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Abstract: In the presented work, a total of 60 bronze artefacts from the prehistoric settlement of
Baley, Bulgaria were analyzed by means of laser-induced breakdown spectroscopy (LIBS) and X-
ray fluorescence spectroscopy (XRF). The archaeological finds were excavated from three levels,
with a time span from the 15th century BC to the first half of the 11th century BC. The obtained
analytical information was used for quantitative estimation of the amount of tin, lead and arsenic,
which determine the mechanical properties of the alloy and the manufacturing technology. Based on
the estimated quantities of these elements, a chemometric statistical analysis (principal component
analysis—PCA) was performed to classify and divide the samples into separate groups according to
the production dating. The data obtained in this study can be used for comparison with the elemental
content in deposits from other settlements of this period.
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1. Introduction

The Bronze Age is a historical period lasting approximately from 3300 BC to 1200 BC
and varying even within the European continent. This is due to the use of relatively scarce
deposits of copper and especially tin, which suggests the presence of a developed trade
network. In addition, specific manufacturing techniques are required to produce a bronze
alloy. For this purpose, interaction and exchange of knowledge between individual cultures
are also necessary.

New metal alloys with different compositions, properties and functions appeared
during the Bronze Age and technologies for their production were developed. The main
elements added to copper to make bronze are arsenic and tin, although they are rarely used
together. Lead can also be considered as a secondary additive, and it can sometimes be a
major component of bronze. For example, arsenic content was relatively high during the
Early Bronze Age, and this element was replaced first by tin during the Middle Bronze Age,
by tin-lead alloys during the Late Bronze Age, and finally by iron during the Iron Age. The
concentration of alloying elements in bronze significantly affects its characteristics, such as
the melting temperature and ductility. Forging processes (hot or cold) are directly related
to ductility, while the melting temperature is related to the casting process [1]. In addition,
the presence of some elements as additives with different concentrations in the alloy gives
information about the change of technologies over time. Therefore, the knowledge of
the quantitative composition of the elements in the alloy can provide information about
the production technology of the artifacts, possibility dating and classification of objects
according to their function [2].
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A chronological classification of the Bronze Age, based on the elemental composition
of the bronze used to make objects in the Oriental Mediterranean, covers the period
from 3500 BC to 1150/1050 BC. It can be divided into three distinct periods: the Early
Bronze Age (3500-2000 BC), Middle Bronze Age (2000-1600 BC) and Late Bronze Age
(1600-1150/1050 BC). The contents of Cu, Sn, Pb and As vary during the indicated periods,
the most commonly found concentrations being the following: the Early Bronze Age (Cu
(80%), Sn (0.1%), As (2%)), Middle Bronze Age (Cu (80%), Sn (6%), Pb (0.1%), As (0.5%)) and
Late Bronze Age (Cu (80%), Sn (12%), Pb (2%), As (0.2%)) [3]. It should be noted, however,
that the different periods overlap because new techniques appear while the previous ones
continue to develop and improve.

Today, the main methods for studying the elemental composition of archaeological
sites are X-ray photoemission spectroscopy (XPS) [4], atomic absorption spectroscopy
(AAS) [5], scanning electron microscopy (SEM) [6,7] and inductively coupled plasma-mass
spectrometry (ICP-MS) [8,9]. For a molecular analysis, commonly used methods are Raman
spectroscopy [10,11] and Fourier transform infrared spectroscopy (FTIR) [12,13]. Some of
these techniques are destructive and not suitable for archaeological objects that are valuable,
while others require an analysis of the objects in a laboratory, which is not always possible.
In general, these methods are complex, expensive and unable to handle large sample sizes.

Over the past 20 years, LIBS and XRF have been established as validating and com-
plementary techniques for the study of archaeological finds. Recently, the integrated use
of both methods has been successfully applied for the investigation of calcareous and
refractory building materials [14], copper alloys [15-21], archaeological pottery [22], sil-
ver coins [23], comparative studies of pigments and paints, glazed ceramics and Roman
coins [24].

