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a b s t r a c t 

The iconic Eusébio da Silva Ferreira statue attracts a lot of attention from Sport Lisboa e Benfica Foot- 

ball fans and fans worldwide who, eager to show their affection and respect for the player, touch and 

pose with the statue, a proximity that the sports Club promotes and encourages. The statue (classified 

as a bronze but the alloy was not known) is in a good state of conservation but localised signs of pos- 

sible corrosion – visible green/blue, orange and white stains - appear intermittently and an alteration to 

the original position of the statue leaves a cloud of uncertainty when it comes to its physical stability. 

To address these questions a multi-analytical combined approach was devised with the use of portable 

equipment (digital microscope, h-XRF, 3D scanner and a Pundit PL-200) and laboratory techniques (μXRD, 

μRaman and VP-SEM-EDS). Contrary to what was previously thought, the sculpture was produced using 

a ternary Cu–Sn–Zn alloy rich in Pb. The coloured deposits analysed revealed the presence of Cu, Fe and 

Zn which translates into active corrosion that needs to be closely monitored. Other deposits are due to 

atmospheric debris. Copper phthalocyanine, a blue-green pigment was identified which may be related to 

the patina. The ultrasound technique has allowed the determination of the relative thickness of the statue 

but fell short of determining the actual position of a sustaining inner rod. Further studies are needed to 

address this issue. 

© 2025 Elsevier Masson SAS. All rights are reserved, including those for text and data mining, AI 

training, and similar technologies. 
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. Introduction 

Sports activities are transversal to human culture. The recog- 

ition of sports as part of our society elicits the awareness of 

he cultural value of the sport-related cultural heritage. Ever since 

ts foundation, in 1904, Sport Lisboa e Benfica has produced and 

eunited a large heritage collection. In this regard, the Storage, 

onservation and Restoration Department and the Documentation 

nd Information Centre, were created in 2010 for the preservation, 

anagement, investigation and communication of the Club ̓s cul- 

ural heritage collection. Aware that the preservation of its cultural 
∗ Corresponding author at: Laboratório HERCULES, Universidade de Évora, Largo 

arquês de Marialva, 8, 70 0 0-809 Évora, Portugal. 
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nd heritage collection equals the preservation of the Club’s iden- 

ity, the Club inaugurated the Benfica Museum - Cosme Damião 

n 2013 and established, in 2015, the Cultural Heritage Direction 

hose mission is to preserve, valorise and communicate this her- 

tage through its conservation, research, interpretation and com- 

unication, as well as through other educational and cultural pro- 

rammes. 

One of Benfica’s most prized icons is the outdoor statue of Eu- 

ébio da Silva Ferreira ( Fig. 1 ) which attracts the attention of (foot-

all) fans worldwide. 

The public is eager to show its affection and respect for the 

layer, and what it represents, and they do so by touching and 

osing with the statue, a proximity that the Sport Lisboa e Benfica 

lub promotes and encourages, unlike most public artworks. Pro- 

uced in 1992, the statue is in a superficial good state of conserva- 
nd data mining, AI training, and similar technologies. 

https://doi.org/10.1016/j.culher.2024.12.026
http://www.ScienceDirect.com
http://www.elsevier.com/locate/culher
http://crossmark.crossref.org/dialog/?doi=10.1016/j.culher.2024.12.026&domain=pdf
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Fig. 1. Eusébio da Silva Ferreira Statue, located at Praça Centenário at Sport Lisboa 

e Benfica stadium. The statue’s right hand is frequently touched by fans and clearly 

shows the effects of this action (adapted from a photograph by João Freitas). 
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ion as is expected from its recent production date but exposure to 

ollution [ 1 ], atmospheric conditions [ 2–5 ] and human interaction 

as begun to take its toll. 

The patina is wearing off in the most touched areas ( Fig. 1 ), as a

onsequence of the public interaction and there are localised signs 

f possible corrosion products with green/blue, orange and white 

olouration visible in specific locations ( Fig. 2 a and b, Fig. 5 ). 

The atmospheric corrosion of copper alloys caused by the 

hysicochemical reactions between the metal and environment has 

een extensively studied [ 1 , 4 , 5 ]. The potential discoloration of the

urface due to corrosion is one of the earliest visible signs of out- 

oor exposure, resulting from the formation of oxides, carbonates, 

r sulphates as metal ions leach from the sculpture [ 1 , 3–6 ]. 

Although the statue has been catalogued as a bronze, the exact 

omposition of the alloy used for its production was unknown. In 

n interview, the artist mentioned requesting a bronze alloy for the 

tatue casting but left the exact alloy composition decision to the 

oundry company that eventually assembled his design. Neither is 

he patination process used for the sculpture known. This company 
ig. 2. a and b- The left leg presents greenish-blue deposits, and the right foot has develo

nterpretation of the references to color in this figure legend, the reader is referred to the

14 
s now closed for business and therefore unable to provide any in- 

ormation. 

