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Abstract

The Sant’Oronzo statue (Lecce, Southern Italy) consists of an internal wooden structure, completely
covered with copper sheets, lying on a concrete base about 1.5 meters high, which is placed on the
top of a Roman column about 29 meters high. Lecce may be classified as urban site since it is mainly
influenced by vehicular traffic and it is not affected by intense industrial emissions.

In the time schedule of the restoration, first of all, non-destructive analyses were planned. In
particular, a portable energy dispersive X-ray fluorescence (ED-XRF) was used in order to map the
composition of the patinas and to evaluate their degradation. Subsequently, a micro-sampling was
performed both of the statue and the column. The collected samples were analysed by using Raman
spectroscopy and X-Ray Diffraction in order to evaluate chemical composition.

This paper summarizes the archaeometric results and the diagnostic information obtained before of

the restoration, which are significant for the restorers’ subsequent work.

Keyword: outdoor statue, copper, patina, ED-XRF, Raman, XRD

1. Introduction

The patina of outdoor copper manufact has different chemical composition depending on the several

parameters such as alloy composition, environmental conditions (for instance, urban, rural, marine,

industrial), location of statue (in exposed areas or sheltered areas) and exposure time [1-4]. In
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particular, in urban atmospheres, patinas directly exposed to rain are unstable and are leachable by
rainwaters.

The patinas spontaneously develop over time on copper and bronze surfaces due to chemical
reactions with the environment, creating corrosion compounds with various color (for example
green, red, bluish, brown and black) and different composition such as copper oxide, copper sulfide,
copper chloride, copper sulfate and copper carbonate [5—9]. In particular, the degradation compounds
most commonly found in copper manufacts are CuO (cuprite), CuO (tenorite), CuzS (chalcocite),
CuS (covellite), CuCl (nantokite), CuClo-2H,0O (eriochalcite), Cu,CI(OH)3 (atacamite), Cu,Cl(OH);
(botallackite), CuCI(OH)3 (clinoatacamite), CuzSO4(OH)4 (antlerite), CusSO4(OH)s (brochantite),
Cu20S0O4  (dolerophanite), CusSO4(OH)s2H,O (langite), CusSO4(OH)-6H>O (posnjakite),
CusSO4(OH)-2H20 (wroewulfite), Cuz(CO3)(OH), (malachite), Cuz(CO3)2(OH). (azurite) [10—12].
Jambor et al., 1996 [13] reported for the first time the clinoatacamite, a new mineral polymorph of
CuxCI(OH)3. Therefore, previous reports on paratacamite should probably be assigned to
clinoatacamite instead. The polymorphs CuxCI(OH); (atacamite, paratacamite and clinoatacamite),
in combination with different hydroxy sulfates and cuprite, are dominant in the black sheltered areas,
while rain-washed green areas mainly consist of brochantite and cuprite [5,14,15].

The chemical composition of alloy and patina of copper or bronze can be determined using various
analytical methods such as energy dispersive X-ray fluorescence (ED-XRF), Raman spectroscopy,
scanning electron microscopy-energy dispersive X-ray (SEM-EDX), X-ray diffraction (XRD) and
atomic absorption spectroscopy (AAS). Nevertheless, methodologies often favoured in the field of
cultural heritage are non-destructive and portable techniques.

This work describes the experimental results of the diagnostic analysis performed on the
Sant’Oronzo statue (Lecce, Southern Italy) before starting the restoration in June 2018.

Lecce (40° 21° N; 18° 10° E; 30 m above sea level) has about 95 thousand inhabitants and it is about
20 km away from both the Adriatic Sea and Ionian Sea. The town may be classified as urban site
since it is mainly influenced by vehicular traffic [16,17]. Fig. 1 shows some photos of the statue,
which highlight serious state of degradation of the copper sheet, of the Roman column and of the

concrete base.

2. Materials and methods

2.1. Description of statue

The Sant’Oronzo statue was built in Venice in 1739 and it is 4.90 meters high. It has an internal

wooden structure, completely covered with copper sheets, which were held together by copper nails.
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The thickness of copper sheets is equal to about 1 mm. The original copper nails are about 2 to 5 cm
long (Fig. S1).

The statue is placed in Sant’Oronzo square, in the center of Lecce (Southern Italy), on a recent
concrete base (2.65 m x 2.65 m) about 1.5 meters high, which is positioned on a Roman column
about 29 meters high. The bottom of the statue is covered with a sheet of lead, which sit on the
concrete base.