In the LIBS method, a very small volume from the surface layer is used, and the XRF
is non-destructive. Both methods are convenient for providing an elemental composition
analysis of ancient artefacts. This makes them very useful to both restorers and archaeolo-
gists, yielding important information about the production technology and the clarification
of the nature of the destructive processes of the artifacts. Although the analytical charac-
teristics such as accuracy and reproducibility of LIBS analyses are not quite satisfactory,
they are compensated by other characteristics such as rapidity and the possibility of an
on-site analysis, which makes LIBS a suitable method for a micro-destructive quantita-
tive analysis. Other advantages of LIBS are the high spatial resolution and the ability to
measure the depth distribution profile of the elements in the sample with successive laser
pulses at the same point. Laser-induced breakdown spectroscopy is a widely used tool
for characterization in the field of cultural and historical heritage. Archaeological samples
examined include metals, ceramics and glass [25-28]. The application of the LIBS method
both in archaeology and industry is a subject of a number of books [29-31] and review
articles [32-34].

The aim of our research was to determine the concentration of the main elements
arsenic, tin and lead in bronze objects excavated from three successive levels from collective
deposition at the Baley settlement, Bulgaria. This settlement is the largest one coming from
a well-established stratigraphic complex from the second millennium BC Lower Danube.
Based on the obtained data, a principal component analysis (PCA) is applied in order to
find out if the objects from individual levels differ from each other according to the contents
of alloying elements—Sn, Pb and As—and thus to compare the bronze alloy in different
periods. Based on this information, assumptions about the improvement in production
technology over the years could be made. There is a variety of analytical studies which are
combined with PCA [35-37].

2. Prehistoric Complex Baley

The prehistoric complex Baley, representing a settlement and necropolis, is located in
North-West Bulgaria, on a non-flooded sand dune at the right bank of the Timok River,
approximately 2 km south of its confluence with the Danube River (Figure 1). With its
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secure stratigraphic position and variety of metal types, the Baley lot provides a good
opportunity to enlighten upon Late Bronze Age production and distribution of bronze
objects in the Lower and Middle Danube regions and Transylvania. It could also provide
additional data on the largely discussed problems related to trade routes and exchange in
Central and Southeastern Europe during the second half of the second millennium BC.

Figure 1. Map of Balkan peninsula with Baley settlement location (e).

Four main occupation Late Bronze Age levels have been established in the settlement,
described as “building horizons” and detected at 0-0.10 m in-depth (level I); 0.40-0.50 m
in-depth (level II); 0.80-0.90 m in-depth (level III); and 1.30-1.40 m in-depth (level IV)

(Figure 2).
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Figure 2. Horizontal plan of the features investigated according to the building levels and profile in
box-grid G10 with the four building levels.
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Based on the radiocarbon dating of both the settlement and the necropolis, the fol-
lowing chronological sequence of the Baley settlement was established: levels IVb and
IVa date to the 15th century BC; levels III-II date to the 14th—first half of the 13th century
BC; and level I dates to the second half of the 13th—first half of the 11th century BC. The
archaeological complex’s investigation and stratigraphy and radiocarbon dating made the
Baley site one of the key Lower Danube complexes to improve our knowledge about the
historical development during the second half of the second millennium BC in the region,
the transition to the Early Iron Age period there and the processes related to the emergence
at the historical scene of the ancient Paleo-Balkanic tribes [38].

3. Materials and Methods
3.1. Investigated Artefacts

The settlement’s bronze object collection includes weapons, tools, hair rings, pins
and jewelry as follows: Level I a/b—2; Level 1I—30; Level III—23; Level IVa/b—7; and
stray finds from the settlement area—2. The number of bronze objects discovered in the
necropolis until 2021 is smaller: one applique and two hair rings from the Middle Bronze
Age graves; one applique, one knife, one bracelet, one needle and two small fragments
from the Late Bronze Age graves. Examples of objects are presented in Figure 3.

\\HHH\\“IH‘!H||HHHHl!ll”r””””:\H\]‘!'\““!‘H"‘H T |||||||” |”|||||| T
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(c) (d)

Figure 3. Examples of Baley settlement bronze objects: (a) dagger handle (sample 237); (b) pendant
(sample 396); (c) hair ring (sample 279); (d) decoration (sample 782).