Adding to the possible corrosion products observed and un- 

nown alloy composition (relevant to discerning the best possible 

onservation treatments going forward and fully understanding the 

orrosion patterns), the statue may also be suffering from mechan- 

cal stress caused by a shift from its original position in the old 

port Lisboa e Benfica stadium. Designed to be displayed in a pre- 

etermined state of equilibrium, with Eusébio in a kicking position, 

he statue was first installed at the former Estádio da Luz, which 

et its demise in 2003. The statue then found a new home at the 

ntrance to the new stadium in 2002, only to be moved again in 

008 to its current location at Praça Centenário within the modern 

tadium complex. These relocations have resulted in a noticeable 

hange in the player’s posture, now reclining, and a shift in the di- 

ection of his gaze, no longer fixed on the ball, as shown in Fig. 3 a,

 and c. 

Another request from the artist to the foundry company was 

he insertion of a supporting stainless-steel rod structure inside 

he left leg from the foot to the hip. Assuming that this rod was 

laced as requested, it is the only support point to the ground. 

he current state of conservation or possible position shift of the 

od is unknown. Given the intense interaction of the statue with 

he visiting public (constant posing for photographs, touching, sit- 

ing) this is of particular concern for the Storage, Conservation and 

estoration Department of Sport Lisboa e Benfica [ 7 ]. 

The statue of Eusébio da Silva Ferreira has become a fundamen- 

al and precious icon of Benfica history and mysticism, a “manda- 

ory” crossing and stopping point for all Benfica fans and tourists 

isiting the Sport Lisboa e Benfica stadium. The Club, and its 

onservation team, face a challenge: the material and structural 

reservation of the statue (and its safety) vs the promotion of a 

lose contact with the public as part of the social value of the 

tatue. 

The preservation of metallic cultural artefacts when exposed 

o outdoor elements is an exceedingly critical concern, often un- 

ervalued in its intricacy and inadequately tackled. Urban set- 

ings serve as notably severe case studies due to the exacerba- 

ion of weathering effects by pollution and the existence of corro- 

ive compounds in the air demanding a meticulous examination of 

he mechanisms causing degradation in metallic cultural heritage 

 1 , 6 , 8 ]. 

Analytical techniques play a crucial role in the preservation, 

estoration, and study of statues. To ensure the longevity and his- 

orical significance of these important artefacts, various analyti- 

al methods are employed. Non-destructive techniques like X-ray 
ped rounded orange ones. See Fig. 4 for their locations (B and I, respectively). (For 

 web version of this article.) 
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Fig. 3. a) Photography of the statue in the original position, determined by the artist in the former Sport Lisboa e Benfica stadium (reference: Artist Duker Bower); c) 

photography of the statue in the current location in the new Sport Lisboa e Benfica stadium (author of the photography: João Freitas); b) Between the two photographs, 

a composition depicting the original (light grey) and the current (dark grey) position of the statue. This schematic representation was obtained from the 3D model of the 

statue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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uorescence spectroscopy (XRF) are used to determine the elemen- 

al composition of the metallic alloys. Microscopic analysis, such as 

canning electron microscopy (SEM-EDS), micro X-Ray Diffraction 

μXRD) and micro Raman (μRaman), can provide insights into the 

etal microstructure and the distribution and characterization of 

orrosion products, assisting in the precise conservation approach 

or these valuable cultural artefacts. By employing these analyti- 

al techniques, experts gain a better understanding of the metallic 

lloy and corrosion processes affecting metal statues, thereby en- 

bling more accurate preservation effort s that will endure for gen- 

rations to come. 

Research aims: To address critical conservation questions 

nd formulate effective conservation strategies, a comprehensive, 

ulti-analytical approach was developed, combining both portable 

nd laboratory-based equipment. Additionally, to enhance visual- 

sation and monitoring of corrosion issues, a high-definition 3D 

odel of the statue was created. 

. Materials and methods 

.1. Eusébio’s sculpture 

The Eusébio da Silva Ferreira statue currently located at Praça 

entenário in Sport Lisboa e Benfica stadium (Lisbon) was pro- 

uced by the American sculptor, Duker Bower, commissioned by 

itor Batista, a Portuguese member and an enthusiastic supporter 

f the Club. It is a realistic representation of young Eusébio da Silva 

erreira, also known as “Black Panther”, a worldwide famous foot- 

all player, depicted while preparing to kick the ball. The statue 

as offered to the Club and inaugurated on January 25, 1992, co- 

nciding with the 50th anniversary of Eusébio. The statue is 2,25 m 

igh, 1,88 m wide and weighs approximately 400 kg. The manufac- 

uring method used was lost wax casting production. It is assumed 

hat the statue was cast in several different parts as it is possible 

o distinguish the welded joint areas between the torso and legs. 

owever, the exact number of parts remains unknown. 

The statue is localized in an intense traffic area of Lisbon (Lati- 

ude: 38 ° 45′ 5.77′′ N. Longitude: −9 ° 11′ 2.91′′ W) [ 9 ] and the lack 

f protection from atmospheric conditions [ 10 ] must be taken into 
15 
onsideration when interpreting data resulting from the deposits 

ncountered. 

