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The investigations on structure and micro-chemical composition of archaeological metal alloys are needed in
archaeometry. The aim of this study is devoted both to acquire information about their provenance and
production technology, and to improve our understanding about the corrosion processes. In this paper we
present the study of the corrosion phenomena of bronze samples, laboratory-made according to binary,
ternary and quaternary alloys typical of Roman archaeometallurgical production through an integrated
methodology based on the use of non or micro invasive physical techniques. Among the analysed samples,
two were artificially aged through burial in the archaeological site of Tharros, along the west coast of Sardinia
(Italy). The corrosion products, typical of the bronzes in archaeological sites near the sea, have been
characterized by non invasive and micro-destructive measurements. In particular, the corrosion patinas were
examined through optical microscopy, scanning electron microscopy and microanalysis, X-ray fluorescence
and laser ablation spectroscopy. The use of integrated technologies allowed us to determine both the
elemental composition and surface morphology of the patina, highlighting the correlation between patina
nature and chemical composition of the burial context. Moreover, data obtained by the laser-induced
breakdown spectroscopy along the depth profile on the samples, have yielded information about the
stratigraphic layers of corrosion products and their growth. Finally, the depth profiles allowed us to verify
both the chemical elements constituting the patina, themetal ions constituting the alloy and the occurrence of
migration phenomena from bulk to the surface.
: +39 091 6615069.
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1. Introduction

The study of the chemical degradation phenomena of the ancient
metallic objects is a very complex task. These processes depend not
only on many factors, such as: the chemical composition, the
production techniques, but also on the environment and the type of
soil in which the metal artefacts have been buried. The corrosion of
metallic materials is a redox process that causes the deterioration and
degradation of the physical–chemical properties of the material. In
particular, the archaeological bronze artefacts present a corrosion
patina that generally appears as a brownish-green or greenish-blue
patina, especially when they are kept in corrosive environments.
Various investigations have shown that the main constituents of the
surface layer of the patina are green-coloured copper (II) compounds
covering a red cuprous oxide layer in contact with the metal core of
the alloy [1–4]. The environmental factors affect the formation of the
copper (II) salts, in fact they could be malachite Cu2(CO3)(OH)2
formed in soil, brochantite CuSO4·3Cu(OH)3 in the atmosphere and
atacamite CuCl2·3Cu(OH)2 in the seawater. Mechanism of corrosion
of bronze was often connected to copper chemistry, although lately it
is increasingly emphasized in the role of alloying, which can
significantly affect the corrosion behaviour of bronze [2–4].

The presence of lead plays a crucial role in the corrosion
mechanism because during the solidification process of the alloy it
tends to form intergranular insulae that become the place where the
processes of corrosion are baited [1,5,6]. On the other hand, tin
improves the resistance of the alloy to the growth of the corrosion
patinas. In corrosion patinas, lead reach values up to four times higher
than the content in the bulk [3]. Tin enrichment instead, due to the
solubility and high stability of tin species, is strictly connected to the
decuprification process [7]. The migration processes of the elements
or ions along the analysed thickness of the alloy create a concentration
gradient through the corrosion layer. Hence, the corrosion phenom-
ena in archaeological bronzes can be understood with a multidisci-
plinary approach to characterize the chemistry and metallurgy of the
corrosion patinas. Many analytical methods can be used to charac-
terize the bronze corrosion product compositions. Moreover, the
multi-analytical investigation can be useful to find a possible
correlation between causes and effects aimed to highlight the
erved.
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occurring processes. The nature of corrosion patina (inhomogeneous
and not uniformly distributed onmetallic surface) and preservation of
the integrity of the archaeological samples, require non or micro-
destructive analytical methods [3,8–10].

Many of the used analytical techniques are able to yield also the
stratigraphic data but they need a hand-made cross-section and
sophisticated, expensive, and complex sampling that compromises
the integrity of the sample [11]. In this context, the laser-induced
breakdown spectroscopy (LIBS), in the past ten years has been
extensively tested as an advanced tool for the characterization of
objects of cultural interest and especially the metal ones [11]. It can
provide depth-profiling information by successive laser pulses on
the same point and sequentially acquired with a minimal damage
[9,12–16].

