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Abstract

The aim of this paper is the analysis of the main elements of the patinas of an outdoor bronze
monument by using portable energy-dispersive X-ray fluorescence (ED-XRF) equipment
designed and assembled at the University of Salento. Thanks to the versatility of the
ED-XRF portable apparatus, we carried out a scan based on a limited set of measurements
that was representative of the studied surface of the monument before the restoration
in a relatively short time and in a completely non-invasive way. We investigated the
concentrations of copper, zinc, lead, chlorine, iron, tin and sulphur in the statue dedicated
to the emperor Caesar Augustum, which was created in 1935 and later placed in Brindisi
(Apulia, Southern Italy). Moreover, X-ray diffraction (XRD) and Raman spectroscopy
were carried out for a sample of patina in order to identify its chemical composition.
The information obtained can be helpful for restoration work on this statue and possible
future monitoring.

Keywords: outdoor statue; bronze; patina; portable ED-XRF; XRD; Raman

1. Introduction
Bronze artefacts are important relics of our historical and artistic heritage that are

susceptible to degradation processes in indoor environments such as museums [1], and es-
pecially when they are exposed to aggressive outdoor atmospheres (for example, industrial
or marine areas) [2] and when they are found buried in soil or on the seabed [3,4].

Outdoor bronze statues interact with air pollutants to form corrosion products [5–7],
resulting in patinas of various colours (for example, red, green, brown, and black), as well
as imperfections and cracks [8–10].

It is known that the chemical composition of the patinas of outdoor bronze artefacts
depends on multiple factors, such as the nature of the alloy, porosity, atmospheric pollutants
(sulphur dioxide, nitrogen oxide and ozone), acid rain [11], variations in humidity and
temperature, the colonization of microorganisms and ultraviolet radiation [12,13]. All of
these factors contribute to the formation of unstable copper oxychloride compounds that
cause both esthetic and structural damage to the artefact [14,15].
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In particular, the dominant corrosion factors in areas with large industrial ports in
a maritime and industrial environment are primary and secondary marine aerosols and
anthropogenic combustion products (particulate and gaseous) [16].

The determination of the chemical composition of the alloy of a bronze object is
important for various reasons, such as, for example, to highlight any degradation prod-
ucts [17], and to help restorers in subsequent conservation work, as well as to discover
the manufacturing technique [18], estimate the effectiveness of protective coatings and/or
corrosion inhibitors before and after restoration work [19], and evaluate the authenticity of
the object [20].

Various analytical techniques, both destructive and non-destructive, can be used to
study ancient or more modern bronze artefacts [21–23], and the results obtained are often
processed using multivariate statistical techniques [24,25] and simulation databases [26].

The aim of this research is to determine the main elements of the patinas on an outdoor
bronze monument using portable energy-dispersive X-ray fluorescence (ED-XRF) equipment.

We investigated the concentrations of copper, zinc, lead, chlorine, iron, tin and sulphur
on the patinas of a bronze statue dedicated to Cesare Augusto, which was created in 1935
and later placed in Brindisi (Apulia, Southern Italy).

Thanks to the versatility of the ED-XRF portable apparatus, we carried out a scan of
the monument before the restoration, in a relatively short time, based on a limited set of
measurements, but representative of the studied surface of the statue. This allowed us
to obtain valuable information, since the chemical characterization of the surface layer of
a monument is an essential preliminary phase for the subsequent restoration, cleaning
and conservation of the statue. Moreover, X-ray diffraction (XRD) analysis and Raman
spectroscopy were carried out on a sampled patina to determine its chemical composition.
In fact, the primary modification suffered by a bronze alloy is the chemical–physical
formation of new mineral species (corrosion products). These compounds can be stable
and protect the bulk from a deeper corrosion (as copper hydroxycarbonates) or can further
react once the external environmental conditions have changed (as copper chlorides) [27].

2. Materials and Methods
2.1. Description of the Site

Brindisi has played an important commercial, industrial, and cultural role over the
centuries, thanks to its location in Apulia (Southern Italy) along the Adriatic Sea and in
the centre of the Mediterranean Sea. Figure 1 shows the location of Brindisi and where the
studied statue is located.

