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Abstract
This study focuses on microstructure, chemistry, and patina characterisation of eleven archaeological bronze artefacts from 
two contexts of the Middle Tiber Valley (Viterbo, Central Italy). The samples were unearthed in the cistern at Spoletino 
(1st -4th century AD) and in the late Roman-early Medieval necropolis of Castel Sozzio (5th-7th century AD). They were 
analysed using optical microscopy (OM), micro-Raman spectroscopy (µ-Raman), Scanning Electron Microscopy with 
Energy-Dispersive X-ray Spectroscopy (SEM/EDS), and electrochemical investigations. OM explored corrosion products 
on the surfaces, highlighting mineralogical and structural heterogeneity of the patinas. SEM-EDS analysis showed the 
presence of binary (Cu-Sn) and ternary (Cu-Pb-Sn) alloys with minor and trace elements. The binary alloys were used for 
good hardness artefacts, and the ternary ones for those that required easy metal working. Selective enrichment and deple-
tion of the alloying metals produced broad chemical variations and structural heterogeneity in the patinas. Micro-Raman 
spectroscopy revealed different corrosion products such as cuprite (Cu2O), lazurite (Na7Ca(Al6Si6O24)(SO4)(S3)·H2O), 
malachite (CuCO3Cu(OH)2), and phosgenite (Pb2Cl2CO3). The presence of lazurite in two samples was linked to sulphur-
rich burial environments, while phosgenite was linked to the interactions with Cl and a CO2-rich burial environment. 
Metallurgical practices, such as slow cooling rates and lead segregation during casting, promoted mineralogical and struc-
tural heterogeneity in the patinas due to interactions with the burial environment, where decomposition of organic matter 
occurred. Electrochemical data permitted the estimation of the corrosion rates for all artefacts at remarkably low levels 
(0–0.1  mm/year), reflecting stable burial conditions and the protective nature of the patinas. These results suggest that 
the burial environments in the Middle Tiber Valley were non-aggressive, facilitating the development of layered patinas 
influenced primarily by oxygen and carbon dioxide from humus-rich soils, with a lesser contribution from salts.
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Introduction and research aim

Since the Copper Age, metal artefacts have been a substan-
tial part of the documentary material and continue to serve 
as a good indicator of technological advancement across 
ancient societies (Ashkenazi et al. 2015; Craddock 1975; 
Klimscha 2020).

In the Roman world, metallurgy played a central role in 
shaping the economic, social, and cultural fabric of daily 
life. Beyond its economic function, particularly in coin-
age and trade, bronze production and manipulation were 
embedded in broader technological traditions and practices 
(Ashkenazi et al. 2015; Craddock 1975). Bronze, a copper-
tin alloy, was frequently modified by adding lead or other 
elements to enhance fluidity, moldability, and mechanical 
performance (Craddock 1975; De Ryck et al. 2004).

Several studies have demonstrated that Romans pos-
sessed a detailed empirical understanding of alloy behaviour, 
tailoring compositions according to object typology and 
intended use (Ashkenazi et al. 2015; Craddock 1975, 1978; 
De Ryck et al. 2004). This knowledge endured and evolved, 
as metal objects continued to be produced, repurposed, and 
deposited within shifting socio-cultural frameworks. 

In archaeometry, the investigation of bronze artefacts has 
increasingly relied on multi-analytical approaches to reveal 
alloy compositions, manufacturing techniques, and cor-
rosion mechanisms. Optical microscopy (OM), Scanning 
Electron Microscopy with Energy-Dispersive Spectroscopy 
(SEM-EDS), and micro-Raman spectroscopy (µ-Raman) 
are among the most widely employed tools for characteris-
ing the microstructure and chemical composition of ancient 
metals. These methods allow for the identification of metal 
phases, casting defects, and corrosion products with high 
spatial and compositional resolution and precision (Bern-
abale et al. 2022, 2023a, b; de Caro et al. 2021; Bouchard 
and Smith 2003; Figueiredo et al. 2011; MacLeod et al. 
1997; Weisser 1975; Papadopoulou et al. 2015; Ropret and 
Kosec 2012; van der Meulen-van der Veen, 2023).