The used techniques were X-ray fluorescence (XRF), optical
microscopy (OM), electron microscopy with microanalysis (SEM-
EDX) and laser induced breakdown spectroscopy (LIBS).

The comparison between XRF and LIBS techniques, here used, is
particularly useful in the study of cultural heritage since their results
are complementary in terms of both thickness and composition of the
investigated surfaces [17,18]. According to this integrated investiga-
tive approach, bronze samples, that simulate the ancient Roman alloys
[5,6,19,20] and whose corrosion has been induced by burial in the
Roman archaeological site of Tharros along the west coast of Sardinia
(Italy) [5], were analysed. In particular, the aim of this work is to
follow (from the bulk up to surface) the chemical degradation
evolution, analysing and characterizing the macroscopically distin-
guishable brownish or greenish patinas. Moreover, the contribution of
the alloying elements to the growth of corrosion layers has been
evaluated.

2. Experimental

Seven laboratory-made bronze samples of binary, ternary and
quaternary alloys that reproduce the typical Roman metallurgical
production were analysed. Chemical composition of samples,
expressed as weight percentage, is reported in Table 1. Sulfur is also
present as a consequence of the melting process. THT 128 and THT
129 samples have the same composition of CNR 128 and CNR 129, and
were aged for one year by burial in the archaeological site of Tharros.
The measurements were performed on each side of the samples,
respectively A and B. XRF and LIBS spectrometers have been calibrated
by analysing the bronze samples not affected by corrosion (CNR 8,
CNR 9, CNR 20, CNR 128, and CNR 129) used as reference materials.

Measurements on THT 128 and THT 129 samples allowed us to
study the corrosion products typical of bronzes in a site near the sea.
In order to study the genesis and evolution of the corrosion patina, we
chose to analyse both the typology of the patina: brownish and
greenish patinas, so measurements were performed on many areas
along the sample surface. Patinas were examined with the OM, XRF
and LIBS spectrometers, SEM-EDX instrument. The integrated ap-
proach has provided information useful for the interpretation of the
compositional and morphological data related to patina surfaces. The
OM images (magnification 30×) were acquired by an OPTECH
Table 1
Nominal composition of the bronze samples.