.2. Analytical approach 

In this study, we have adopted a multi-analytical approach to 

ddress the unique challenges of conserving the statue of Eusébio. 

he techniques and equipment used are associated with the prob- 

em being addressed and the approach taken was the least invasive 

ossible, as defined by the ECCO guidelines for conservation of cul- 

ural heritage [ 11 ]. 

By integrating different analytical techniques, we aim to gain a 

omprehensive understanding of the statue’s composition, surface 

haracteristics and relevant conservation issues. This approach will 

llow us to define a science-based strategy for the conservation of 

he statue that will enable it to continue to interact with football 

ans. 

.2.1. Digital microscopy 

A digital microscope (Pancellent, Inskam software) was used 

o evaluate the surface of the studied statue, ease sampling and 

ecord macro images. 

.2.2. X-ray fluorescence chemical characterization of the alloy and 

atina 

To determine the elemental composition of the bulk metal 

nd the patinated surface, a portable handheld equipment (h-XRF) 

racer 5i Bruker (AXS Karlsruhe, Germany), with a Be window and 

 50 kV, 4 W, Rh X-ray tube source and a Silicon Drift Detector 

ith a resolution of < 140 eV at 250,0 0 0 cps at the Mn K α line

as used. Analysis was performed using the Bruker built-in An- 

ient Copper Alloys Calibration program. The spectra were acquired 

sing the Bruker ARTAX v.8.0.0.476 software. Each point was anal- 

sed in three spots (8 mm spot size) for 60s. 

The XRF analyses were conducted without the prior removal of 

he corrosion layers covering the sculpture. To determine the com- 

osition of the bulk metal, we targeted areas that had been worn 

own due to frequent touch by Eusébio ̓s admirers and fans, where 



A.C. Pinheiro, M.L. Coutinho, C. Bottaini et al. Journal of Cultural Heritage 72 (2025) 13–23 

Fig. 4. 3D model of the statue of Eusebio da Silva Ferreira. The numbers (1–10) correspond to the locations where the h-XRF was used. Sample number 2 was taken on the 

football surface, not represented here. The letters (A-K) represent the location where micro-samples were removed for observation under XRD and SEM-EDS (see 2.2.3 and 

2.2.4.). Locations A and I refer also to image 2a and 2b, respectively. 
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he patina was visually absent, providing better access to the un- 

erlying alloy (as shown in Fig. 1 ). Additionally, analyses were per- 

ormed on regions with dark patina to gather information on the 

atinated surface. The numbers (1 to 10) in Fig. 4 indicate the lo- 

ations where this methodology was applied. 

.2.3. X-ray diffraction characterisation of coloured surface deposits 

Micro samples of surface deposits and corrosion products were 

ollected on-site, taken with a scalpel and transported in an Ep- 

endorf to be analysed in the laboratory. To determine the miner- 

logical composition samples were analysed with an XRD Bruker 

8 Discover diffractometer (with CuK α radiation) operating in mi- 

roanalysis mode carried out at 40 kV and 40 mA and the mea- 

urements were made between the 5 ° and the 75 ° 2 θ , a step of 

.0 ° and 1 s per step. EVA software (with ICDD PDF X-ray patterns 

atabase) was used for the identification of the mineral phases. To 

etermine their microstructure and morphology some of the sam- 

les were analysed with variable pressure-scanning electron mi- 

roscope with an energy dispersive X-ray spectrometer (VP-SEM- 

DS). Analysis was carried out with a Hitachi 3700 N scanning 

lectron microscope interfaced with a Bruker AXS XFlashVR Silicon 

rift Detector (129 eV of spectral resolution at FWHM - Mn Ka). 

he operating conditions for EDS analysis were 20 kV of accelerat- 
16 
ng voltage, 10 mm of working distance and 120 mA of emission 

urrent. 

.2.4. μ - Raman characterisation of coloured surface deposits 

Micro-Raman spectroscopy (μ-RS) was used on surface deposits 

ollected from the sculpture with a Raman spectrometer Horiba 

Plora equipped with a diode laser of 10.3 mW operating at 

85 nm, coupled to an Olympus microscope. Raman spectra were 

cquired in extended mode in the 100–1500 cm–1 region. The laser 

as focused with an Olympus 50 × or 100 × lens, 10 % of the laser 

ower on the sample surface (5s exposure, 5 cycles of accumu- 

ation). The spectra were analysed with the equipment software 

LabSPEC 5 from Horiba Jobin Yvon, France). 

.2.5. Ultrasonic testing to evaluate the statue stability 

As happens in medicine, ultrasounds can be employed to de- 

ermine the thickness of a sculpture [ 5 ]. The sounds produced in 

ny environment are reflected or reverberate off the walls that 

ake up that environment and can also be transmitted. This phe- 

omenon is the foundation of ultrasonic testing of materials. Just 

s a sound wave reflects when it strikes a surface, the vibration 

r ultrasonic wave also reflects when it travels through an elas- 

ic medium; similarly, the vibration or ultrasonic wave will reflect 
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Fig. 5. a and b) Coloured deposits on location B and D, respectively (see Fig. 4 ); a1 and b1) Expanded view (magnification 12x) of the deposits using a portable microscope. 