The study of corrosion layers is particularly relevant 
in archaeological contexts, as they reflect long-term inter-
actions between the metal and its burial environment. 
Understanding corrosion stratigraphy, mechanisms such 
as decuprification or selective dealloying, and the forma-
tion of secondary corrosion products is essential for both 
archaeological interpretation and conservation (Scott 1994; 
Fan and Freestone 2017; Robbiola et al. 1998; Bernabale et 
al. 2023a; Bernabale et al. 2023).

Electrochemical techniques, such as linear polarisation 
and electrochemical impedance spectroscopy (EIS), are 
increasingly integrated among non-invasive methods. By 
applying an alternating current to the electrochemical cell, 
in which the sample is placed as a working electrode, it is 

possible to determine the structure and protective properties 
of the coating and to study the evolution of corrosion pro-
cesses (corrosion rate) under dynamic conditions (Cai et al. 
2020; Mikić et al. 2021; Rusu et al. 2013).

This investigation integrates traditional techniques with 
electrochemistry in the study of eleven bronze artefacts 
recovered from two archaeological sites in the municipal-
ity of Civitella d’Agliano (Viterbo, Central Italy), i.e., the 
Roman cistern at Spoletino (1st − 4th century CE), associ-
ated with a rural villa and agricultural exploitation, and the 
early medieval necropolis of Castel Sozzio (5th − 7th cen-
tury CE), a peculiar funerary site in the Teverina Laziale 
Valley. These two distinct contexts enable a comparative 
exploration of metal use, discard practices, and environ-
mental exposure over the centuries in both domestic and 
funerary settings.

This work aims to investigate alloy composition, micro-
structure features, and corrosion dynamics, to reconstruct 
technological choices and evaluate how these artefacts inter-
acted with their burial environments. From an archaeologi-
cal and anthropological perspective, the study sheds light on 
how communities in the Middle Tiber Valley managed metal 
resources, contributing to a more nuanced understanding of 
rural life, funerary practices, and technological traditions in 
a region situated at the crossroads of the Roman world.

Archaeological contexts

The Italian municipality of Civitella d’Agliano is located on 
the western slopes of the Tiber Valley, which extends from 
the eastern side of Bolsena Lake to the west bank of the 
Tiber River (di Giuseppe et al. 2002; Spanu 2020).

Recent archaeological investigations and topographic 
surveys have revealed a significant presence of Roman 
villas and rural villages (Spanu 2016, 2021). The primary 
function of these settlements was to exploit agricultural 
land and produce bricks and tiles to supply the city of Rome 
(Architecture in Ancient Central Italy 2022); Carroll 2022; 
Spanu 2012). The strategic residential locations along the 
Tiber River facilitated links and exchanges with Rome 
(Spanu 2016, 2021).

The two archaeological sites were discovered in the 
mdd unicipality of Civitella d’Agliano. The Roman cistern 
of Spoletino occurs to the north of the present-day village 
(42°37’25’’N 12°12’18’E), and the necropolis of Castel 
Sozzio to the south (42°35’46’’N 12°12’27’’E) (Fig. 1a-b), 
providing artefacts of different natures, including metallic 
finds.

The Roman cistern is a large structure, measuring 
42.10 × 14.20 m and oriented along a north-south axis (Fig. 
1a). It was excavated in 2014–2018 under the direction of 
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Marcello Spanu, from Roma Tre University. Its construction 
involved excavating into the natural clay layers and build-
ing walls in underground and above ground. It was covered 
with hydraulic mortar and provided a stairway for mainte-
nance in the south-western corner and a shutter to the south-
east. The cistern can be dated to the late Republican period 
and was probably associated with a Roman villa, which has 
not been brought to light, but whose existence is confirmed 
by the discovery of a small bath complex to the west of the 
reservoir (Spanu 2021). The cistern had the specific purpose 
of accumulating rainwater for field irrigation in the sur-
rounding areas. A transverse wall, slightly off-centre, was 
built in the mid-1st century AD, which divided the structure 
into two parts, i.e., (a) the southern part was used as a water 
reservoir until the early 4th century AD, and (b) while the 
northern one was abandoned and filled up with discarded 
artefacts, probably from a nearby villa. At the beginning of 
the 4th century, the southern part of the cistern was filled 

with different materials, including building remains that 
could be associated with the presumed demolition of the 
villa (Spanu 2021). During excavations of the cistern, more 
than 100,000 ceramic fragments of all classes in use in that 
period were recovered, together with glass and, in smaller 
quantities, metal objects (Spanu 2016, 2021).