Figure 1. Location of Brindisi (Apulia, Southern Italy) and of the statue studied.

From September 1943 to February 1944, Brindisi was the provisional seat of govern-
ment of the Kingdom of Italy.
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Brindisi has approximately 81,000 residents and it is characterized by warm, arid
summers and mild winters.

For many years, Brindisi was an important centre for the chemical and thermoelectric
industries, becoming one of the most highly industrialized cities in Southern Italy [28].
Fifteen kilometres from Brindisi, there is one of the largest coal-fired power plants in
Europe, currently inactive. However, in recent years, a transition toward more sustainable
energy sources and a green economy has been underway.

The port of Brindisi is crucial for trade, tourism, transportation, and logistics, handling
cargoes such as coal, oil, natural gas, and chemicals [29].

The strategic position of the airport in the Mediterranean region, along with its natural
potential for multi-modal (the port is a few kilometres away) operations, have made it a
base of crucial importance for both national defence and NATO. Since 2000, Brindisi has
been the site of the United Nations Humanitarian Response Depot (UNHRD).

2.2. Description of the Statue

The object of this study is an outdoor bronze statue that was created in 1935, but the
origin of the raw materials used for the building of the monument is not known. Figure 2
shows two photos of the studied manufact. The statue is 310 cm tall, and it is supported on
a 19 cm high bronze base (96 × 92 cm) and on a 191 cm high stone base. This monument,
depicting Emperor Caesar Augustus, is in Brindisi in the Piazza del Popolo. It is surrounded
to the east, north and west by the sea, about 300 m away from it.

Figure 2. Photos of the front (a) and left side (b) of the outdoor bronze statue dedicated to the emperor
Caesar Augustus located in the Piazza del Popolo in Brindisi (Southern Italy).

The analysed artefact is a bronze copy of the famous marble original known as the
Augustus of Prima Porta. This marble work was discovered in 1863–1864 inside the Villa
of Livia, the emperor’s consort, at Prima Porta in Rome, and it is currently housed in the
Vatican Museums. The marble work dates to the Tiberian era (14–37 AD).
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The bronze copy analysed in this work was created by the Chiurazzi Foundry, founded
in 1870 in Naples, Italy. The Chiurazzi Foundry specialized in reproducing classical and
Renaissance sculptures by using the lost-wax casting technique and producing casts of
them. The foundry had a collection of over a thousand plaster casts of sculptures from
the National Archaeological Museum of Naples, the Vatican Museums, the Capitoline
Museums, the Borghese Museum in Rome, the Pitti Palace, the Uffizi Gallery, and the
National Archaeological Museum of Florence.

The statue under study was created during preparations for the Augustan Bimillenary.
Its significance is therefore intrinsically linked to the political and ideological contexts in
which it was commissioned and installed. The work is a symbolic “double” that reproduces
the iconography of the ancient emperor, but the historical life of which unfolds entirely
within modern Italian history.

2.3. ED-XRF Analysis

Energy-dispersive X-ray fluorescence (ED-XRF) analyses were carried out using an
apparatus designed and assembled at the University of Salento [30].

This portable tool is composed of the following components: an X-ray tube produced
by MOXTEK® (Orem, UT, USA) with an anode of palladium operating at 1–40 kV of voltage
and 0–100 µA of current, and a Si-PIN detector produced by AMPTEK® (Bedford, MA,
USA), model XR_100CR, thermoelectrically cooled, with a beryllium window of 25 µm.
The detector has a resolution of 150 eV at 5.9 keV and a resolution of about 250 eV in the
range 10–15 keV and incorporates a pocket multi-channel analyser produced by AMPTEK®

(Bedford, MA, USA), model MCA8000A, interfaced with a laptop. The measurements were
taken not exactly in contact, but at about 2 mm from the surface of the statue. The diameter
of the X-ray beam on the surface of the sample is an ellipse, the axes of which are equal to
2 mm and 3 mm.

Figures 3 and 4 show the measurement points of the ED-XRF analysis.

