. For this set of samples, only a
unique principal component corresponding to Pb/Cu with
an eigenvalue bigger than 1.0 were found. This value ex-
plains the 57.82 % of the total variance from the original
data, while Fe/Cu and Sn/Cu intensity ratios only explain
the 25.52% and 16.63% of the total variance, respectively.

For this reason, others multivariate methods of analysis
such as binary analysis and DLA were assessed. Similar re-
sults were obtained in both statistical procedures so only a
brief description of this binary analysis has been discussed
in this article. Fig. 6 illustrates the Pb/Cu versus Sn/Cu in-
tensity ratios. From this figure, the first assembly exhibits a
very low Pb/Cu ratio, lower than 0.05 and the set could be
assigned as belonging to era of Antoninus Pius, 149-150
A.D. The next cluster of data presents a Pb/Cu intensity ra-
tio from 0.2 to 0.4. These pieces could be assumed to be-
long to the reign of Nero, 64-66 A.D. The coins of Probus,
280-282 A.D. constitute a third group with a Pb/Cu ratio
from 0.7 to 0.8. In addition, it is possible to distinguish two
more assembly of Alexandrian coins with a higher Pb/Cu
intensity ratio value, larger than 1.0, which could be indi-
cate they belong to the period of the Tetrarchy (Diocle-
tianus and Maximianus). It should be noted that in this last
cluster of data, the Maximianus coins usually presents
Pb/Cu ratios around 1.0-1.4, while in the Diocletianus eras
the Pb/Cu values go from 1.6 to 1.9
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Figure 4 - Photographic detail of selected ancient coins
characterized by LIBS: A) Neron, B) Antoninus Pius, C)

Probus, D) Diocletianus and E) Maximianus coins

Figure 5 - ANOVA plot for Pb/Cu intensity ratio values
corresponding to the different emporium.

Figure 6 - Pb/Cu intensity vs. Sn/Cu intensity for Neron
(ˇ), Antonino Pius (ñ), Probus (�), Diocletianus (¢ )

and Maximanus (��) imperial reign.

Table I - Multiple range tests for ancient coins belong 
to different Emperor indicating the homogeneous groups. 

Emperor NÔ samples Intensity Homogeneous
ratio mean groups

Nero 2 0.27358 X
Antoninus Pius 1 0.05307 X
Probus 2 0.73025 X
Diocletianus 8 1.26348 X
Maximianus 13 1.74528 X

It is a well known fact that the mint of Alexandria was
established up in four different mint shops during the peri-
od of the Tetrarchy. From this result, it is important to em-
phasize that although these two groups of coins were
strucked during the same era and circulated by the same
mint, they possess statistically significant differences among
them in theirs Pb/Cu ratio values. This finding could indi-
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cate that these two assemblies were circulated by different
mint shops so that the foundries of the metal would also be
located in distinct sites, however this conclusion should be
confirmed with further archaeological evidences. 

3.3 Use of quantitative analysis for chronocultural sort-
ing of archaeological metallic objects

This section discusses the potential of quantitative
analysis using LIBS for cataloging a set of 37 metallic ob-
jects belonging to the Bronze Age and the Iron Age (in-
cluding bracelets, chisels, daggers, fibulaes, rings and
seals, among others) [9]. Photographs of a selection of
these metallic objects are shown in Fig. 7.

In this study, the arsenic concentration in metallic ob-
jects was used as a key factor for distinguishing between
Bronze and Iron Ages objects, allowing the chronocultur-
al sorting of each piece. For example, the arsenic content
in bronze based alloys was relative large in the Early
Bronze Age. However, this element was substituted first
by tin in Middle Bronze Age, by tin-lead alloys in the Final
Bronze Age and finally by iron in the Iron Age. 

The analytical figures of merit for the five elements of
interest (Cu, As, Sn, Pb and Fe) of reference standard
samples calculated by LIBS are summarized in Table II.
Data were obtained by accumulating three laser shots at
each sample position after ten laser shots used for clean-
ing purposes. Each certified reference standard was mea-
sured ten times.

As shown, the linearity of calibrations curves for the five
elements studied was excellent with R2 values better than
0.98 and the LIBS precision (expressed as relative standard
deviation, RSD (%)) varied from 1.6 % to 28.5 %, which
are within the typical reproducibility levels provided by
LIBS. However, this value increased as the elemental con-
centration decreased. On the other hand, RSD values of
background were better than 17 %. The limits of detection
(LOD) were 10, 0.20, 2.7, 0.25 and 0.15 mg g –1 for Cu, As,
Sn, Pb and Fe, respectively. In the case of Cu and Sn, LOD
values were higher than expected; and were due to the use

of weak lines which prevent self-absorption effects. In spite
of this, those values are in good agreement with the needs
of archaeological analysis.