The imbalance between the findings from the settlement and the necropolis, as well as
the fact that the excavations of the necropolis are still ongoing, determined our decision to
focus on the analysis of the settlement’s lot only. The two objects found on the first level
and the stray finds were also not included in this study.

3.2. Methods

Two methods for an elemental analysis of the artefact composition were applied,
laser-induced breakdown spectroscopy (LIBS) and X-ray fluorescence (XRF). The micro-
destructive nature of LIBS and the non-destructive nature of XRF are convenient for pro-
viding an elemental composition analysis of ancient artefacts.

In the present work, LIBS and XRF are used as complementary methods, where XRF
serves as a validating technique for the LIBS analysis. Both techniques have their advan-
tages and disadvantages. The LIBS technique can detect all elements, while the XRF tech-
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nique is applied for the determination of elements with an atomic number Z > 11 [39-41].
On the other hand, in conventional XRF, the analytical signal is collected from a larger
area than in LIBS, and thus errors due to sample inhomogeneities are minimized. The
typical spot size at the sample surface in XRF measurements ranges in diameter from
several hundred micrometers up to several millimeters, and in the LIBS measurements, the
spot size varies from several tens of micrometers up to several hundred micrometers. The
drawback of XRF is that it provides analytical information only on the surface, while the
LIBS technique has the ability to analyze the material in depth, without the need of object
fragmentation. A disadvantage of LIBS is its relatively low signal to noise ratio. Also, LIBS
has a low signal reproducibility due to fluctuations in the laser fluence and focus and its
sensitivity to material inhomogeneity, making it less appropriate for a quantitative analysis
than XRFE. Due to the comparatively low sensitivity of LIBS to arsenic and the limited
number of arsenic spectral lines, XRF complements LIBS in the quantification of arsenic.

3.2.1. Laser-Induced Breakdown Spectroscopy

A standard LIBS setup based on a nanosecond Q-switched Nd:YAG laser (Quanta Ray
GCRB3) operating at the fundamental wavelength of 1064 nm (pulse duration, 8 ns; laser
pulse energy, 10 mJ; repetition rate, 1 Hz) was used. The laser beam was focused with a lens
(f =170 mm) at 1 mm behind the surface of the sample, creating a plasma plume. The laser
spot size was approximately 300 um in diameter and the laser fluence was about 44 J/cm?.
The light emitted from the plume was collected by an optical fiber (50 um in diameter) and
analyzed with an Eschelle-type spectrometer (Mechelle 5000) using 52 lines/mm grating
with a spectral resolution of 0.04 nm at 250 nm or 0.1 nm at 800 nm. The spectra were
recorded with an intensified charge-coupled device (ICCD) camera (DH734-18F-03, Andor
Technology) with 1024 x 1024 pixels. The detector was gated with a delay/pulse generator
type G5-56. To discriminate the atomic and ionic emission from the continuum background
of the plasma emission, a delay time of 1 ps and a gate of 1 ps were used. The analyses were
performed registering a kinetic series of 15 successive spectra each, with 10 accumulated
spectra measured at one spot. The spectrometer was calibrated with deuterium and Hg/Ar
standard lamps for the intensity and wavelength, respectively, in the 220-850 nm spectral
range. The experimental parameters were optimized to obtain a good signal-to-noise ratio
and to assure the best measurement reproducibility.

3.2.2. X-ray Fluorescence Spectroscopy

The instrument used was an ED-XRF spectrometer EDX-720 (Shimadzu, Kyoto, Japan).
The measurement conditions were as follows: atmosphere—air; collimator—1 mm; 50 kV
for 100 s. The elements in the samples were identified based on the characteristic X-ray lines
in the energy range 0-40 keV. Since non-destructivity is one of the main requirements for
analyzing museum objects, the instrument chamber was rather big, 30 cm in diameter and
15 cm in height, which allows for placing objects inside without the necessity of sampling.