Sample label Cu (%) Sn (%) Pb (%) Zn (%) S

CNR 8 95.0 5.0 – – –

CNR 9 85.0 15.0 – – –

CNR 20 97.0 3.0 – – –

CNR 128 92.3 7.5 0.2 – Inclusions
CNR 129 82.3 3.0 0.5 14 Inclusions
THT 128 92.3 7.5 0.2 – Inclusions
THT 129 82.3 3.0 0.5 14.0 Inclusions
microscope equipped with a digital camera. With the aim to study
both the surface morphology and the elemental composition, the
corroded samples were examined by SEM and analysed by micro-
analysis X-ray system (EDS). The experimental set-up values used for
SEM-EDX measurements were: 20 kV(voltage), 240 μA (current), and
4.97×10−1 mbar (vacuum). XRF analyses were performed by using a
portable X-ray fluorescence (XRF) instrument ArtTAX 200 (Bruker
AXS). The ArtTAX is equipped with a low-power X-ray tube that is
enclosed by a radiation shield, that guarantees the maximum safety
when high voltage is on. An anode of molybdenum is used as a target.
A filter disk system, put before the X-ray beam, was used in order to
attenuate the Bremsstrahlung radiation and to reduce the diffracted
component of X-ray beam. A pinhole system, in the X-ray source,
provides collimated beam in the sample making available the
instrument to perform spatially resolved multi-elemental analysis
on three-dimensional structures. The X-ray fluorescence is detected
by a XFlash detector (silicon drift detector) with high speed and low
noise electronics with an energy resolution b145 eV at 5.9 keV.
ArtTAX is equipped with a helium flux system for detection of light
elements, since helium flux reduces the photoelectric absorption of
characteristic X-rays emitted by the sample due to air molecules. For
statistical reasons, five measures were acquired for each analysed
point. It is important to note that, since the lead content is not
uniformly distributed in bronze samples, its measurement varies
significantly depending on the area selected for analysis. This
shortcoming is avoided by averaging the measurements on different
areas in the sample. The experimental set-up values used for XRF
measurements were: for the molybdenum anode voltage and current,
of 40 kV and of 600 μA respectively; an acquisition time of 300 s, and a
helium flow rate of 1.6 l/min. The set-up parameters were selected in
order to have a good spectral signal and to optimize the Signal to
Noise Ratio (SNR). LIBS measurements were performed on the
samples located inside a closed experimental chamber, equipped
with a motorized table for exact positioning of the sample at the focus
of the laser beams. LIBS instrument integrates a dual-pulse laser. Laser
beam emits two collinear laser pulses at 1064 nm with an energy of
50–120 mJ per pulse with a maximum repetition rate of 10 Hz and a
reciprocal delay adjustable from 0 to 60 μs. LIBS signal, either
produced inside the experimental chamber or directly on the object,
is collected through an optical fiber and sent to a compact Echelle
spectrometer coupled to an intensified CCD camera for spectral
acquisition. The instrument is controlled via an integrated personal
computer which manages sample visualization and positioning, the
experimental settings of the laser (energy of the beams, delay
between the pulses, and repetition rate) and spectral acquisition
parameters (number of spectra averaged, acquisition delay, CCD
measurement gate and gain). Spectral resolution of the spectrometer
is λ/Δλb5000. LIBS spectra, after acquisition and storage, can be
qualitatively and quantitatively analysed using proprietary software
(LIBS++) which implements the calibration free-method, that it is
useful to overcome the problem of the matrix effect [21]. In this work
the calibration free-method was not used. Measurements of the peak
intensity, for each spectral line characterizing the elements in the LIBS
spectra, were performed. With the aim to characterize the profile
distribution of the elements in the corroded samples, fifteen
consecutive acquisitions were carried out on the brownish and on
the greenish patinas in each side of the sample. Spectrum related to
first shot was not included in the data-set, since it was not
reproducible. The experimental set-up values used for the laser
source and for the Echelle spectrometer were chosen with the aim to
enhance the SNR. The instrumental set-up values were settled, for the
laser source as the following: lamp laser energy of 16.5 J
corresponding to an output laser energy of 60–70 mJ, repetition rate
of 1 Hz, delay of the first laser pulse of 135 ms and the delay of the
second laser pulse of 1 μs. For the CCD camera the set-up values were:
number of accumulations of 5 spectra. The gain of multi channel plate
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was 230 and the gate pulse width and gate pulse delay were
respectively 1.5 μs and 2.5 μs. The copper depth profile with a higher
spatial resolution has been obtained by setting the CCD number of
spectra accumulated to 2, the lamp laser energy to 12.5 J that
corresponds to a value of 20–30 mJ and the gate pulse delay to 5 μs. A
standard statistical analysis based on Principal Component Analysis
(PCA) was performed to describe the obtained XRF results. The
XLSTAT™ V. 5.7.0 software was used to perform PCA on data in order
to reveal chemical differences among uncorroded bronze samples,
greenish and brownish patinas. The analysis was conducted as
parametric test using the Pearson similarity coefficient and generating
two orthogonal vectors for principal components [22].

3. Results and discussion

Results, concerning structural andmorphological characterization of
patinas, are reported in terms of OM images, XRF spectra, and SEM-EDX
data. Fig. 1 shows the OM images relative to the corroded samples, as
example ofmicrostructures characterized from a predominantly brown
and/or green feature.

Fig. 2 shows the XRF spectra of the uncorroded samples (CNR 128
and CNR 129) and the brownish and greenish patinas of the
corresponding corroded samples (THT 128 and THT 129). XRF spectra
of the uncorroded samples show the presence of elements such as
calcium and iron, and their presence is a consequence of the sample
preparation. The corrosion processmodifies the chemical composition
of the sample by introducing elements coming from the burial
environment such as silicon, chlorine andmanganese as shown by the
XRF spectra. Moreover, an increase of spectral line intensities
corresponding to calcium and iron elements is also observed.
Fig. 1. OM images of typical surface corrosion of greenish and brownish
SEM images with different magnifications of two different areas of
the corroded samples are reported in Fig. 3, elemental composition,
measured by the EDX microanalysis, is also shown. Samples show the
same elemental composition, but differences among percentage of the
elements confirm an evident inhomogeneity in themorphological and
structural aspects of the corrosion products in both corroded samples.
The similarity/dissimilarity among samples on the basis of their
chemical composition on XRF data was performed by a PCA. Results
are reported in Fig. 4 by a bi-plot of the samples in the subspace
spanned by the first two principal components F1 and F2 accounting
for 58.10% and 31.23% of the total variability, respectively.