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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hen it strikes a discontinuity or internal flaw in the medium con- 

idered. Using specific equipment, it is possible to detect the re- 

ections coming from inside the examined part, localising and in- 

erpreting the discontinuities. 

In order to determine the structural/physical stability of the 

tatue, it was very important to determine the conservation con- 

itions of the left leg and confirm 1) the existence of a stainless 

od structure and 2) the condition of this supporting element, sup- 

osedly extending from the foot to the hip. Since ultrasounds can 

enetrate metal, deliver results on the surface discontinuities and 

onfigure a non-invasive approach, a Ultrasonic Pulse Echo testing 

quipment Pundit PL-200 – PROCEQ with 54 Hz conic transducers 

as used in this particular case to assess the transmission time 

nd, from the obtained results, attempt to determine the thickness 

f the statue at point of measurement and, by comparison, deter- 

ine where the rod would be positioned. 

.2.6. Structured-light 3D scanning model 

3D scans of the Eusébio Statue were carried out by _ARTE- 

IA_LAB. The acquisition was done at the location, outdoors, un- 

er indirect sunlight, and at dusk to avoid reflections. An Artec 

va 3D Scanner was used for larger areas and an Artec Spider for 

harper detail acquisition in smaller areas. Scans were performed 

n parallel patterns at approximately 0.2–1 m from the surfaces, 

eeping the scanner parallel to the surface and trying to cover the 

omplete area of interest. The laptop used for all scans was a MSI 

aider series gaming laptop, with an Intel core i7-8750h CPU @ 

.2 GHz, 32Gb of RAM and a Nvidia Geforce RTX graphics card. 

ost-processing was performed on the same equipment, on Artec 

tudio 16 Professional software. 

. Results and discussion 

.1. Digital microscopy 

A digital microscope is a valuable tool to better visualize and 

nderstand the morphology of the coloured deposits. Fig. 5 a refers 

o location B and Fig. 5 b to location D in Fig. 4 . Fig. 5 a1 and b1

efer to the enlarged versions of these locations and these help in 

he process of sample retrieval. These deposits exhibit green, or- 

nge and white hues. The composition of these hues was later in- 

estigated through analytical methods. 
17 
.2. Composition of the alloy 

The h-XRF results from various points across both free-patina 

reas and patinated surfaces are shown in Table 1 . The analysed 

oints were previously presented in Fig. 4 . 

Considering the statue’s exposure to atmospheric conditions, 

ollution, and human interaction, it ̓s reasonable to assume that 

esults, particularly those achieved on the patinated surface, may 

lightly differ from the original alloy [ 12 , 13 ]. However, since it was

ot feasible to remove surface metal or obtain drill core samples, 

he objective of the h-XRF analysis was to determine the elemental 

omposition of the original alloy as accurately as possible, despite 

he limitations inherent to surface corrosion products. 

The results reveal that the bulk metal is composed of copper 

Cu), ranging from 69.15 % (Point 4) to 81.42 % (Point 9), with sig- 

ificant but variable levels of zinc (Zn) (from 0.43 % at Point 9 to 

4.37 % at Point 1) and tin (Sn) (from 3.87 % at Point 1 to 14.05 %

t Point 9). Lead (Pb) concentrations range between 1.92 % (Point 

) and 5.06 % (Point 8). The alloy of the sculpture, consistent with 

 Cu–Sn–Zn alloy rich in lead that also contains minor elements 

uch as iron (Fe), ranging from 0.31 % (Point 1) to 1.62 % (Point 7),

ickel (Ni) up to 0.26 % (Point 2), and arsenic (As) up to 0.07 %

Point 4). 

For the major elements, significant variations were observed 

cross the analysed points. Notably, Zn displayed considerable vari- 

bility, particularly in the patinated areas, where two points—

oints 6 and 9—recorded levels below 10 %. Due to the non- 

estructive and surface-based methodology employed in this study, 

e cannot definitively confirm that these variations represent the 

ctual composition of the alloy. Instead, it is more plausible that, 

n specific regions, these findings reflect a process of Zn depletion 

esulting from prolonged environmental exposure ( Fig. 6 A), partic- 

larly if Zn is added above about 15 wt. [ 14 ]. 

For Sn, eight out of the 10 points analysed show concentrations 

elow 10 %. Within this subset, no significant differences were 

bserved between unpatinated, patinated exposed and patinated 

nexposed areas. It is noteworthy that the two points with the 

ighest Sn concentrations coincide with the patinated areas. This 

bservation suggests a surface enrichment of Sn, consistent with 

he selective leaching phenomenon whereby Cu and Zn corrode 

ore readily than Sn, resulting in surface layers enriched in Sn 

 Fig. 6 B). 
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Table 1 

Elemental compositions of three points of each analysed area: bulk, patina-exposed and patina-not exposed. Values are presented as percentage. n.d.: not detected. 