3.2.3. Principal Component Analysis

In order to trace a possible technology development of production of the bronze
objects, a chemometric method (principal component analysis—PCA) was used. PCA is
a statistical technique utilized to find the correlations between a multitude of variables
and thus to cluster the investigated samples according to their material differences and
resemblances. The essence of this method lies in the reduction in the dimensionality of
the multivariate data set. This is accomplished by compression of the original data set
to a newly established smaller number of uncorrelated variables, while preserving the
maximum of the information contained in the initial data. These new variables are linear
combinations of the original variables and are known as principal components (PCs) [42,43].
A detailed explanation of the fundamentals and the mathematical background of PCA can
be found in the literature [44].
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4. Results and Discussion

In the present work, a quantitative analysis was carried out to determine the concen-
tration of tin, lead and arsenic in a total of 60 bronze objects examined. The concentration
of tin and lead was measured with LIBS, and the concentration of arsenic was measured
with XRF.

When analyzing metal artefacts, it is very important to take into account several factors
that might affect the reliability of the qualitative and quantitative results. The elemental
composition of the original alloy is usually affected by corrosion, which can cause a change
in the weight ratio of certain elements.

A second factor is the heterogeneous character of the alloy used for object production,
which can be a result of poor mixing of the components, cooling, etc., in the process of
manufacturing. To avoid these effects, the surface analytical techniques (XRF) require
preliminary sample preparation—a small part of the surface of the objects is mechanically
cleaned from the corrosion layer, and then the analyses are performed. When using a LIBS
analysis, this is not necessary because the laser pulses can be used for this purpose. Since
LIBS analyses are performed on surfaces uncleaned of corrosion products, kinetic series of
15 successive spectra each, with 10 accumulated spectra, are measured at one spot.

The corroded surface of Cu-Sn alloys (the so-called patina) consists mostly of copper
salts and, in rare cases, a considerable concentration of tin [45]. Figure 4 demonstrates a
part of the spectrum in the range 324-328 nm for one of the investigated samples (where the
increased amount of these elements on the surface layer can be seen), with the spectral lines
of Cu and Sn. The first three to five spectra correspond to the patina, and the following
spectra exhibit a relatively constant intensity of the lines. The patina spectra were excluded
from the LIBS analysis.

6

Cu 324.75 Cu 327.40 25x10
l j 2.0x 108 5
Sn 326.23 E
\ \ 1.5x10° >
(72}
5
10x10° E

0.5 x 10°

0.0

324

Wavelength [nm]

Figure 4. Part of the kinetic series for one of the investigated samples, demonstrating in-depth
intensity alteration of Cu and Sn spectral lines.

For qualitative determination of tin and lead with LIBS, the following spectral lines
were used: Pb I, 283.31 nm; Pb I, 368.35 nm; Pb I, 405.78 nm; Sn I, 284.00 nm; Sn I, 286.33 nm;
Sn I, 300.91 nm; Sn I, 317.50 nm; and Sn I, 326.23 nm. All spectroscopic data used for
the LIBS recorded spectral lines are provided by NIST [46]. A representative spectrum
obtained from the LIBS analysis for one of the investigated samples for the spectral region
220-850 nm is shown in Figure 5.
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Figure 5. Representative spectrum obtained for one of the investigated samples.

Figure 6 presents exemplary LIBS spectra with some of the spectral lines of Cu, Pb
and Sn in two spectral regions (280-290 nm and 320-330 nm) obtained for three of the
investigated objects with different amounts of Sn and Pb (samples 285, 396 and 779).

2.4x10°
2.2x10° -
2.0x10° -
1.8x10° -
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Figure 6. Exemplary LIBS spectra representing some of the spectral lines of Cu, Pb and Sn obtained
for three of the investigated objects (samples 285, 396 and 779).

The elements of interest in XRF analyses were detected with the characteristic emission
lines: Sn (Ko at 25.27 keV, Ko, at 25.04 keV, K3 at 28.49 keV, L« at 3.44 keV), Pb (Lo at
10.55 keV, L3 at 12.61 keV, Ly at 14.76 keV) and As (K{3 at 11.73 keV). Figure 7 presents
exemplary XRF spectra for two of the investigated objects.
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Figure 7. XRF spectra registered for two of the samples—285 and 779.