After construction of the calibration curves for each ele-
ment, and to ensure the quality of the results in the quantita-
tive analysis, a minimum of five different positions in the
samples were analyzed to avoid the lateral heterogeneity
present in the surface of the piece. Furthermore, the viewing
system described in the experimental section of this work
was used to select a clean zone in the sample. The averaged
concentration of each element was thus determined. 

In a second step, the quantitative analysis was carried
out with the objective of realizing the chronocultural sorting
of this set of samples. For this purpose and as the arsenic was
used like key factor to search for possible differences be-
tween samples, a binary diagram copper versus arsenic com-
position was constructed (Fig. 8). From this figure, it distin-
guishes two large clusters of data. One assembly of ancient
bronzes with a higher As concentration in the range 1.3-1.9
%. In these samples (rank # 3, 4, 16, 35) the content of other
minor elements is negligible and the set could be assigned as
belonging to the Early Bronze Age. Another cluster of data
exhibited an arsenic content below 0.2 %, while other alloy-
ing elements such as Sn, Pb and Fe present an average com-
position of 5.2, 1.2 and 0.8 %, respectively. These pieces
could be assumed to belong to the Iron Age.
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Figure 7 - Photographs of selected archaeological objects
characterized by LIBS including: (A) metal chisel,

(B) metal chisel, (C) metal fibulae, (D) metal tweezers
and (E) metal seal

Table II - Analytical figures of merit of the LIBS method for the five elements of interest

In this last assembly it was possible to identify a disperse
set of eight samples (rank # 5, 6, 8, 21, 23-25, 31) with an ar-
senic content between 0.2 and 0.5 % which could indicate

they belong to the Middle or Final Bronze Ages. In this case,
according to archaeological criteria, to the calculated con-
centration of minor elements (As, Sn and PB) and to the
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context where the samples were found, these ancient
bronzes could be catalogued as belonging to the Iron Age.
Finally, to verify the presence of other compositional
groups, a cluster analysis was conducted by correlating the
concentration ratios of As/Cu, Sn/Cu, Pb/Cu and Fe/Cu and
calculating the Euclidean distance between each sample
(Fig. 9). In this dendrogram, it is possible to corroborate the
presence of a first group of four samples (rank # 3, 4, 16, 35)
belonging to the Bronze Age, of a second group of thirty one
specimens (rank 1, 2, 5-11, 13-15, 17-32, 34, 36, 37) belong-
ing to the Iron Age and finally, two outliers (rank 12, 33) that
do not cluster together with any of the groups. It should be
noted that no correlation was found between samples of the
same category, i.e., fibulaes and rings. This fact could indi-
cate similar samples have different origins or manufacturers.

has been demonstrated as an adequate analytical tech-
nique for the analysis of cultural heritage samples without
limit of size and shape. Capabilities of LIBS in terms of
spatial resolution, fast analysis and limits of detections
(analytical figures of merit) aims to achieve the maximum
information on the level of degradation, the age and the
raw material employed in their production.

The sensitivity and versatility of LIBS make it ideal for
distinguishing samples belonging to different epoch on the
basis elemental composition. For this objective, different
methods including statistical procedure and quantitative
analysis have been purposed. Characterization and cata-
loging of ancient objects belonging to different archaeolog-
ical sites has been carried out by LIBS. However, one of
the main problems in cultural heritage analysis is related to
the difficulties to find appropriate standard reference ma-
terials to perform a quantitative analysis. In this sense,
mathematical methods have been applied in order to
chronocultural sorting of ancient coins without the need of
quantitative analysis.

In all the archaeometallurgical objects studied, the re-
sults are well correlated with the archaeological criteria
used for dating.
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Figure 8 - Binary diagram of copper versus arsenic concentra-
tion obtained by LIBS for the set of 37 archaeological samples.

Figure 9 - Dendrogram of Euclidean distance for archaeo-
logical samples calculated on As/Cu, Sn/Cu, Pb/Cu and
Fe/Cu showing the two cluster belonging to Bronze Age
and Iron Age.

4. CONCLUSIONS

In this work, laser induced breakdown spectroscopy
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