Figure 1b shows the necropolis of Castel Sozzio, which 
is particularly important because it represents the only 
documented funerary site in the Teverina Laziale region. 
Its extension allows us to hypothesise the existence of a 
considerable settlement associated with it. The necropo-
lis, located in the north-west of the modern Castel Sozzio 
farmhouse (Pompei 1994) was first investigated in 1997 and 
1998 (Cecchelli 1997). New extensive excavations and mul-
tidisciplinary studies started in 2020, under the direction of 
Emanuela Borgia, and are still ongoing (Borgia 2022, 2024). 
The graves are arranged in rows with different orientations. 

Fig. 1  (a) Roman cistern of Spoletino site; (b) necropolis of Castel Sozzio; (c) bronze artefacts from Civitella d’Agliano (S1-S2: Castel Sozzio; 
S3-S23: Spoletino).
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Optical microscopy (OM) was performed using a Leica 
M125 C microscope equipped with a digital camera (Leica 
MC170 HD). Metallographic analysis was limited to four 
samples due to preservation concerns.

Scanning Electron Microscopy with Energy Disper-
sive X-ray Spectroscopy (SEM/EDS) characterisation was 
carried out using the surface by SEM TESCAN VEGA 3 
equipped with a microprobe X-ray INCA 300 and a four-
sector backscattered electron detector (BSE). The beam 
accelerating voltage was set between 20 and 30 keV, which 
was sufficient to overcome the critical energy of the elec-
trons for the X-ray emission (quantitative resolution limit 

Most of them are oriented west-east, with the heads of the 
buried individuals facing west and feet facing east.

The real extension of the necropolis is unknown, but it 
certainly extends beyond the investigated area. Currently, 
ca. 100 graves with more than 150 buried individuals of dif-
ferent sexes and ages have been investigated (Borgia 2022, 
2024). Preliminary data from stratigraphic information and 
archaeological findings, both from the surface and within 
the graves, suggest a chronology between the late 5th and 
7th centuries AD for the use of the cemetery (Borgia 2022, 
2024).

A set of bronze artefacts from the two archaeological 
contexts was studied using a multi-analytical approach 
based on stereoscopic and optical microscopies, Scan-
ning Electron Microscopy with Energy-Dispersive Spec-
troscopy (SEM-EDS), and micro-Raman spectroscopy 
(µ-Raman). These techniques were useful for manufac-
turing techniques, burial environments, and corrosion 
processes affecting the artefacts over time. Furthermore, 
the conservation state of the metal artefacts was evalu-
ated using non-destructive electrochemical methods, 
including linear polarisation, electrochemical impedance 
spectroscopy (EIS), and Tafel studies. The application of 
EIS enabled the development of tailored conservation 
strategies, providing a deeper understanding of the elec-
trochemical characteristics of ancient metals and ensur-
ing their long-term stability and protection from further 
deterioration.

Materials and methods

Sample collection

The sampling collection consists of 11 artefacts, retrieved 
from stratigraphic contexts within the cistern of Spoletino 
and two from the necropolis of Castel Sozzio (Fig. 1c; Table 
1). All the artefacts represent daily used materials recovered 
during the archaeological excavations.

All samples were studied using optical microscopy (OM), 
Scanning Electron Microscopy (SEM), and µ-Raman. Elec-
trochemical impedance spectroscopy was conducted on 
most of the samples, except S1, S2, S3, and S22, due to 
their small size and fragility.

Analytical methods

The metallic artefacts were analysed through optical 
microscopy (OM), scanning electron microscopy (SEM), 
energy-dispersive X-ray spectroscopy (EDS), micro-Raman 
spectroscopy (µ-Raman), and electrochemical analyses as 
described in detail.