For the quantification of the LIBS data, the standard reference materials 42.23-2, 50.01-
4,50.04-4 and 71.32-4 were used, produced by the Bureau of Analysed Samples LTD (BAS),
Middlesbrough, UK (Catalogue No. 852, 2017). Calibration curves were constructed by
plotting the normalized intensities of selected analytical lines as a function of the analyte
concentration in the alloy (Figure 8). Additionally, to minimize fluctuations due to laser
instability and matrix effects, the analyte emission was normalized to the emission of
copper, which is the main element of the alloy. The calibration curve for determining lead
concentrations was constructed by measuring the intensity of the Pb 405.8 nm spectral line
normalized to the intensity of the 406.3 nm Cu line used as an internal standard. For the
tin calibration curve, the Sn 284.0 nm and Cu 282.4 nm lines were used. These analytical
spectral lines were selected for ratio calculations because they do not overlap and do not
suffer self-absorption effects. The values for the standard deviation of the mean were in the
range of 10-20%.
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Figure 8. Calibration curves for tin and lead.

Altogether, 60 bronze objects were investigated and the results are presented in Table 1.
As expected for Late Bronze Age objects, all samples contain tin as a major element. Lead
was also found in all samples, which is one of the elements determining the mechanical
properties of the alloy. Arsenic, also a technologically important element for the Bronze
Age, was found in most of the objects. From the results of the analyzed objects, it can be
assumed that the Late Bronze Age bronzes from Baley are highly variable in composition.

Table 1. Tin, lead and arsenic concentration of the analyzed objects (in wt%).

Level Sample No. Sn (LIBS) Sn (XRF) Pb (LIBS) Pb (XRF) As (XRF) Sample Description

100 9.3 9.51 0.39 0.3 0.48 Decorative needle

I 160 n.m. 11.43 n.m. 0.51 0.23 Hair ring
172 10.6 12.49 0.6 0.72 0.48 Decorative needle
174 5.82 6.31 0.25 0.37 0.64 Awl
180 9.0 8.9 0.3 0.31 0.52 Awl fragment
213 8.83 10.1 0.34 0.47 0.45 Decorative needle
214 n.m. 12.27 n.m. 0.26 n.d. Decorative needle
237 14.2 15.05 0.46 0.63 0.36 Dagger handle
238 8.0 8.49 0.7 0.88 0.91 Decoration
264 14.6 14.68 0.25 0.4 1.02 Decorative needle
268 8.0 9.72 0.3 0.82 0.69 Decorative needle
269 21.2 26.35 14 1.01 0.31 Pendant
270 8.9 8.43 0.19 0.25 0.37 Decorative needle
273 214 18.42 0.7 0.96 0.36 Decorative needle
280 124 14.32 0.2 0.27 0.27 Pendant
285 5.11 6.38 0.23 0.39 0.55 Knife edge
287 n.m. 10.21 n.m. n.d. n.d. Saltaleone
290 10.5 11.59 0.27 0.21 0.36 Decorative needle
302 13.2 13.22 0.5 0.48 0.40 Sewing needle
303 19.0 14.53 0.1 n.d. 0.25 Decorative needle
305 8.0 9.02 0.19 0.18 0.43 Knife edge
357 12.0 9.46 0.35 0.22 0.52 Axe
495 n.m. 4.16 n.m. 0.67 1.92 Decoration
501 11.9 13.8 0.1 n.d. 0.35 Decorative needle
503 9.0 11.08 0.2 0.34 n.d. Decoration
520 13.1 16.0 0.11 0.7 0.57 Decoration

559 10.0 124 0.12 n.d. 1.41 Hook
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Table 1. Cont.