The last restoration was performed in years 1982 to 1987. In the last restoration, several copper rivets
(with a steel nail, see Fig. S2) have been added to keep together the copper foils (Fig. S3).
Unfortunately, the use of these rivets induced galvanic corrosion phenomena, which are visible to the
naked eye. In fact, a close visual examination of statue allows to highlight two principal typologies
of patinas: light green patina (in areas exposed to leaching) and dark patina (in areas not exposed to
leaching), in addition to the numerous red drips, in correspondence of the rivets. Moreover, the
column shows both green and dark dripping on concrete basement and on Roman capital.

On January 30, 2019 the statue was removed and transferred for restoration to Palazzo Carafa, the
municipal building of Lecce, nearby the original site. Fig. S4 shows a picture of the statue in the

room where it will be restored.

2.2. Methods

2.2.1 ED-XRF

EDXREF portable equipment, which was assembled in our laboratory, is composed by an X-ray tube
(MOXTEK Inc., USA) with palladium anode air-cooled and by a detector Si-PIN (Amptek Inc.,
USA). The detector has a resolution of energy of about 180 eV at 5.9 keV. The output of the X-ray
tube is collimated and the analyzed area has a diameter of about 3 mm [18,19]. For each measuring
point, three EDXRF spectra were acquired, with acquisition time of 60 seconds and with a tube
voltage of 6 kV at 40 pA and of 20 kV at 3 pA.

Five standard samples, with known chemical compositions, were used to calibrate the apparatus and
to obtain reliable experimental data. For standards preparation, copper (II) sulphate pentahydrate
(CuS045H,0), copper (II) chloride dihydrate (CuCly-2H20), copper (I) oxide (Cux0), copper (II)
sulfide (CuS) and iron powder have been used. All chemical compounds were purchased from
Sigma-Aldrich® with analytical grade.

Each standard was prepared by mixing the compounds in different weight percentages. The use of
different compounds with the same elements, but in different oxidation state, is irrelevant from the
point of view of the XRF analysis, but has allowed to obtain the calibration samples at different
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concentrations. In particular, the chemicals compounds have been weighted by using an analytical
balance KERN model ABT 100-5M, subsequently mixed and homogenized in an agate mortar for
ten minutes and finally compressed at 200 bar for ten minutes. The homogeneity of elements in the
standard meets the requirements for the EDXRF quantitative analysis. Moreover, the samples
analysed are supposed to “infinite thickness” and therefore the quantitative results are expressed in
terms of weight percentage (% wt).

Copper, sulphur, chlorine and iron were determined, for each measurement point, in order to
individuate the chemical composition of the patinas. The description of each measurement point is
summarized in Table 1. The values of detection limit, all reported in wt %, for copper, sulphur,
chlorine and iron are equal to 1.0, 0.5, 0.5 and 0.5 respectively. The software Microcal Origin

Professional® has been used to elaborate the experimental data obtained [20].

2.2.2 Raman spectroscopy

Raman analysis was performed on seven samples to identify patina composition. Fig. 1 shows the
sampling point of each sample whose characteristics are described in Table 2. The samples were
pounded to a fine powder in an agate mortar, homogenized and subsequently analyzed. Raman
analyses were achieved by using a spectrometer Renishaw model Invia (spectral resolution: 0.5 cm™;
spectral range: 100 — 3700 c¢cm™') with an argon-ion laser (A = 514.5 nm) and a LEICA
metallographic microscope. The laser beam was focused on the sample with 15 mW of excitation
power. The spectra were acquired for 20 accumulations by 100 s and repeated on five different
points. Then an average of Raman spectra was obtained. The spectra were obtained with baseline
correction and compared with standard spectra from the database www.rruff.info (atacamite
R050098, brochantite R060133, calcite R040170, cuprite R050384, graphite R050503, gypsum
R040029, murdochite R110122).

2.2.3 XRD

The XRD analyses were performed on the same samples examined with Raman spectroscopy. The
samples were analysed by using a diffractometer Rigaku model Mini Flex with Cu-K,, radiation (A =
0.154 nm). The measurements were carried out with 30 kV accelerating voltage, 15 mA current, scan
angle in 26 from 10° to 80°, with step size of 0.01° and scan speed of 0.05°-s™!. Three scans for each
measurement were performed. XRD patterns were manually compared with standards XRD patterns
from the database www.rruff.info (atacamite R050098, brochantite R060133, calcite R040170,
cuprite R050384, graphite R050503, gypsum R040029, murdochite R110122).



3. Result and Discussion

3.1 ED-XREF analysis

Experimental results of ED-XRF analysis carried out on the patinas of the Sant’Oronzo statue are
summarized in Table 1.