The points enclosed in the dashed line correspond to 128 samples
(CNR and THT 128), those in the dash-dotted line to the 129 samples
(CNR and THT 129). Squares indicate the uncorroded samples, the full
and empty triangles the greenish patina sides A and B, respectively.
Same criterion is valid for the full and empty circles related to the
brownish patina.

PCA data make possible to distinguish the typology of the sample
(128 and 129) and also the colour of the patina i.e. brown or green.
Moreover, for what concerns the green patina, the PCA allows to select
themeasurement points for each side (A and B). In particular, THT 128
sample exhibits evident differences in the tin content, whereas THT
129 sample in the lead content one. Furthermore, it is not possible to
distinguish brownish patina of side A from B that is instead collected
only in one cluster for each sample. Thus, PCA permits to display the
contribution of each element participant to the growth of the
corrosion layer confirming the succession (original alloy, brownish
and greenish patinas) of the patina formation in the degradation
process. In fact, results obtained by measurement on brownish patina
are plotted in the PCA, closer to that corresponding at the original
patinas on (a, b) THT 128 and (c, d) THT 129 samples, respectively.



Fig. 2. Typical XRF spectra of the uncorroded sample CNR 128 (a), brownish and greenish patinas on THT 128 (c, d); and analogues spectra of CNR 129 (d) and THT 129 (e, f).
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Fig. 3. SEM images with different magnifications and relative EDX spectra of typical surface corrosion of the patinas on THT 128 (a, b, c) and THT 129 (d, e, f), respectively.

Fig. 4. Bi-plot of the samples in the subspace spanned by the first two principal components F1 and F2.
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Fig. 5. Bar plot of the variation expressed as percentage, of each element present in the patinas of the degraded samples with respect to the uncorroded samples. Panels (a) and (b)
are related to the brownish and greenish patinas, respectively.
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composition of the alloy than the greenish ones. This behaviour could
be also due to the presence of the Zn, whose contribution is not
considered in the PCA, but instead involves in the alloy formation and,
hence in alloy properties.

Fig. 5 reported a bar plot, the variation of which is expressed as
percentage of each element present in the patinas of the degraded
samples (THT 128 and THT 129) with respect to the uncorroded ones
(CNR 128 and CNR 129). Panels (a) and (b) are related to the brownish
and greenish patinas, respectively. Error bars represent the standard
deviation associated to the concentration difference expressed in
percentage, between the uncorroded and the degraded samples. The
variability of the width of the error bars depends on the inhomogeneity
of the corrosion layers in terms of thickness and composition.

Cu content reduction, as expected, is the more evident effect of the
corrosion process characterizing both the patinas. Nevertheless, the
largest variations occur in the greenish patinas. These considerations
are in good agreement with the Sn enrichment [7] in the corrosion
layer. Sn enrichment factor, denoted with f(Sn), can be calculated
according to Eq. (1):

f ðSnÞ = Sn= Sn + Cuð Þpatina
Sn= Sn + Cuð Þuncorroded sample

" #
ð1Þ
Fig. 6. Bar plot of the Sn enrichment of the corroded sample (brownish and greenish
patinas) with respect to the corresponding uncorroded sample.
where Sn and Cu are the XRF peak intensity area measured both on
the greenish and brownish patinas of the degraded (THT 128 and THT
129) and on the uncorroded samples (CNR 128 and CNR 129).
Increasing of tin and reducing of copper contents in the corrosion
layers can be explained by the copper selective dissolution causing its
removal from the alloy (decuprification process) as proposed by
Robbiola et al. [2]. Fig. 6 shows the bar plot of f(Sn) in the brownish
and greenish patinas for each side of the corroded sample (THT 128
and THT 129). It can be noticed that, the brownish patinas present a
comparable increasing of tin content in whole set of samples, despite
that they belong to two different typologies of alloys (quaternary and
ternary). The greenish patinas show a greater tin enrichment than the
brownish ones. Moreover, the greenish patina of the samples
containing Zn (THT 129) presents a larger Sn enrichment than the
greenish patina of the samples of ternary alloy (without Zn). Tin
content, for the brownish patina, keeps almost constant for whole set
of the measurements, on the contrary it is affected by fluctuations in
the greenish ones. This finding can be explained by considering the
larger stability of brownish than greenish patina.

