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Glow discharge optical emission spectrometry (GDOES) has been used for studying the corrosion product
layers, i.e. the patinae, on Punic bronze artefacts found at Tharros (western Sardinia, Italy) during an
archaeological excavation. For all these materials, the results show that via GDOES it is possible to obtain
reliable and reproducible quantitative chemical composition for the bulk alloys by taking into account that
bronze artefacts are quite inhomogeneous. Some examples of the GDOES analytical capability as elemental
depth–concentration profiles through thick bronzepatinae are shown and briefly discussed in combination
with the microchemical features obtained via scanning electron microscopy/energy dispersive spectrometry
(SEMYEDS) and x-ray diffraction (XRD). These results show that GDOES, with its ability for routine and
rapid analysis of layers of thickness up to 120µm, has significant potential in studies of the corrosion products
and for the restoration and conservation of ancient bronzes. Copyright 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

Glow discharge optical emission spectrometry (GDOES)
is an important and versatile analytical technique for
bulk and depth profiling analysis of thin films and coat-
ings with a total analysed depth ranging between a few
nanometres and tens of micrometres.1 – 11 Indeed, GDOES
analysis has been applied successfully to the bulk and
depth profile analysis of a large number of industrial
products such as steels, white cast iron, zinc–aluminium
and zinc–nickel alloys and hot-dip zinc-coated steels.
Recently, this method has been used also for analysing
different reference materials that include bronzes, brasses
and copper and a group of bronze Punic coins.2 The results
have shown that quantification of GDOES data can be
accomplished in a simple and straightforward manner and
linear calibration curves of GDOES vs. chemical com-
position, obtained via inductively coupled plasma atomic
absorption spectroscopy (ICPAAS), can be obtained for
evaluating the contents of the main alloying elements Cu
and Sn, as well as some minor elements such as Fe, Ag,
Zn and Pb.

In this work, GDOES elemental concentration–depth
profiles have been obtained for thick corrosion layers,
i.e. thepatinae, on ancient Punic bronze artefacts (5th to
3rd centuryBC) found at Tharros (western Sardinia, Italy)
during an archaeological excavation. Even though the sur-
face roughness could be of dimensions quite similar to the
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thickness of the oxide films, and this can lead to the degra-
dation of the elemental concentration–depth profile,12 this
chemical information, combined with scanning electron
microscopy (SEM) results, could be useful for understand-
ing the surface chemical composition of thepatina, the
corrosion mechanisms, the interaction between thepatina
and the soil constituents and therefore for selecting the
cleaning, the restoration and the conservation procedures
to be used for small and flat ancient bronze artefacts.

EXPERIMENTAL

The reference materials used for the calibration include
the following materials: NIST 1174 A, NBS 1175, NBS
1175A, NBS 1144 A, NBS 1177, NBS 1104, NBS 1108,
NBS 1256 A, BCS 197f and CSM S4, S 11, S 12,
S 13 and S 14. The contents of Cu, Sn, As, Ag, Fe,
Zn, Sb and Pb in the reference materials used for cali-
bration are reported elsewhere.2 The GDOES analysis
was carried out with a LECO GDS-750A instrument that
comprises a Grimm-style glow discharge lamp and by
selecting constant discharge conditions (voltage 700 V
and current 20 mA) in order to kept the sputtering rate
constant. The internal diameter of the tubular anode was
¾4 mm and the analysed area was therefore¾0.14 cm2.
It is worth noting that in this instrument it is possible
to use also other commercially provided tubular anodes
or a laboratory-made smaller anode that results in a slight
loss of sensibility. The Grimm-type atomization/excitation
source was evacuated by a rotary pump to a pressure of
<1 Pa. After evacuation, flowing argon as working gas
(99.995% purity) was introduced to a constant pressure
of 18 Pa. The pressure was measured on the low-pressure
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side of the lamp. The GDOES results have been acquired
and handled using the LECO data handling system.10,11

Prior to the GDOES measurements, the bronze artifacts
have been first gently washed with distilled water and
a brush and then with ethanol in order to remove the
surface contamination. The crater depths used for evalu-
ation of the sputtering rates were measured by SEM on
the cross-sectioned samples after the GDOES measure-
ments. To analyse the sectioned microchemical structure
of the patina, a sample was removed with a jeweller’s
saw, embedded in a resin and metallographically pol-
ished with carborundum papers and diamond pastes up to
0.25 µm. Both SEM and energy-dispersive spectroscopy
(EDS) characterization were carried out by using a Cam-
bridge 360 scanning electron microscope equipped with
an LaB6 filament and an EDS apparatus. X-ray diffraction
patterns were recorded directly on the ancient bronzes by
multiple scanning using an automated Seifert XRD-3000
diffractometer. The identification of the species was car-
ried out by using a Seifert XDAL 3000 Software Index I.