Green patina, exposed to leaching (sample n. 01), shows copper (65+2 % wt) as main element and
sulphur (20£2 % wt) as secondary element. Green patina on the mantle (sample n. 09) and the
greenish dripping on the right arm (sample n. 06) have different composition.

Dark patinas, not exposed to leaching (samples n. 05, 07, 10, 11, 13 and 15), shows copper as main
element and chlorine as secondary element. Moreover, the dark patina with red dripping on the
bottom right mantle (sample n. 12) shows higher sulphur concentration (11.5+1.0 % wt) and iron
(1.5+£0.5 % wt) as in trace element. Red patinas, exposed to leaching (samples n. 02, 03 and 04),
show copper and iron as main element and sulphur as secondary element.

It is important to note that iron is widely present on the surface of statue as minor element or in trace.
This is due to the corrosion of the rivets nails added during the last restoration accomplished from
1982 to 1987. In fact, the recent rivet (sample n. 19) shows copper (3942 % wt) as main element and
iron (10.0£1.0 % wt) as secondary element, whereas the rivet (sample n. 20) shows iron (27£2 % wt)
as main element and copper (12.0£1.0 % wt) as secondary element.

The original nails show copper (45-56 % wt) as main element. Moreover, the nail n. 16 and n. 18
show chlorine (2142 % wt) as secondary element, while the nail n. 17 shows sulphur (12.0+1.0 %
wt) and chlorine (5.0+0.5 % wt) as secondary elements.

Cleaning tests were also carried out on some measuring points both on areas of the statue (sample n.
01 and n. 15) and on nails (sample n. 16, n. 17 and n. 18) and on rivets (sample n. 19). In any case,
the increase of copper concentration was highlighted with a simultaneous decrease in sulphur and

chlorine concentration.

3.2 Raman and XRD analysis

Raman spectroscopy offers chemical identification of compounds in order to discriminate the
corrosion products of copper or bronze manufact [6,21-25]. In particular, the Raman signals of
copper hydroxychlorides and copper hydroxysulphates can be observed in two main regions: the first
at lower wavenumbers, between 100 cm™' and 1100 cm™!, includes Cu—O deformation, Cu—Cl
deformation and SO4*>~ deformation. The second, at high wavenumbers, between 3000 cm™! and 3700
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cm !, includes the Cu—O-H stretching vibrations. In particular, the number of bands in this region
usually reflects the number of different O—H groups present in the structure, except in the case of
strong overlap of the bands. For instance, brochantite (CusSO4(OH)s) has six hydroxyl groups
bonded to adjacent sulphate group, and therefore Raman spectroscopy shows six peaks. There is
another region, between 1100 cm™! and 3700 cm™!, which includes the signals that characterize the
amorphous carbon [26-28], often determined on outdoor copper monuments, as well as C-H
vibrations of organic compounds and the water features present in several hydrated mineral phases.
In Table 3 it was tried to assign the type of deformation for each Raman signal obtained in analysed
patinas of the statue.

Fig. 2a shows the comparison between the Raman spectrum of the green patina and of the standard
brochantite. Raman spectrum of green patina has the following signals: 120, 140, 200, 242, 318, 390,
420, 450, 485, 506, 595, 609, 622, 910, 975, 1075, 1095, 1125, 1350, 1580, 3265, 3375, 3402, 3489,
3565, 3588 cm™!. According to the data reported by scientific literature [29-35] all signals of green
patina are attributable to brochantite, except two peaks broader with Raman shift values of about
1350 cm™! and 1580 cm™!, which are attributable to amorphous carbon and are called D (disorder
band) and G (graphitic band) band, respectively. Moreover, the spectrum of green patina shows a
broad band in the range 2800-3000 cm !, which is the region of C—H vibrations of saturated organic
molecules, mainly hydrocarbons and carboxylic acids.

Fig. 3a shows the comparison between the Raman spectrum of the dark patina and of the standard
atacamite (CuCl(OH)3). Raman spectrum of dark patina has the following signals: 220, 415, 510,
635, 810, 905, 980, 1340, 1600, 2915, 3200, 3355, 3435 cm™ . In according to the data reported by
scientific literature, all signals of dark patina are attributable to atacamite, in addition to the presence
of amorphous carbon. Moreover, the spectrum shows two broad bands in the range 2800-3000 cm ™!,
which are the region of C—H vibrations of saturated organic molecules, mainly hydrocarbons and
carboxylic acids.