Figure 3. Measuring points on the upper part of the studied statue.
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Figure 4. Measuring points on the lower part of the analysed statue.

Copper, zinc, lead and iron were quantitatively determined at high energy, specifically,
20 kV of voltage and 3 µA of current, with an acquisition time of 60 s, by using a 30 µm
aluminium filter placed on the source, whereas chlorine, tin and sulphur were quantitatively
determined at low energy, specifically, 6 kV of voltage and 40 µA of current, with an
acquisition time of 60 s. These values were sufficient to excite by Bremsstrahlung radiation
the lines for Cu-Kα (8.04 keV), Zn-Kα (8.64 keV), Pb-Lα (10.55 keV), Cl-Kα (2.62 keV),
Fe-Kα (6.44 keV), Sn-Lα (3.44 keV) and S-Kα (2.31 keV).

The evaluation of the spectral interference between sulphur (K-line) and lead (M-line)
is fundamental in the relevant ED-XRF quantitative investigation. The separation between
the K-line of sulphur and M-line of lead is equal to about 40 eV, a value which is lower than
the resolution of the detector (equal to about 150 eV). The separation of the two signals was
obtained through the deconvolution of the peaks to solve this problem. This deconvolution
is possible considering both the different concentrations and the different fluorescent yields
between the two elements: K-line of sulphur (0.061) and M-line of lead (0.032) [31–33]. The
software produced by Microcal Origin Professional® (Northampton, MA, USA) was used
for deconvolution of peaks. The deconvolution was performed using Gaussian (version
2018) as the signal integration function:

y = y0 +
A

w
√

π
2

e−
2(x−xc)2

w2 (1)

where A is the signal intensity, xc represents the signal energy to be integrated, y0 is the
background, and w is the FWHM (peak width at half-height). For each element investigated,
the values of y0, xc and w were kept constant for both the calibration and analytical samples.

The calibration was carried out by analysing ten standards, consisting of Cu, Cu2O,
CuO, CuCO3, Cu/Sn (80/20% w/w), Cu/Pb (80/20% w/w), Pb3O4, Zn, Fe, CuCl2, CuSO4

and SnO2 in different ratios. The concentration of each standard was chosen to replicate the
chemical composition of the investigated patinas. All chemical compounds were analytical
grade and purchased from Sigma-Aldrich® (Milan, Italy), except the Cu/Sn (80/20% w/w)
standard, which was purchased from Goodfellow® (Cambridge, UK).

Each standard was prepared by mixing the compounds in different weight percentages.
Specifically, the chemical compounds were weighed using an analytical balance produced
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by KERN® (Konolfingen, Switzerland), model ABT 100–5M, subsequently mixed and
homogenized in an agate mortar for ten minutes and finally compressed at 200 bar for ten
minutes using a laboratory press. The laboratory press compacts the powders into solid
tablets, ensuring uniform dosages for subsequent analyses. The homogeneity of elements
in the standard meets the requirements for the ED-XRF quantitative determination.

Additionally, the analysed samples are assumed to demonstrate infinite thickness [34,35],
and the quantitative results are obtained, for each element, as a weight percentage (wt %).

The ED-XRF analyses involved thicknesses of patina of a few dozen micrometres,
considering that a radiation between 5 and 10 keV, passing through 40 µm of cuprite, is
attenuated by a factor of 100. The experimental data were elaborated by the software
produced by Microcal Origin Professional®.

Table 1 summarizes the chemical composition of ten standards used in the ED-XRF
quantitative analysis. The reported values indicate the percentages by mass (wt %) of the
various elements in each standard.

Table 1. Percentages by mass (wt %) of the standards used in ED-XRF calibration.