Table 1  Excavation reference of the analysed materials
Sample Typology Dis-

covery 
place

Exca-
vation 
reference

Age Techniques

S1 fragment of 
plaque/sheet

necrop-
olis

area γ, US 
502

5th 
−7th 
c. 
AD

OM, SEM, 
µ-Raman

S2 fragment of 
needle/hatpin

necrop-
olis

area β, US 
724

5th 
−7th 
c. 
AD

OM, SEM

S3 end-point of 
hatpin

cistern area F, US 
401

1 st 
c. 
AD

OM, SEM, 
µ-Raman

S4 needle cistern area H, 
US 502

4thc. 
AD

OM, SEM,
Impedance

S5 fishing hook cistern area L, US 
602

4th 
c. 
AD

OM, SEM, 
µ-Raman,
Impedance

S6 fragment of 
probe

cistern area L, US 
602

4th 
c. 
AD

OM, SEM,
linear polar-
isation, 
Impedance

S7 small hinge cistern area L, US 
602

4th 
c. 
AD

OM, SEM
µ-Raman
linear polar-
isation, 
Impedance

S20 fragment of 
plaque/sheet

cistern area A, 
US 5

4thc. 
AD

OM, SEM
µ-Raman
linear polar-
isation, 
Impedance

S21 fragment of 
plaque/sheet

cistern area C, 
US 201

1 st 
c. 
AD

OM, SEM
µ-Raman
linear polar-
isation, 
Impedance

S22 fragment of 
plaque/sheet

cistern area A, 
US 5

4th 
c. 
AD

OM, SEM
µ-Raman

S23 fragment of a 
small plate

cistern area A, 
US 5

4thc. 
AD

OM, SEM
µ-Raman
linear polar-
isation, 
Impedance
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Results

Metallographic observation, micro-Raman spectroscopy 
(µ-Raman), Scanning Electron Microscopy with Energy-
Dispersive X-ray Spectroscopy (SEM/EDS), and electro-
chemical investigations highlighted differences among 
samples in alloy composition, microstructure, and corrosion 
patterns.

Sample plaque/sheet fragment S1 under OM shows a 
layered patina with a red innermost layer and a green outer-
most layer (Fig. 1SI A). This heterogeneous patina presents 
fractures and an uneven texture. EDS analysis reveals that 
the primary patina contains lead (Pb, 20.4%), copper (Cu, 
10.6%), and tin (Sn, 9.1%), confirming leaded bronze com-
position. Other minor elements, including phosphorus (P), 
calcium (Ca), aluminium (Al), iron (Fe), and chlorine (Cl), 
are also detected.

Raman spectroscopy identifies two major phases of the 
patina, i.e., cuprite (Cu2O) and phosgenite (Pb2CO3Cl2). The 
Raman spectrum of cuprite shows the characteristic peaks at 
150, 525, and 630 cm− 1. The dominance of the peak at 150 
cm− 1 over the typically more prominent peak at 215 cm− 1 
indicated poorly crystallised cuprite. The peaks at 525 and 
630 cm− 1, corresponding to Cu-OH and Cu-O vibrations, 
suggest the presence of a defective crystalline structure 
rather than the inclusion of crystalline SnO2 (Ospitali et al. 
2012; Ropret and Kosec 2012). The slight frequency shift 
observed in the Sn-related peaks, normally at 634 cm− 1, 
was attributed to the incorporation of Cu ions, further con-
firming this defect-rich structure (Cosano et al. 2018). The 
analysis also identified phosgenite as a component of the 
patina, having a prominent peak at 1053 cm− 1, attributed 
to the symmetric stretching vibration of the carbonate ion 
(CO3)2− (Martens et al. 2004).

Sample hatpin/needle fragment S2 was also analysed 
by OM and SEM/BSE (Fig. 2SI A–D). EDS analysis of the 
surface identified copper (Cu, 2.7%) and tin (Sn, 2.7%) as 
the primary alloying elements, along with low amounts of 
aluminium (Al), magnesium (Mg), silicon (Si), potassium 
(K), and calcium (Ca). The patina composition of this sam-
ple was originally made of a binary Cu-Sn alloy. The low 
copper concentration at the surface is attributed to decu-
prification, a common corrosion process in archaeological 
bronze artefacts. Indeed, Cu preferentially dissolves dur-
ing corrosion, leaving its depletion on the surface, and Sn 
enrichment, and other corrosion products.