RESULTS AND DISCUSSION

In Table 1 are reported the chemical compositions for the
Punic bronze alloys used for performing the GDOES study
of the surface corrosion layers. The chemical composi-
tions have been obtained via inductively coupled palsma
mass spectrometry (ICPMS). The bronzes are classic cop-
per–tin alloys12 – 18 with minor or trace constituents such
as As, Ag, Sb, Fe and Zn and a highly variable content of
lead. With regard to lead, it is worth noting that the data
reported in Table 1, are comparable with those of the Etr-
uscan, Greek and Italic objects13,14,18 and with the few lit-
erature data concerning the lead content of the Phoenician
and Punic artefacts from Spain.15 Because lead has sub-
stantially no solid solubility in copper and copper-based
alloys, if the percentage of lead in bronze is higher than
a few weight per cent (wt.%), lead occurs as a dispersion
of fine particles throughout the bronze and the number of
the lead particles, as globules, increases with increasing
lead amount. Furthermore, the distribution and size of the
lead globules from the external surface to the centre of
the bronze artefact are remarkedly affected by the cooling
process of the alloy.16 As a consequence, a leaded bronze
object will not be homogeneous at a microscale level
and the resulting corrosion products will be characterized
by a very complex microchemical structure. Furthermore,
as pointed out by several authors,12,17 the identification
of the long-term corrosion products formed over 2000

Table 1. Content of Cu, Sn, As, Zn, Pb and Fe (wt.%)
present in the ancient bronze alloys used for per-
forming the GDOES measurements

Ancient bronze alloys Cu (wt.%) Sn Zn As Pb Fe

1 69.03 9.16 0.72 0.023 21.75 0.28
2 93.20 2.52 3.25 0.18 0.82 0.31
7 66.35 5.76 0.15 0.32 26.27 0.18
8 78.87 4.71 0.38 0.45 14.40 0.17

The Ag and Sb contents are <0.1%. The contents have been
measured via inductively coupled plasma mass spectrometry
(ICPMS).

years or even more is more difficult than expected, owing
to the complexity of the microstructure of the Cu–Sn
alloy. Indeed, the bronze artefacts are generally produced
first via a casting process and then are subjected to cold
and/or hot hammering and heating cycles for obtaining
the final shape. Their microstructures can be characterized
by a dendrite structure and also twinning, slip lines and
deformed crystals, with inclusions and copper sulphide
particles at grain boundaries, can be present. Of course,
this complex microstructure plays a determining role in
the formation of the corrosion products.

In Fig. 1, the GDOES elemental concentration–depth
profiles for samples 7 and 8 are shown. The distribution
of the main alloying or added elements (Cu, Sn and Pb)
and of the silicon and phosphorus coming from the soil
and introduced into thepatina during the weathering pro-
cess has been considered for determining the nature of
the corrosion products. The presence of silicon and phos-
phorus is clearly revealed with a broad interface between
the externalpatina layer and the inner parts. This find-
ing demonstrates that corrosion phenomena occurred at
the oxide-metal interface and then the corrosion products
reacted with soil and air components to form silicates and
phosphates whose presence has been revealed by XRD
results (not shown). Indeed, XRD patterns have disclosed
for these samples the occurrence of tenorite (CuO), cuprite

Figure 1. The GDOES elemental concentration depth profiles
for the patina grown on samples 7 and 8.
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.Cu2O/, lead oxide.PbO2/ and cassiterite.SnO2/ pro-
duced from the alloy corrosion process and also leadhillite
.PbSO4Ð2PbCO3ÐPb(OH)2/, lead silicate.PbSiO4/, quartz
.SiO2/, cerussite.PbCO3/, malachite.CuCO3ÐCu(OH)2/
and atacamite.CuCl2Ð3Cu(OH)2/ coming from the soil
or produced via interaction between the soil and air con-
stituents and the corrosion products. We point out that in
some cases XRD has shown the presence of both Cu(I)
and Cu(II) oxides. The occurrence of these copper species
is strictly related to the soil nature,12 where thepatina has
been formed during long-term corrosion, and in particular,
to the pH value of the soil, and the presence of both cuprite

and tenorite on the same bronze could reflect a variation
of the soil nature or of the weathering conditions.

In order to gain further insight, the microchemical
structure of thepatina obtained via GDOES technique,
has been compared to the results obtained by means of
SEM/EDS. With this aim in mind, backscattered electron
images and some EDS spectra for thepatina of samples 7
and 8 are reported in Fig. 2. These results indicate that
the thickness of the corrosion layer varies between 100
and 150µm and in some cases, thepatina can be sepa-
rated into two or more zones. For better comparison of
the results, it is worth considering that GDOES elemental