N.
Cu Zn Pb Cl Fe Sn S C H O

(wt %)

01 57.0 10.9 11.9 8.8 11.5
02 63.7 8.8 6.0 4.3 7.2 10.0
03 55.1 5.0 8.9 3.8 4.9 10.8 3.2 8.2
04 41.8 3.8 5.5 19.1 9.7 0.7 0.1 19.1
05 29.0 1.9 2.7 7.6 29.4 4.0 1.3 0.2 24.0
06 31.3 8.6 5.1 11.5 25.8 0.9 0.1 16.7
07 38.4 6.3 4.8 2.5 10.3 12.7 7.1 0.8 0.1 17.0
08 72.2 8.7 19.1
09 58.1 23.9 1.7 16.3
10 88.1 11.9

2.4. XRD Analysis

An automatic diffractometer produced by Philips® (Malvern Panalytical, Hamburg,
Germany), model PW3020 X’Pert, was used for the X-ray diffraction (XRD) examination
of a sample of deposit collected from a part of the statue not exposed to water erosion. In
particular, the sample was taken from an area not exposed to leaching, near the regions
n. 15 and n. 16 (Figure 4), by using a bistoury. The primary purpose of the sampling
was to verify the compounds and, particularly, the nature of the chlorides present on the
statue. Experimental conditions were as follows: Cu-Kα radiation at 40 kV and 45 mA. The
instrument was in a Bragg–Brentano configuration θ–2θ with scan step of 0.02◦, at 0.2 mm
receiving slit, 0.04 rad Soller slit, 1/2◦ divergence slit and 15 mm beam mask.

The experimental data were elaborated by the software produced by Profex (Solothurn,
Switzerland), Open Source XRD and Rietveld Refinement version 5.6.

2.5. Raman Spectroscopy

Raman analysis was performed, on the same sample used for the X-ray diffraction
analysis, to identify patina composition.

The sample was pounded to a fine powder in an agate mortar, homogenized and
subsequently investigated. Raman analyses were achieved by using a spectrometer pro-
duced by Renishaw® (Wotton-under-Edge, UK), model Invia (spectral resolution equal
to 0.5 cm−1), with an argon–ion laser (λ = 514.5 nm) and a metallographic microscope
produced by LEICA® (Rome, Italy). The laser beam was focused on the sample with 15 mW
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of excitation power. The spectra were acquired for ten accumulations of 100 s and repeated
on five different points.

Then an average of the Raman spectra was obtained and studied. The experimental
data were processed by the software produced by Microcal Origin Professional®.

3. Results and Discussion
3.1. ED-XRF Analysis

First of all, a visual examination of the colour of the statue’s patinas was carried out:
the patinas are mainly dark gray, brown, green, and black.

A preliminary reconnaissance analysis of the statue’s surface was performed based
on a set of limited, but representative, surface measurements to understand the elemental
composition of the patinas. To achieve this purpose, a portable energy-dispersive X-ray
fluorescence instrument was used.

Table 2 provides a brief description of each measuring point of the bronze statue
and summarizes the experimental results of the ED-XRF analysis obtained before the
restoration. It is important to underline that the values reported in Table 2 are surface
ED-XRF semi-quantitative values, and they are not true quantitative concentrations of bulk
alloy or patina.

Table 2. Brief description of the analysed samples and mean elemental compositions obtained by
using ED-XRF before the restoration.

N. Description
Cu Zn Pb Cl Fe Sn S

(wt %)

01 Face 59.0 8.4 <D.L. 3.3 2.3 <D.L. <D.L.
02 Neck 65.5 9.1 2.5 3.7 4.3 <D.L. <D.L.
03 Right shoulders 48.0 1.9 3.5 0.9 3.8 17.4 <D.L.
04 Right arm, above 61.5 6.3 3.0 1.8 6.0 7.9 <D.L.
05 Right arm, below 59.5 3.7 2.5 4.0 3.5 <D.L. <D.L.
06 Right arm, welding 72.0 3.5 <D.L. 2.6 1.5 3.6 <D.L.
07 Left shoulders 55.5 4.9 2.5 2.9 5.1 <D.L. <D.L.
08 Left arm, above 58.0 2.3 <D.L. 3.2 3.9 <D.L. 2.5
09 Left shoulder blade 59.5 6.6 3.5 3.0 2.9 <D.L. 3.0
10 Right shoulder blade 62.0 5.6 3.0 1.7 2.5 2.9 4.5
11 Left chest 58.5 6.8 2.0 4.5 3.5 <D.L. <D.L.
12 Left chest, green 53.0 5.7 2.5 1.3 2.6 12.7 4.0
13 Left calf, green 47.0 9.5 <D.L. 2.3 3.0 <D.L. <D.L.
14 Left calf, black 50.5 8.0 <D.L. 3.7 2.6 <D.L. <D.L.
15 Left leg, calf 54.0 7.4 2.5 2.1 1.8 4.0 <D.L.
16 Left leg, calf 54.4 9.3 2.5 1.5 2.2 6.6 1.5
17 Left cloak 58.5 10.0 2.0 4.5 2.5 <D.L. <D.L.
18 Left knee, green 76.0 4.1 <D.L. 6.7 1.2 <D.L. <D.L.
19 Left knee, black 61.5 5.5 <D.L. 4.6 2.1 <D.L. <D.L.
20 Base 68.0 5.9 2.5 3.9 2.5 <D.L. 2.5
21 Right foot 67.0 3.3 2.0 5.3 3.0 <D.L. <D.L.