Level Sample No. Sn (LIBS) Sn (XRF) Pb (LIBS) Pb (XRF) As (XRF) Sample Description
101 8.5 10.69 0.5 0.64 0.51 Decorative needle
I 108 7.3 6.01 0.41 0.48 nd. Decorative needle

115 16.8 16.30 0.3 0.26 0.43 Awl

274 8.0 9.16 0.3 0.52 0.56 Awl

281 19.2 22.81 04 0.54 0.33 Pendant

282 12.1 10.64 0.2 0.27 0.42 Sewing needle
284 12.7 13.79 14 1.44 0.21 Decorative needle
p284 12.6 11.5 0.5 1.55 0.22 Decorative needle
300 10.3 12.22 0.3 0.45 0.48 Decorative needle
301 11.7 12.86 1.25 1.30 0.39 Decorative needle
304 8.1 10.80 0.52 0.68 0.31 Sewing needle
306 21.7 18.45 0.41 0.43 0.28 Decoration
308 134 10.24 0.13 0.19 0.22 Knife edge
318 17.8 16.56 3.0 2.32 0.63 Axe

342 13.2 14.17 0.5 0.3 0.46 Decorative needle
343 n.m. 16.95 n.m. 0.48 0.41 Decorative needle
396 25.8 25.06 0.63 0.68 0.61 Pendant

404 8.2 11.5 0.17 n.d. 0.83 Decorative needle
409 14.0 26.58 0.2 0.4 0.65 Decorative needle
410 11.6 12.19 0.21 0.3 0.43 Awl

452 17.0 19.5 2.3 1.5 0.71 Decoration
463 7.9 12.83 0.2 0.42 2.27 Awl

778 10.6 13.53 0.1 n.d. 0.81 Hook

779 10.8 9.8 3.6 3.3 0.2 Sewing needle
278 20.8 18.49 0.1 n.d. 0.48 Hair ring

279 12.2 15.59 0.51 0.67 0.49 Hair ring

v 309 15.1 16.41 0.28 0.32 0.7 Hair ring

487 n.m. 12.36 n.m. 0.23 0.24 Indefinable object
729 n.m. 14.08 n.m. 0.24 0.45 Sewing needle
748 7.8 10.5 0.1 n.d. 0.61 Razor

782 12.05 12.6 0.77 0.85 0.43 Decoration

n.d.—not detected; n.m.—not measured.

The tin concentration in the majority of the investigated objects varies between 8 wt%
and 18 wt%, except for four samples, which are with a tin concentration over 20 wt%
(sample 269—26.35%, sample 281—22.81%, sample 396—25.06% and sample 409—26.58%).
It is known that tin is added to copper to make it harder [47].

Usually, a bronze alloy with about 8% tin is hard and, at the same time, plastic enough
to be easily processed. When the tin content exceeds 8%, the alloy becomes harder and
requires repeated annealing to be cold-worked. It is considered that the optimal value of
the tin concentration is in the range of 8-12%. Bronze with high tin content (over 12%) is
only suitable for hot processing because the higher tin content makes the alloy too hard
and brittle, which leads to cracking when cold-working is attempted. It is also stated that
a tin concentration above 15% changes the color of bronze from reddish to golden [48].
Taking into account that the four exceptions are decorations (samples 269, 281 and 396 are
pendants and sample 409 is a decorative needle), it can be assumed that the higher tin
content was probably added to achieve certain coloration.

As a whole, the lead concentration in most of the objects is below 1% (approxi-
mately 0.1% to 0.9%) with only six exceptions being up to 3.3% (sample 284—1.44%,
sample p284—1.5%, sample 301—1.3%, sample 318—2.32%, sample 452—1.5% and sample
779—3.3%). A lead content over 1-2% is considered to have been added purposefully [49].
Five of the six exception objects are with a lead content between 1% and 2%, so it is not
clear whether it was added intentionally or if it is an impurity. One of the objects, sample
779, has 3.3% lead, which suggests that lead may have been added as an alloying element.
Basically, lead is added to bronze in order to lower the melting point of the alloy and to
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make it more castable. Bronzes with added lead are not suitable for cold-working like
hammering [50].