ID Surface Mn Fe Ni Cu Zn As Sn Sb Pb 

Point 1 bulk n.d. 0.31 0.05 69.17 24.37 n.d. 3.87 0.06 2.21 

Point 2 bulk 0,01 0.57 0.26 79.38 9.80 n.d. 7.24 0.09 2.65 

Point 3 bulk n.d. 0.38 0.14 79.25 13.83 n.d. 4.46 0.05 1.92 

Point 4 patina - exposed n.d. 0.65 0.02 69.15 21.69 0.07 4.34 n.d. 4.02 

Point 5 patina - exposed n.d. 0.74 0.01 71.14 20.72 0.02 4.33 n.d. 2.94 

Point 6 patina - exposed 0.02 1.47 0.22 75.31 7.90 0.06 11.04 0.09 3.81 

Point 7 patina – not exposed n.d. 1.62 0.01 71.19 19.84 n.d. 3.95 n.d. 3.25 

Point 8 patina – not exposed n.d. 0.81 n.d. 71.39 16.72 n.d. 5.91 n.d. 5.06 

Point 9 patina – not exposed 0.02 1.34 n.d. 81.42 0.43 n.d. 14.05 n.d. 2.87 

Point 10 patina – not exposed 0.01 1.19 n.d. 71.91 17.03 n.d. 7.05 n.d. 2.77 

Fig. 6. Plot illustrating (A), Sn (B), Fe (C), and Pb (D) variability across different surface conditions: free-patina areas (black dots), patinated exposed areas (red dots), and 

patinated non-exposed areas (blue dots). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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The potential influence of corrosion, formed because of the 

tatue’s interaction with pollutants, moisture, and other environ- 

ental factors, is further highlighted by the behaviour of Fe and 

b. Iron content is notably higher in patinated areas, particularly 

n exposed zones, reaching up to 1.47 % at point 6, which suggests 

he formation of iron oxides or other corrosion products due to 

nvironmental exposure ( Fig. 6 C). Similarly, Pb is present in higher 

oncentrations in the patinated points (2.87–5.06 %) compared to 

learer surfaces ( Fig. 6 D). 

The h-XRF data confirms that the sculpture was produced using 

 ternary Cu–Sn–Zn alloy rich in lead. The results also highlight the 

ffects of corrosion and weathering on the statue’s surface, par- 

icularly the zinc depletion and tin enrichment observed in both 

xposed and unexposed patina areas. These trends are consistent 
18 
ith the typical corrosion behaviour of bronze and brass alloys ex- 

osed to atmospheric conditions [ 15 ]. The reduction in zinc, espe- 

ially in the exposed patina, suggests dezincification, a well-known 

orrosion process in brass where zinc is preferentially leached from 

he alloy, leaving behind a copper-rich surface more vulnerable to 

urther corrosion [ 15 ]. 

.3. Composition of the coloured deposits 

The heterogeneity of the deposits – often displaying several 

olour tones - made the portable h-XRF analysis difficult to per- 

orm and interpret. Corrosion layers can be composed of the bulk 

etal ions with lighter elements that are poorly detected when 

sing this type of analysis. The mineralogical composition of the 
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Table 2 

Mineralogical composition of the coloured surface deposits obtained by μ-X-ray 

diffraction and μ-Raman. The location of the sampling areas is shown in Fig. 4 . 

Sampling 

area 

Mineral phases 

μ-XRD μ-Raman 

A Gypsum (PDF 70-0983), 

CaSO4 (H2 O)2 

Gypsum CaSO4 (H2 O)2 ; 

B Calcite (PDF47-1743) CaCO3 –

C Gypsum (PDF 70-0983), 

CaSO4 (H2 O)2; Cuprite (PDF 

05-0667) Cu2 O 

Gypsum CaSO4 (H2 O)2 ; 

D Gypsum (PDF 70-0983), 

CaSO4 (H2 O)2 ; Cuprite (PDF 

05-0667) Cu2 O 

Gypsum, CaSO4 (H2 O)2 

E No displayed pattern No spectral features 

F No displayed pattern No spectral features 

G No displayed pattern Copper phthalocyanine 

H Gypsum (PDF 70-0983), 

CaSO4 (H2 O)2 

No spectral features 

I Hydrated zinc sulphate (PDF 

74-1331) ZnSO4 (H2O)/ 

Gunningite (PDF 01-0621) 

Hydrated zinc sulphate 

No spectral features 

J Gypsum (PDF 70-0983), 

CaSO4 (H2 O)2 

Gypsum CaSO4 (H2 O)2 ; 

Chalcantite CuSO4 ·5H2 O 

K Calcite (PDF47-1743) CaCO3 No spectral features 
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lteration products was evaluated in the laboratory using a μXRD 

nd μRaman and the results are displayed in Table 2 . Both μXRD 

nd μRaman showed that most alteration products have gypsum 

n their composition ( Table 2 ). Raman allowed the identification of 

ypsum (CaSO4 (H2 O)2 ) in the surface deposits through the identi- 

cation of the characteristic bands at 1008 cm−1 [ 1 ]. One potential 

rigin of CaSO4 (H2 O)2 is the core material within cast statues [ 17 ]. 

uring the preparation of a bronze casting mould, the inner core is 

ften filled with a combination of plaster of Paris, water, and sand 

r clay. Following casting, most of the core material is typically re- 

oved but a small fraction remains as a residue. Gypsum deposits 

an also be a result of wind-carried particles or even an outcome 
ig. 7. Turquoise blue deposits accumulated close to a welding area: a) BSE image displ

DS spectra of P2 and P3. This sample was collected from the location represented in Fig

19 
rom the reaction of calcium carbonate (calcite, also present in B) 

ith atmospheric or patina-related sulphate ions [ 17 ]. 