Fig. 4a shows the comparison between the typical Raman spectrum of the sample C04 (green
dripping on Roman capital, West side) and of the standard calcite (CaCO;). Raman spectrum of
sample C04 has the following signals: 155, 285, 715, 1085, 1435, 1750, 2625, 2670, 3220 and 3470
cm !, This comparison demonstrated that the sample is mainly composed of calcite and the signals
relating C—H vibrations of saturated organic molecules.

XRD analysis prove that both the green patina (Fig. 2b) and the dark patina (Fig. 3b) contain cuprite
(26 equal to 29.6, 36.5, 42.3, 61.4, 73.5 and 77.4). This oxide represents the protective layer that
normally covers outdoor copper and bronze monuments. In addition, green patina is characterized by
the presence of brochantite, whereas dark patina is characterized mainly by the presence of atacamite

more brochantite.



Several studies have shown that brochantite is converted into atacamite in solutions containing high
levels of chloride ions through a mechanism of dissolution and precipitation. This chemical-physical
process is reasonable considering the different solubility of the two compounds and their stability

ratio:

CU4(OH)6804 S4Cu*+60H + SO42_ (sz brochantite = —689)
CW(OH)GCIZ S4Cu*"+60H +2CI (sz atacamite — —698)
Cus4(OH)6SO4 + 2 CI' 5 Cuy(OH)sC12 + SO4* (pK brochantite/atacamite = —0.929)

XRD pattern of the sample CO1 (dark dripping on concrete pulvino) shows the presence mainly of
calcite and gypsum, typical compounds used in cementitious material in the form of powders, and of
murdochite (CusPbOg). Fig. S5 shows the XRD spectrum of sample COl. The existence of
murdochite on pulvino can be justified considering the corrosion of the lead plate placed at the
pedestal of the statue on which the wooden structure rests.

XRD pattern of the sample C02 (green dripping on concrete pulvino) shows the presence mainly of
calcite. The weak signal at 26 equal to 16.2° is due to atacamite, confirming that its drip from the
copper statue is the cause of the green coloured areas. The sample C03 (dark dripping on Roman
capital) is also characterized by the presence of calcite as main phase. The dark colour is due both to
the presence of carbon particles and to a dripping of murdochite that comes from the statue’s
pedestal. The sample C04 (green dripping on Roman capital) is mainly characterized by calcite (Fig.
4b). The light green colouring on the capital could be due to brochantite of coming from the metallic
statue.

The sample CO5 (dark area not exposed to washouts on Roman capital) shows the presence of
gypsum as the main phase and calcite. The graphite signal is also present and this may be due to
carbon particles deposited in not washed region, which determine the dark colour.

The results obtained by using XRD confirm the results obtained by Raman spectroscopy.

4. Conclusion

Green patinas were constituted mainly by cuprite and brochantite, while dark patinas were
constituted mainly by cuprite, brochantite and atacamite. The presence of atacamite in areas not
directly exposed to rain may be due probably to deposits of marine spray accumulated in these
sheltered regions of the statue.

Furthermore, all the patinas contain amorphous carbon which demonstrates the presence of carbon
deposits. In particular, the highest concentration of amorphous carbon was detected in the sheltered

dark patinas.



The improper use of the rivets used in the last restoration from 1982 to 1987 has irreversibly
damaged the analysed monument, thus modifying its aesthetics (with evident red areas around each
rivet and red dripping starting from the rivet).

The simultaneous use of the analytical techniques has allowed to define the compounds of
degradation of patinas and the information obtained was of fundamental importance for the

subsequent work of the restorers.
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Caption of the Figures

Fig. 1. Images of the Sant’Oronzo statue (a) and degraded areas of copper patinas (b, ¢ and d), of the
Roman column (e, f and g) and the concrete base (h). The figure also shows the seven sampling
points, which provided the samples analysed both with Raman and XRD.

Fig. 2. Typical Raman spectrum (a) and XRD pattern (b) of the green patina compared with
brochantite standard.

Fig. 3. Typical Raman spectrum (a) and XRD pattern (b) of the dark patina compared with atacamite
standard.

Fig. 4. Typical Raman spectrum (a) and XRD pattern (b) of the sample C04 compared with calcite
standard.

Fig. S1. Image from above (a) and front (b) of the original nails of the Sant’Oronzo statue.
Fig. S2. Rivet fixing technique.

Fig. S3. Image of evidence of rivets on the statue.

Fig. S4. Image of the Sant’Oronzo statue in the room where it will be restored.

Fig. S5. XRD pattern of the sample CO1.