Figure 2. Backscattered electron images and EDS spectra for the patina grown on samples 7 and 8.
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concentration–depth profiles have been obtained from an
area of¾0.14 cm2 and therefore describe the average pres-
ence of the considered elements on a large area where a
very complex microchemical structure can be present. On
the contrary, the SEM/EDS micrographs shown in Fig. 2
are obtained from a smaller area of¾0.02ð 0.015 cm
.0.30ð 10�3 cm2/ and therefore can give only a local
microchemical description of thepatina structure. How-
ever, the comparison between GDOES and SEM/EDS
results confirms the occurrence of a discrete layer enriched
in silicon and phosphorus for both samples 7 and 8,
owing to the interaction between thepatina and soil
constituents. Furthermore, the surface tin enrichment on
the patina for these samples, evidenced by the GDOES
results, is clearly shown by the SEM/EDS results reported
in Fig. 2 (spectrum A), thus demonstrating the occurrence
of tin-selective oxidation and redeposition phenomena.
The study of the tin long-term corrosion behaviour and
the location of its presence in thepatina are important
for selecting the conservation and restoring procedures
because tin plays a sacrificial role in preventing the oxi-
dation and hydration of copper.18 However, the tin content
in ancient bronzes13 – 15 can vary from 2 wt.% to 18 wt.%,
because tin has the ability to improve the final mechani-
cal properties of bronzes as a function of its content, and
therefore was added in variable amounts as a function of
the required final properties.

The GDOES tin elemental concentration–depth profile
confirms that the long-term corrosion of bronzes generally
proceeds with the growth of the tin oxide film on the alloy
surface. Furthermore, the GDOES and SEM/EDS results
converge to reveal that, as a function of the corrosion
conditions, tin oxide can remain at thepatina/metal inter-
face, being chemically stable as cassiterite, can participate
in the formation of thepatina and can be dissolved or
redeposited instead of remainingin situ after the reaction
with soil or atmospheric components to form new com-
pounds. With regard to lead in thepatina of sample 7, the
Pb concentration–depth profile shows an increasing pres-
ence of this element from the external surface toward the
bulk of thepatina, thus demonstrating selective depletion
of this element. On the contrary, the copper concentra-
tion–depth profile shows a different behaviour, its content
being increased in thepatinawith respect to the bulk. Also
for copper, the GDOES results indicate selective corrosion
and redeposition phenomena.

Copper and lead elemental concentration–depth pro-
files for sample 8 show a different behaviour with respect
to sample 7. Indeed, after GDOES erosion of the exter-
nal part of thepatina, copper and lead contents are quite
steady and constant throughout the analysis of the cor-
rosion products layers. We point out that the difference
between samples 7 and 8 could not be due to the nature
of the environment or the soil because these samples were
found close to each other during the archaeological exca-
vation of the metallurgical and industrial areas of Tharros
(western Sardinia, Italy). The difference in the chemical
composition and structure of thepatina for samples 7
and 8 is likely to be due to the difference in the chemical
composition and structure of the alloys. The role played
by the metallurgical and chemical features in determin-
ing the nature of thepatina is confirmed by the GDOES
results for samples 1 and 2, as shown in Fig. 3. Also, these
flat bronze objects have been found during the archae-
ological excavation at Tharros and therefore they have

Figure 3. The GDOES elemental concentration depth profiles
for the patina grown on samples 1 and 2.

probablysufferedthesameweatheringandcorrosioncon-
ditions of samples7 and 8 but are characterizedby a
different microchemicalstructure.Indeed,also for these
samples,theGDOEStechniquecombinedwith SEM/EDS
andXRD results(not shown)allows the chemicalnature
of the long-termcorrosionproductsto be describedand
the presenceof a layeredstructureto be dissolved.The
GDOESresultsfor sample1 indicateasurfacecopper,sil-
icon andtin enrichmentanda leaddepletion,whereasin
the inner layersat an increasingamountof leadthereis a
noticeabledecreaseandthenan increasein theamountof
copper.Forsample2, whosebulk alloy is characterizedby
asmallamountof lead,theelementalconcentration–depth
profilesfor the thin corrosionproductlayersshowa cop-
per surfaceenrichment,then a silicon- and tin-enriched
zoneandfinally a copperoxidelayerthatXRD diffraction
indicatesto be cuprite .Cu2O/.

Finally, from an analyticalpoint of view, we point out
thattheGDOESresultsfor thebulk chemicalcomposition
of the alloys arein goodagreementwith thosefound via
ICPMS,asreportedin Table1.

CONCLUSIONS

This work has beenaimed at exploring the potential of
the combineduse of GDOES, SEM/EDS and XRD in
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the surface and bulk analysis of the long-term corrosion
products of ancient bronzes of different chemical and
microstructural compositions. The results provide good
insight into the microchemical structure of thepatinae,
evidencing selective corrosion and depletion phenomena
leading to the formation of thick layers and, further,
showing clearly the interaction between the soil and air
constituents with the corrosion products. From an analyt-
ical point of view, these results show that GDOES, with
its ability for routine and rapid analysis, has significant

potential in studies of the bronze corrosion phenomena
for the restoration and conservation of ancient artefacts.
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