Standard deviation ±0.5 ±0.3 ±0.5 ±0.3 ±0.3 ±0.5 ±0.5
Detection limit (D.L.) 0.3 0.5 2.0 0.5 0.3 2.5 1.0

The values for the detection limit were determined in agreement with the methods
described in Cesareo et al., 2007 [36]. These values, all reported in wt %, for copper, zinc,
lead, chlorine, iron, tin and sulphur, are equal, respectively, to 0.3, 0.5, 2.0, 0.5, 0.3, 2.5
and 1.0.
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Experimental data demonstrated that all the points analysed contain copper, zinc,
chlorine and iron, whereas lead was contained in 14 of 21 areas, tin was contained in seven
of 21 areas and sulphur was contained in six of 21 areas.

The concentration of copper in most cases (17 of 21 areas) varies from 50 to 70 wt %;
two areas (n. 06 and n. 18) showed concentrations higher than 70 wt % and only two areas
showed concentrations lower than 50 wt % (n. 03 and n. 13). This demonstrates that the
copper content in the patina is high. In particular, the minimum, maximum, and mean
values are 47.0 wt %, 76.0 wt % and 59.5 wt %, respectively.

The constant presence of zinc, typically greater than 1.9 wt %, less than 10 wt % and
averaging (6.1 ± 2.0) wt %, might suggest that zinc was probably present in the alloy, but it
could also be a corrosion product.

Lead is present in 14 of the 21 investigated areas. The minimum, maximum, and
mean values are 2.0 wt %, 3.5 wt % and 2.6 wt %, respectively. The lead concentrations for
points n. 11, n. 17 and n. 21 are each equal to 2.0 wt %. Since these values are close to the
detection limit (2.0 wt %), it is important to emphasize that they should be considered as
the qualitative presence of trace amounts rather than a reliable quantitative concentration.
Similar considerations apply to measurements n. 10 for tin (2.9 ± 0.5 wt %; D.L. = 2.5 wt %)
and n. 16 for sulphur (1.5 ± 0.5 wt %; D.L. = 1.0 wt %).

Considering the concentrations of copper, lead and zinc obtained by using ED-XRF,
the analysed patinas show a relatively homogeneous chemical composition. Figure 5 shows
a ternary graph with the concentrations of copper, lead and zinc. The result obtained shows
how the samples are grouped into a large cluster and this is probably due to a homogeneous
exposure over the years.

Figure 5. Triangular diagram with concentrations of copper, lead and zinc, obtained by using ED-XRF.
The graph on the right shows an enlargement with the names of the samples.

Tin was detected in seven of 21 regions: in outdoor metal alloys, tin is present as SnO2,
a stable and extremely thin patina that can then be covered by other corrosion compounds
of the alloy [37]. It is observed that the presence of tin is typically associated with relatively
low concentrations of chlorine (regions 3, 4, 6, 10, 12, 15 and 16, and especially for regions n.
3 and n. 12), and consequently, in regions with high chlorine concentrations (for example,
5, 11, 17, 18, 19 and 21), tin is below the detection limit. This demonstrates that the copper
chloride patina covers any existing SnO2 patina.