Caption of the Tables

Table 1. ED-XRF analysis results of different patinas on the Sant’Oronzo statue.

Table 2. Description of the seven samples analysed by Raman spectroscopy and XRD and main
compounds detected

Table 3. Raman peaks obtained from patinas on the Sant’Oronzo statue and their possible
assignment.
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Table 1

Cu S Cl Fe
Sample Description of sample
(% wt)
01 Right hand, green patina exposed to leaching 65+2 20+2 <0.5 <0.5
0lc Sample 01 after cleaning 8942 2.540.5 <0.5 1.0+0.5
02 Right hand, red patina exposed to leaching 48.0¢1.5 4.4+0.5 <0.5 23+2
03 Right hand, red dripping exposed to leaching 58+2 11.0£1.0 <0.5 4.540.5
04 Right hand, red sheet exposed to leaching 87+2 <0.5 <0.5 2.540.5
05 Right arm, dark patina sheltered area 50+2 <0.5 2342 <0.5
06 Right arm, greenish dripping, sheltered area 49+2 17.0+1.5 3.540.5  4.0£0.5
07 Dark patina under the mantle, sheltered area 4742 <0.5 2042 <0.5
08 Hole on the arm 69+2 7.0£1.0 <0.5 10.0+1.0
09 Mantle, right side, green patina, flat surface 20+2 8.0+£1.0  7.0+£0.5 <0.5
10 Bottom right mantle, dark patina 45+2 <0.5 19.3+1.5  1.540.5
11 Right side, dark patina, sheltered area 48+2 <0.5 16.3+1.5 <0.5
12 Bottom right mantle, dark patina with red dripping 38+2 11.5+1.0 <0.5 1.5+0.5
13 Bottom right base, dark patina 4142 5.0£0.5 14.0+1.5 <0.5
14 Right side, iron rod <1.0 <0.5 <0.5 5542
15 Brown patina, sheltered area 53+2 <0.5 11.0+1.0 <0.5
15¢ Sample 15 after cleaning 92+2 <0.5 <0.5 <0.5
16 Right hand, original nail, exposed to leaching 56+2 <0.5 2142 1.0+0.5
16¢ Sample 16 after cleaning 90+2 <0.5 1.5¢0.5  1.0+0.5
17 Original nail with green head 5242 12.0+1.0  5.0+0.5 <0.5
17¢ Sample 17 after cleaning 91+2 <0.5 <0.5 <0.5
18 Original nail with dark head 45+2 <0.5 2142 <0.5
18¢ Sample 18 after cleaning 91+2 <0.5 <0.5 <0.5
19 Right hand, recent red rivet, exposed to leaching 39+2 <0.5 1.0£0.5 10.0£1.0
19¢ Sample 19 after cleaning 89+2 <0.5 <0.5 8.0+1.0
20 Right hand, red rivet, exposed to leaching 12.0£1.0 <0.5 <0.5 27+2
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Table 2

Main compounds determined

Sample Description of sample
by Raman by XRD
G Right hand, green §heet, Brochantite Brochantite, Cuprite
exposed to leaching
D Right arm, dark sheet, Atacamite Atacamite, Cuprite
sheltered area
Co1 Dark dqpplng on conerete Calcite Calcite, Gypsum, Murdochite
pulvino, South side
Co02 Green dr}pplng on cgncrete Calcite Calcite, Atacamite
pulvino, South side
co3 Dk dripping on Roman Calcite Calcite, Murdochite
capital, West side
Green dripping on Roman . .
Co4 capital, West side Calcite Calcite
Dark area on Roman capital
CO0S (volute), North-West side Gypsum Gypsum
Table 3
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Wavenumber (cm™)

Suggested assignment

120 140 Cu—O bending
155 (Ca?*, CO5*) lattice modes
200 Cu—Cl bending
225 Cu—-O bending
242 Cu—Cl bending
285 (Ca?*, CO5*) lattice modes
318390 420 Cu—Cl stretching
450 SO4*" symmetric bending
485 506 Cu—O symmetric stretching
520 Cu—OH symmetric stretching
595 609 622 SO4* anti-symmetric bending
625 Cu—O symmetric stretching
715 COs3* symmetric stretching
808 825 910975 OH deformation
975 SO4*" symmetric stretching
1075 1095 1125 SO4* anti-symmetric stretching
1085 COs* symmetric stretching
1350 disorder carbon (band D)
1580 graphitic carbon (band G)
1435 CO;3* asymmetric stretching
1750 COs* symmetric stretching

3260 3375 3405 3490 3565 3585

Cu—OH hydroxyl stretching
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