The arsenic concentration in almost all of the samples was lower than 1%, with an
exception of four objects having an arsenic concentration in the range of 1.4-2.3% (sample
559—1.41%, sample 495—1.92% and sample 463—2.27%). It is accepted that a concentration
of arsenic below 1% can be attributed to its presence in the copper ore [51], while copper
alloys containing more than 1% arsenic would be intentional products [52]. In prehistory,
arsenic bronzes contain from 2% to more than 8% arsenic and it is usually used at a content
of about 3 wt%, since higher contents do not significantly improve its hardness. Arsenic
copper elements can be both hammered and forged essentially without cracking and make
the alloy especially suitable for casting. Concentrations between 2% and 3% may also
lighten the color of the alloy. Since arsenic copper is typical for the Early Bronze Age, it
can be suggested that the sample with the highest As content (sample 463) is recycled from
older objects.

In an attempt to find the possible distinction of the samples excavated from different
levels according to tin, lead and arsenic concentrations, the data were statistically processed
by means of the PCA technique. This method is convenient for extracting information that
is not easily observed from a multiple data set. In this work, Origin Pro 2018 software was
employed for the PCA analysis. The result is shown on the biplot of the first two principal
components, PC1 and PC2. A biplot represents the loading plot and score plot in one graph.
The score plot shows the pattern of samples based on their similarities and differences and
the loading plot reveals how strongly each variable influences the PCs. The first two PCs
account for 72.24% of the cumulative variance. PC1 explains 42.08% of the variation and
PC2 explains 30.16%. In Figure 9, it is seen that PC1 has strong negative loading for As and
positive loading for Sn and Pb, while PC2 has positive loading for Pb and negative loading
for Sn.
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Figure 9. PCA biplot from the sample measurement data for all of the investigated objects.

The score plot shows that part of the samples from the II and III levels (red and black
dots, respectively) and all of the samples from the IV level (blue dots) overlap at the center
of the graph. Still, a separation between the artifacts from the II level and III level can be
seen, influenced mainly by tin and to some extent by lead. Most of the samples from the III
and IV levels are located at the positive part of PC1, while many of the samples from the II
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level are at the negative part of PC1. It can also be noticed that the samples from the II and
IV levels are more clustered than the ones from the III level, which are more spread.

The narrowing of the range of tin content closer to optimal values in the samples from
the II level could be attributed to the optimization of the production technology of a bronze
alloy. Another possible explanation is a narrowing of the range of raw material sources.

All exceptions from the ranges of Sn, Pb and As (Sn: 8-18%, Pb: 0.1-0.9% and As < 1%)
obtained with LIBS and XRF analyses are visualized on the PCA graph. The four exceptions
with tin over 20% are seen in the PCA graph as outlier scores separated from the others on
the positive part of PC1 and the negative part of PC2. The six samples with lead over 1%
are located at the positive parts of PC1 and PC2. The three exceptions with higher arsenic
content are characterized by the highest negative scores on PC1.

5. Conclusions

In this study, elemental analyses are presented of bronze objects from the Baley
settlement, the biggest one from the second millennium BC in the Lower Danube area,
especially in its western part.

The results from quantitative elemental analyses for tin, lead and arsenic show that the
examined objects are made of tin bronze, whose content falls within the ranges characteristic
of the Late Bronze Age. There are several exceptions with very high tin concentrations.
All of them are decorations and jewelry, which may suggest that high tin content was
used for obtaining certain coloration. The arsenic content is minimal (except for one item),
suggesting that it stems from the ore and was not intentionally added.

The PCA analyses allow objects to be grouped according to horizons, which cannot be
conducted directly from the elemental concentration results. The clustering of samples from
the Il level compared to samples from the Il level is indicative of the process of optimizing
tin and lead content, as well as possible different sources of raw material. To specify the
manufacturing technologies of the various-object production, additional structural analyses
are needed, which will be the task of an upcoming study.

The analyses presented here are in fact the first attempt to explore the Late Bronze
Age bronze artefact production in this region on such a scale. In our opinion, the data
presented here could and should be regarded as a first step towards a better and much
more elaborated investigation of the problems related to the “chaine opératoire” of bronze
production and distribution in the western part of the Lower Danube during the second
half of the second millennium BC. The data presented here can be used in the future for
comparison with the elemental content in deposits from other settlements of this period.
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