In order to describe the behaviour of elements in the alloy,
beyond the investigable thickness by XRF (about 60–70 μm with our
instrumental set-up), LIBS depth profiles were carried out by
subsequent ablation of the sample surface at the same irradiated
spot. In this way, it was possible to integrate the superficial data
detected by XRF technique with those acquired by LIBS. The spectral
lines selected for the study of the depth profiles (plots of signal
Fig. 7. Typical LIBS spectrum of the corroded sample THT 128.
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intensity versus shot numbers) were 280.2 nm for Pb (I), 282.5 nm
for Cu (I), and 286.3 (I) for the Sn. Fig. 7 shows a typical LIBS
spectrum for the THT 128 sample. Copper also chose the spectral
line 521.8 nm (Cu I) due to the high intensity probability.
Fig. 8. Depth profiles of (a, b) lead, (c, d) tin and (e, f) copper for the uncorroded samples
(THT 128 and THT 129) with respect to each element side (A and B).
Fig. 8 represents the depth profiles of the intensity ratios of each
set of five accumulated laser shots with respect to the tenth laser shots
accumulation for lead, tin and copper respectively, measured on the
uncorroded samples (CNR 128 and CNR 129) and on the greenish and
(CNR 128 and CNR 129) and the brownish and greenish patinas of corroded samples

image of Fig.�8


Fig. 9. Copper depth profiles of the degraded samples (THT 128 and THT 129) relative to
the greenish patina.
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brownish areas of the degraded samples (THT 128 and THT 129). The
choice of plotting these ratios derives from the attempt to avoid the
eventual differences in the metal properties that do not guarantee the
same stoichiometry ratios of the plasma with respect to the original
evaporated surface [12,15,21]. Moreover, this decision is justified by
our interest to evaluate the relative variations of the elements along
the different structural layers of the bronze artefact (i.e. greenish,
brownish patinas andmetal alloy). The depth profiles, shown in Fig. 8,
allowed us to evaluate the contribution of the alloy elements to the
growth of the corrosion layers, by following their distribution along
the analysed thickness up to bulk. The intercomparison between the
uncorroded and the corroded sample guarantees to achieve this
condition.