Micro-XRD allowed the identification of cuprite (Cu2 O) in two 

f the collected samples (C and D) and a hydrated zinc sulphate 

n sampling area I. Complementary analyses were performed with 

Raman, but sample fluorescence prevented this complementarity 

or some of the samples tested. Chalcantite (CuSO4 ·5H2 O) was nev- 

rtheless identified in one of the samples. 

Corrosion represents an irreversible electrochemical process oc- 

urring between metals and compounds found in the surrounding 

nvironment, ultimately resulting in the modification of the initial 

etal or alloy composition [ 5 , 18 ]. Zinc from the bulk alloy is be-

ng redirected towards the surface and reacting with atmospheric 

ulphates (from pollution) and water to form a hydrated zinc sul- 

hate. Copper and Zn alloys can suffer from the selective leaching 

f the later or both metals may dissolve in solution but copper is 

edeposited on the surface [ 5 ]. This process - the removal of Zn -

s called dezincification, a process that remains difficult to explain 

iven the complexity of the reactions it encloses [ 5 , 15 , 18 ]. Regard-

ess, this process depletes the alloy from one of its constituents 

nd this is a situation that requires close monitoring. 

Copper phthalocyanine was identified in one sample (G) with 

pectral features at 1526, 1448, 1340, 744, 678, 480 and 256 nm. 

his copper salt is used as pigment and corrosion inhibitor and can 

ave a deep blue or a greener shade in the variant of chlorinated 

opper phthalocyanine [ 5 , 19 ]. 

VP-SEM-EDS observations of the turquoise-coloured deposits 

llowed the observation of laminar-shaped crystals ( Fig. 7 , P2 

nd P3) and other crystals which appear lighter coloured in BSE 

 Fig. 7 a) due to the presence of Pb (identified by EDS - Fig. 7 c).

he sampled area appears to be a welding area, where the leg and 

orso of the statue were joined. The presence of Pb in this area 

eems to confirm the μXRF results and the use of this metal to 

oin the two parts together. 

Both areas showed Cu and Zn, the main constituents of the bulk 

etal, which suggests that these deposits have their origin in the 

orrosion of metal or patina. In both cases potassium (K) was de- 
aying the selected points for EDS analysis; b) EDS spectra of P1, P4, P5 and P6; c) 

s. 2 a, 5 a and 5 a 1 . 
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Fig. 8. Turquoise blue deposits: a) BSE image; b) EDS map with Cl, Cu, Zn and S; c) EDS spectra of point P1 and P3; and d) EDS spectra of point P2. (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of this article.) 
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ected but the calcium (Ca) content varied. The possible Ca prove- 

ance was explained previously, when discussing XRD results. 

Observations of another turquoise-coloured deposit (location E 

n Fig. 4 ) under VP-SEM-EDS allowed the observation of different 

tructures ( Fig. 8 ). One of the areas had Cu and Zn, which are

he main constituents of the bulk metal reinforcing that some de- 

osits are corrosion products ( Fig. 8 c and d), being the presence of

hloride (Cl) and Sulphur (S) also detected. Another structure pre- 

ented no metal, only potassium (K), S, aluminium (Al) and silicon 

Si). The presence of K, as in the previous example, might suggest 

he use of a K-rich compound to produce the dark-coloured patina 

 20 ], but could also be present in atmospheric particles. 

Observations of the white/orange deposits in location I (right 

oot, see Fig. 2 b and Fig. 4 ) under SEM allowed the identification

f structures with three different compositions ( Fig. 9 ). This is the 

ame location where the presence of hydrated zinc sulphate was 

etermined by μXRD (see Table 1 ). In one of the points analysed 

P1), there were K and S-rich crystals similar to the ones observed 

n the previous sample. In P2 and P4 the result was rich in Al, Si

nd K and Cu and Zn were also detected. Finally, a third combi- 

ation, this one rich in Al, Si, Cl, K and Calcium (Ca), appeared in

3. 