Moreover, the elements that characterize the depositions, such as iron and lead, are
equivalent in the different regions monitored. This could lead to the hypothesis that they
were exposed to similar microclimatic and environmental conditions for the same period.
In particular, we specify that in Brindisi, air pollution is mainly due to vehicular traffic and
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that the natural components of the atmospheric particulate matter are mostly attributable
to marine aerosol and to Saharan dust phenomena [38]. However, it is very important to
consider that the iron can also derive from several internal and intrinsic sources related to
the construction of the statue itself such as, for example, alloy impurities, casting cores and
molds naturally rich in iron oxides, and internal iron armature.

As previously mentioned, the artifact is located 300 m from the sea and therefore it
has always been exposed to marine aerosols. In fact, the experimental results show that the
entire surface of the artifact is characterized by the presence of chlorine, with concentrations
ranging from 0.9 wt % to 6.7% wt. Furthermore, the chlorine distribution does not depend
on the orientation of the statue with respect to the cardinal points.

As already observed, the lowest chlorine concentrations are recorded in the regions
where tin is present (regions 3, 4, 6, 10, 12, 15 and 16): in these regions the average chlorine
concentration is equal to (1.7 ± 0.5) wt %, compared to an average of (4.0 ± 1.1) wt % in
the remaining regions.

It is also observed that the regions most exposed to water erosion (regions 13, 7, 9, 8,
1, 2 and 14) are characterised by slightly lower chlorine concentrations (3.2 ± 0.5) wt %,
compared to regions less exposed to water erosion (regions 18, 21, 19, 17, 5 and 20) in which
the average value is equal to (4.8 ± 1.0) wt %. This suggests that marine aerosol, over the
years, has deposited chlorine on the surface of the artifact regardless of wind direction and
that rain has then partially removed the chlorine in the regions where the washing away
effect was more evident.

Iron is present in all the patinas analysed. The minimum, maximum, and mean values
are 1.2 wt %, 6.0 wt % and 3.0 wt %, respectively.

Sulphur is present in only six of the 21 total areas analysed. The minimum, maximum,
and mean values are 1.5 wt %, 4.5 wt % and 3.0 wt %, respectively.

Our experimental results are in agreement with those obtained in other studies of pati-
nas on outdoor bronze manufact using different analytical techniques [5,16,39], although
it is not possible to make an in-depth comparison since very often the composition of the
alloy is unknown, and the exposure times and even the atmospheric conditions are not
perfectly comparable.

3.2. XRD Analysis

XRD analysis was performed to determine the chemical composition of a patina
sampled from an area of the statue corresponding to the left leg. This area was characterised
by the presence of a dark-grey and green patina. Since the analyses were performed on
a single sample, we would like to emphasize that the XRD results represent a localized
micro-environment and cannot be extrapolated to characterize the surface chemistry of the
entire monument.

The XRD spectrum (Figure 6) shows that the sample consisted mainly of cuprite
(Cu2O), atacamite (Cu2Cl(OH)3), clinoatacamite (Cu2Cl(OH)3), zincite (ZnO), brochantite
(Cu4SO4(OH)6) and traces of carbon and calcite (CaCO3). The calcite, detected in low
concentration in XRD, is probably due to particulate deposits, which are very frequent in the
studied area. Cuprite and zincite are compounds that can be detected in the patinas of more
modern bronze statues [12]. The artefact was made of a copper alloy containing zinc. The
carbon may probably be due to deposition of atmospheric particulate matter that did not
chemically react with the artifact. The atacamite, clinoatacamite and brochantite represent
the artifact’s interaction with the surrounding environment [40–42]. The brochantite derives
from interaction with sulphur oxides present in the atmosphere, while the atacamite and
clinoatacamite derive from interaction with marine aerosols.
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Figure 6. XRD spectrum of a patina sampled from the left leg of the statue.