The behaviour of the lead profiles varies widely from point to point
due to the low lead concentration and to the inhomogeneous
distribution of this element in the alloy. However, regarding the
investigated points, LIBS measurements confirmed the migration
phenomenon of lead from bulk to surface [2,3], as already discussed
(see the PCA on XRF data related to the outer layers reported in Fig. 4).
It not was possible to achieve LIBS measurements for smaller
thickness (b100 μm) because of the difficulties in detecting lead by
using the chosen instrumental set-up. In fact, the parameters were
selected in order to obtain a statistically stable peak intensity for the
minor constituent as lead and tin respectively and that present a
different stoichiometry time resident in the plasma [15]. The tin
profiles show a different behaviour for both, side and samples, even if
in every case a tin enrichment has been observed. These findings
agree with the results previously showed (see Figs. 5 and 6), and
confirm that an enrichment of tin affects a deep thicknesses that
cannot be investigated by XRF measurements. According to the
previous results, the relative tin enrichment can be explained by the
low solubility and high stability of tin species, allowing the tin ions to
remain in the patina [2]. Nevertheless, also in this case, it was not
possible to realize LIBS measurements related to thickness b100 μm
because of the difficulties described in the case of lead. The behaviour
of the copper profiles of the two degraded samples (THT 128 and THT
129), remains approximately constant. However, even for these
investigated thicknesses, just in some cases, it was possible to observe
that the low values of the intensity ratios reveal the lower Cu content
in the surface than in the bulk, confirming the decuprification process
already verified by XRF investigations (see Figs. 4 and 5). Differently
from lead and tin, it was possible, for copper, to achieve LIBS
measurements for smaller thickness (b100 μm) by using a new set of
instrumental parameters keeping a good detection efficiency. The LIBS
data, in fact, have provided complementary information about the
different behaviours of the alloy elements. Nevertheless, they are not
directly comparable with XRF data shown in Fig. 5 since they refer to
different investigated thicknesses. To overcome this problem, a new
set of data have been acquired with suitable LIBS parameters which
have allowed to analyse depth profiles with higher spatial resolution.
In this way, it was possible to investigate the outer layers of thickness
comparable with those analysed by XRF and negligible by the
previous LIBS results. Fig. 9 shows the copper depth profiles for the
greenish patina for the degraded samples. Data are related to the
spectral line 521.8 nm (Cu I), for greenish patina in 128 (empty
triangles) and 129 samples (grey triangles), and were normalised to
the mean values of the peak intensity of the corresponding not
degraded sample. As shown in Fig. 9, data were well fitted by a
lognormal function that is characterized by the fact that it introduces a
point of maximum analytically determined. In order to achieve a
linear signal level, for THT 128 and THT 129 samples 8 and 14 laser
shots respectively, were necessary. This finding allowed us to
discriminate the corrosion layers with different thicknesses. Particu-
larly, through the corroded layer thickness up to bulk, copper shows
an increment in concentrations and these results are in agreement
with those obtained by XRF analysis.
Moreover, reaching the bulk by repeated laser pulses, copper
concentrations show a decreasing trend. This findings need further
study to investigate the phenomena occurring in the deeper part of
corrosion layer where bulk and corrosion layers are strictly combined.
In order to convert laser shot numbers into depth values, SEM images
(acquired with different tilt angles) of the corroded samples, were
employed. An averaged ablation rate value of about 15 μm per pulse
was estimated. The results corroborate that the investigated thickness
of the corrosion layers may change between 100 and 250 μm above
the bronze matrix.

4. Conclusions

The present study confirms the versatility and the analytical ability
of non-invasive or micro-destructive physical techniques in providing
a clear response to the investigation needs in the study of complex
archaeological samples. An appropriate investigative methodology
allowed us, in fact, to characterize the altered surfaces of bronze
samples and to determine the chemical composition of the corrosion
layers and its variation along analysed thickness. Analyses permitted
the characterization of typical corrosion features present on bronze
objects, allowing to evaluate one of the factors whichmainly influence
the growth of the corrosion layers, i.e. the alloying elements.
Moreover, significant information on the behaviour of the elements
constituting the alloy and, their migration from the bulk to the
corrosion layer has been obtained. In particular, for what concern the
distribution of the alloy elements in the patina, two kinds of behaviour
are evidenced by the LIBS measurements. Depth profiles make
possible to distinguish different typologies of the behaviour in the
samples. Particularly, in the deeper part of corrosion layers, lead
shows a great trend variability due to the different natures of the
analysed areas (greenish or brownish), tin concentrations seem to
increase through the thickness of the patina and, on the contrary,
copper concentrations assume an almost constant value. A new set of
LIBS parameters chosen in order to obtain a higher spatial resolution,
allowed us to study the behaviour of copper through the whole
corroded layer thickness up to bulk. Particularly, copper shows a
concentration increment through the corroded layer thickness up to
bulk, these results are in agreement with those obtained by XRF
analysis. After reaching the bulk by repeated laser pulses, copper
concentrations show a decreasing trend. These findings need further
study to investigate the phenomena occurring in the deeper part of
corrosion layer where bulk and corrosion layers are strictly combined.
Integrated investigation has been able to provide information about
the distribution of elements constituting the alloy along the corroded
thickness. LIBS technique allowed us “to discretize” the investigated
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volume in order to compare similar thickness with respect to the XRF
data, so it is possible to integrate the XRF findings thanks to the ability
of LIBS technique to discriminate the information about the
composition along the thickness of the investigated layer. In order
to perform a more accurate quantitative LIBS analysis, further works
will be devoted to the evaluation of the ablated mass for each laser
shot for different chemical and physical properties of materials.
Moreover, the research should be directed to understand how the LIBS
parameters (laser energy and CCD parameters) can affect the plasma
composition and its time evolution in order to follow also the
behaviour of tin and lead through the corrosion layers.
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