The method used to obtain the patina of the statue is unknown. 

he several elements pinpointed by the SEM-EDS method show a 

onsiderable presence of S and K and this is consistent with the 

se of a sulphur salt of K as there are many patina recipes us- 

ng salts of sulphur and potassium [ 20 ]. As mentioned before, K 

resence may also be environmental. Lead is present in both the 

ulk metal and the patina and some patina recipes may also ex- 

lain the presence of Pb but, again, it is difficult to ascribe them 

ith certainty given the multiplicity of existing recipes and com- 

inations of recipes [ 20 ]. As proposed for the gypsum, the Al and

i can come from clay used for the cast, but they can also be en-

ironmental contaminants. Chloride was also identified, although 
g

20 
n small amounts and this is relevant because green corrosion 

roducts such as CuCl (nantokite) and Cu2 (OH)3 Cl (atacamite and 

olymorphs) can be formed [ 5 , 18 ]. The turquoise-coloured deposits 

an, in fact, be composed of Cl and Cu, and their presence changes 

he aesthetic properties of the statue. 

Nevertheless, it is important to stress that Cu and Zn were iden- 

ified with SEM-EDS on the micro fragments of the deposits and 

his implies that elements from the bulk alloy or patina are ema- 

ating from the statue and being deposited on the surface, impov- 

rishing the original composition of the statue. The data collected 

y the analytical methods applied will educate the conservators so 

hat the best choices (either remedial or preventive, with the ap- 

lication of specific coatings [ 21 ]) can be made. 

.4. Mechanical stability of the statue 

The technology used offers a wide variety of measurement 

odes for in situ and non-destructive tests, however, in this par- 

icular case, because there is little data on the statue (thickness, 

anufacture methods) and the fact that it is hollow without ac- 

ess to the interior made it only possible to measure the time that 

he ultrasounds took to travel through pre-selected areas of the 

tatue, located between the sensors: emitter and receiver. The time 

easurements (μs, microseconds) were made expediently, placing 

onductive gel on the segments to be measured and leaning the 

mitter and receiver against the statue. Fig. 10 presents the ob- 

ained results in terms of the time it took for the waves to travel 

etween the emitter and the receiver. 

One of the anticipated difficulties of this approach lay on an 

ventual - and very probable - lack of uniformity in terms of thick- 

ess given the casting process used. The other rested on the po- 

ition of the emitter vs receptor, usually directly opposing each 

ther, a position that was not possible to maintain in this case 

iven the need to circumvent the hollow interior of the statue. 
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Fig. 9. White/orange deposits: a) BSE image displaying the different points where EDS measurements were performed; b) EDS spectra of point P1; c) EDS spectra of points 

P2 and P4 and d) EDS spectra of point P3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. Thickness results as obtained with the ultrasound technique. The areas 

where the tone is darker are the thicker ones. The results are consistent with the 

possible presence of an inner rod in contact with the areas considered thicker. 
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21 
The results obtained for the leg thickness were translated from 

ave speed and do not correspond to the exact thickness value but 

o mean that different transmission times were obtained in differ- 

nt areas of the statue leg. This difference indicates that there is 

 section of the interior and a section of the external area that 

oses higher resistance to the propagation of the wave. There is, 

f course, the already mentioned degree of variability in terms of 

hickness when creating a statue. However, it is also true that if 

 metallic rod does extend to the upper leg (to sustain the statue 

s seen in other examples [ 22 ]) the locations where this rod is at-

ached to the inner statue may be indicated by the darker regions 

epicted in Fig. 10 . Regardless, there is no way of determining if 

he condition of this rod is pristine or if the current position of 

he statue has shifted the internal rod’s position and further stud- 

es (X-ray radiography and/or boroscopy) [ 23 ] are scheduled. 

.5. 3D model 

The final 3D can be observed in Figs. 3 , 4 and 10 . The locations

here the alloy composition was determined as well as where 

amples were taken and studies performed were all demonstrated 

hroughout the article using the 3D Model created. However, cre- 

ting a 3D model of a metal statue outdoors can be a complex 

ndeavour laden with various challenges [ 24 ]. The outdoor envi- 
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onment itself introduces issues such as fluctuating lighting condi- 

ions making consistent and detailed captures difficult to acquire. 

dditionally, weather elements such as rain or wind can distort 

he statue’s surface, affecting the accuracy of scans or photographs 

sed for the model. Public interference can also disrupt the scan- 

ing process. The technical obstacles can be equally challenging 

s metal surfaces pose restrictions due to their reflective nature, 

ausing issues with capturing fine details without unwanted re- 

ections. Complex geometries and intricate designs further com- 

licate the scanning process, potentially creating inaccuracies, par- 

icularly when the equipment struggles with capturing elaborate 

hapes. Moreover, the size of the statue and its location might hin- 

er the ability to capture it entirely. Post-processing of the images 

cquired under these conditions is a demanding task as texture 

apping, especially when original scans lack detailed texture infor- 

ation due to surface reflections, can pose difficulties in accurately 

epicting the statue ̓s surface. 

Overcoming these challenges demands a blend of expertise in 

D scanning, top-notch equipment, suitable environmental condi- 

ions, and at times, innovative problem-solving to capture an ac- 

urate 3D representation of a metal statue in an outdoor setting. 

t is, however, a valuable tool to identify, monitor and present the 

onservation issues [ 25 ] the statue is currently facing, as presented 

n this article. 