3.3. Raman Spectroscopy

Raman analysis was performed on the same sample used for the XRD analysis. Since
the analyses were achieved on a single sample, we would like to underline that the Raman
results represent a localized micro-environment and cannot be extrapolated to characterize
the surface of the entire manufact. Raman analysis of the sampled powder (Figure 7)
confirmed the presence of calcite (155, 285, 715 and 1085 cm−1) [43], atacamite (220, 415,
510, 635, 810, 905 and 980 cm−1) [44] and brochantite (120, 140, 200, 242, 318, 390, 420,
450, 485, 506, 595, 609, 622, 910 and 975 cm−1) [45], compounds also determined by X-
ray diffraction. Our attention was focused on the presence of carbonaceous material.
Figure 8 shows the Raman spectrum, which has the following signals: 1350, 1580, 2700
and 2931 cm−1. According to the data reported in the scientific literature, all signals are
attributable to carbon deposits [46,47].

Figure 7. Raman spectra of calcite, atacamite and brochantite determined in the patina sampled from
the left leg of the statue.
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Figure 8. Raman spectrum of the presence of carbonaceous material in the patina sampled from the
left leg of the statue.

The signal at 1350 cm−1 is known as “D band” (disorder band graphitic) and it
indicates the structural defects in the graphite lattice. The signal at 1580 cm−1 is known as
the “G band” (graphitic band) and it represents the in-plane vibrations of sp2 hybridized
carbon atoms. The signal at 2700 cm−1 is known as “2D or G’ band”, the overtone of the
D band, whereas the signal at 2931 cm−1 indicates the C–H stretching and it is crucial since
it does not come from pure carbon and it indicates the presence of organic compounds.

Calculating intensity ratios is a fundamental step in Raman spectroscopy, as it allows
us to quantify the structural disorder of carbon and the relative concentration of the
components. The intensity ratio between the D band and G band (ID/IG) is the primary
parameter used for characterizing carbonaceous materials. A ratio of 1.0 indicates a highly
disordered material, while this ratio would be close to zero in a perfect graphite crystal.

In our study, the intensity ratio ID/IG is equal to 1. This value suggests a high degree of
structural disorder and it may be due to carbon black, charcoal, or soot from environmental
pollution [48].

This result is plausible considering the location the statue has been in over the years.
Moreover, the intensity ratio between the 2D band and G band (I2D/IG) is another

sensitive indicator of doping and electronic structure used to determine the degree of
“graphitization” or crystallinity [49]. In the case of high-grade graphite or graphene, this
ratio is high. In our case, the ratio is low (equal to 0.38), which is attributable to an
amorphous or microcrystalline structure.

Therefore, we can deduce that the analysed deposit may probably be due to pollution
caused by vehicular traffic, domestic heating or industrial activities.

4. Conclusions
The patinas of an outdoor bronze statue were studied before restoration. In particular,

in situ energy-dispersive X-ray fluorescence analyses were carried out on various areas of
the monument to evaluate the chemical composition. The results obtained show relatively
uniform distributions of all elements.

Moreover, X-ray diffraction and Raman spectroscopy analyses were carried out on a
patina sampled from an area not exposed to water erosion. Since conservation constraints
prevent further sampling, the XRD and Raman results concern a single specimen from a
sheltered area not subject to leaching. For this reason, we would like to emphasize that the
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experimental results represent a localized micro-environment and cannot be extrapolated
to characterize the surface chemistry of the entire monument.

The experimental results show that the sample consisted mainly of cuprite, atacamite,
clinoatacamite, zincite, brochantite and traces of carbon and calcite.

Regarding chlorine, XRD and Raman analyses revealed the presence of atacamite and
clinoatacamite, stable basic copper chlorides.

Paratacamite, an unstable chlorinated compound that can cause degradation, was
not detected in the analysed sample within the detection limits of the methods used.
However, its presence in other areas of the statue cannot be excluded. This information was
crucial for the restorers’ subsequent work. Indeed, the restorers considered the absence of
corrosive compounds determined during the analyses performed. This specifically guided
subsequent interventions.

This methodological approach allowed us to determine the chemical composition of
the patinas and the information obtained was provided to the restorers for their restoration
work on the monument. Therefore, in principle, this method of analysis and interpretation
of the results may be employed for other study cases.
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