.6. Conservation and restoration strategies 

The conservation strategies defined by the Storage, Conserva- 

ion and Restoration Department regarding the Eusébio statue are 

ased on two fundamental principles: the analytical study of the 

onstituent materials and manufacturing processes and the conser- 

ation status in order to guarantee both the safety and the preser- 

ation of the materiality, aesthetics and artistic values. Within this 

ontext, the assessments of the statue’s surface provided the team 

ith relevant data, helping define the guidelines for the statue ̓s 

edium and long-term maintenance. 

The surface patina of the statue has a black/dark green col- 

ration, with lighter green areas and golden areas, possibly due to 

tmospheric exposure and the abrasion of the patina caused by the 

ublic’s touch and handling. 

There are occasional green/blue, and white deposits, most ev- 

dent in the statue’s fine details and pores. These areas are more 

rone to accumulation of hygroscopic particles, water retention 

nd run-offs, and are therefore more favourable to oxidisation pro- 

esses of the metal alloy. To stabilise and reduce the degradation 

rocesses described the conservation department is mindful of the 

eed to clean the surface of the statue to remove dust, dirt, grease 

esidues from human contact and natural deposits. 

The identification of the metal alloy and the characterisation of 

he oxidation products is fundamental to the definition of the ap- 

ropriate procedures for the removal and chemical stabilisation of 

he identified oxidation products. Also, it allowed the selection of 

he appropriate corrosion inhibitor for copper alloys, as well as the 

roper definition of a final protective coating with suitable waxes 

nd/or resins, which can act as a physical barrier preventing direct 

ontact with external factors. 

Periodic inspections will include re-evaluation of the metallic 

urface and its evolution (mapping/digital photography) as well as 

lose vigilance on the reappearance of oxidation products. 

Regarding structural stability, and as already mentioned, mov- 

ng and repositioning the statue to its present location may have 

dded mechanical stresses to the left leg that anchors the statue 

o the ground. These mechanical stresses could accelerate the de- 

erioration of the connection (welding point) between the leg and 

he torso and be responsible for the alterations visible in Fig. 2 a, 

ith accumulation of oxidisation products. Since the statue is out- 
22 
ide, accessible to the public, it is essential to evaluate the struc- 

ural stability and state of conservation of its interior to mitigate 

he evolution of degradation processes and for obvious safety rea- 

ons. The first methodological approach to this pressing issue did 

ot deliver enough conclusions. Further studies are warranted and 

oading tests, applied at specific points (points that generate the 

reatest physical deviation from the statue ̓s centre of gravity like 

he hands and the left foot), with the recording of angle devia- 

ion and recovery to the initial position are scheduled. A video en- 

oscopy/boroscopy is also being proposed. 

. Conclusions 

The methodologies applied to Eusébio da Silva Ferreira’s statue 

ave allowed us to determine the original alloy. Formerly described 

s bronze, the results revealed instead a tertiary Cu–Sn–Zn al- 

oy rich in Pb due to varying concentrations of these elements 

hat reflect not only differences in alloy composition but may also 

ave been influenced by environmental exposure and corrosion 

rocesses over time. In general, the results reveal significant zinc 

epletion and tin enrichment in the patinated areas, indicative 

f selective corrosion processes. These findings highlight the im- 

ortance of considering surface alterations when interpreting the 

riginal composition of outdoor bronze statues, as corrosion and 

eathering can modify surface chemistry. Complementary tech- 

iques were necessary for a more in-depth understanding of the 

etal composition and corrosion behaviour and the information 

btained from this study is particularly valuable. It enhances our 

nderstanding of the statue’s original metallurgical properties and 

rovides insights into the long-term effects of atmospheric condi- 

ions on its surface layers. 

Analytical techniques have also been proven invaluable in deter- 

ining the composition of the coloured deposits rendering some 

f them relatively innocuous while others demand some attention. 

tmospheric pollution is potentially responsible for the calcite and 

ypsum formation. Gypsum can also be secondary to the reac- 

ion between calcite and sulphur or even remain from the cast- 

ng procedure. X-ray diffraction pinpointed the presence of a zinc- 

ydrated salt, which means a core element of the alloy is being 

emoved and brought to the surface as a corrosion product. Com- 

lementing the μXRD results with the SEM-EDS brought to our at- 

ention the presence of Zn, Cu and Cl in white and blue deposits, 

urther deepening concerns about active corrosion sites. The chem- 

cal profile and associated information are extremely relevant to 

he conservation approaches being taken by the Storage, Conserva- 

ion and Restoration Department of Sport Lisboa e Benfica. 

Statues that are meant to be touched as a form of homage are 

 special category of public art. These sculptures are designed to 

ngage the sense of touch, allowing people to physically connect 

ith the subject matter of the statue and pay their respects or ex- 

ress their emotions through this tactile interaction. However, this 

ort of interaction impacts the conservation and physical stability 

f the said statue. Therefore, it is essential to be able to conduct 

 structural assessment and guarantee the safety of these objects 

nd even the public. The ultrasound technique used did not allow 

s to weave significant considerations on the existence and state 

f conservation of the stainless-steel rod that supports the statue, 

nd further studies are scheduled to address this pressing issue. 
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