Sample hatpin endpoint S3 exhibited a compact and 
uniform patina on its surface, as seen in OM and SEM 
images (Fig. 4SI A–C). EDS analysis of sample S3 showed 
a higher copper content (Cu, 31.5%) compared to the other 
artefacts, alongside tin (Sn, 10.5%) and minor elements 

of 0.2% by weight) and working distance (WD) of 15 mm. 
Using the same settings as mentioned above, three artefacts 
have been sectioned and examined by SEM/EDS FEI-Quar-
anta 400.

Micro-Raman (µ-Raman) analysis was performed on 
the artefact surfaces using a Renishaw RM2000 equipped 
with a Peltier-cooled charge-coupled device (CCD) cam-
era, in conjunction with a Leica optical microscope with 
X10, X20, X50, and X100 objectives. The measurements 
were performed under the X50 objective (laser spot 
diameter of about 1 μm) and the 514.5 nm excitation line 
of an Ar+ laser, using the equipped density filter with a 
real output of 300 µW. Raman analysis was conducted 
using the RUFF online database (https://rruff.info) and 
the GRAMS library.

Electrochemical analyses were performed on areas 
of 2 cm2 for each sample in a basic electrolyte solution 
consisting of 0.2 g/L bicarbonate and 0.2 g/L sodium 
sulphate to avoid damaging the findings. The used 
instrument was a Gamry Reference 3000 Potentiostat. 
The Open Circuit Potential (OCP) was monitored for a 
minimum of 20 min to ensure that stationary conditions 
were reached. Electrochemical impedance spectroscopy 
measurements were conducted in the frequency range 
from 100 kHz to 10 mHz at 8 points per decade. The 
amplitude of the voltage perturbation was 1 mVrms. The 
findings were polarised at ± 15 mV relative to the OCP 
for linear polarisation analyses. Electrochemical experi-
ments were performed in a standard three-electrode 
cell. An Ag/AgCl electrode was used as the reference 
electrode, a platinum wire as the counter electrode, and 
samples as the working electrode. The data were then 
analysed using the Gamry Echem Analyst software. All 
the measurements were carried out at room temperature.

The linear polarisation curve analysis, i.e., the 
response of a given sample to variations in potential as 
a function of current. The corrosion current Icorr is the 
electric current through the metal that undergoes elec-
trochemical corrosion. Depending on the direction of 
the current, Icorr can take on positive or negative values. 
The potential Ecorr is an electrochemical measurement 
that indicates the tendency of a material to undergo cor-
rosion in a specific environment. Rp represents polari-
sation resistance, i.e. the ability of a material to resist 
the effects of electrical polarisation. Rp measurements 
are used to determine the protective capacity of electro-
deposited coatings, as they are inversely proportional 
to the corrosion current, i.e. higher polarisation resis-
tance means lower corrosion current (Anita et al. 2023). 
The use of Icorr gives the corrosion rate (CR), generally 
expressed as the thickness lost in one year (mm/year).
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capacitive behaviour. These deviations are quantified by the 
coefficients n1 and n2, which describe the degree of non-
ideal behaviour in the outer and inner layers of the patina, 
respectively. Non-ideality can result from several factors, 
such as surface roughness, porosity, and variations in the 
composition of the patina.

The fishing hook S5 sample displayed distinct patina 
layers under optical and SEM imaging (Fig. 5SI A–C). 
The external patina exhibited a brown-to-green colour, 
transitioning to a blue-green hue in the intermediate layer, 
and finally to a brown innermost layer. This stratification 
suggests a corrosion process likely governed by the alloy 
composition and the differential exposure of the artefact’s 
surface to moisture and oxygen during burial. Raman spec-
troscopy (Fig. 2C) identified characteristic peaks of poorly 
crystallised cuprite (Cu2O), a common corrosion product in 
archaeological bronzes, indicating oxidation processes that 
occurred under variable conditions and oxygen availabil-
ity. EDS analysis of the surface sample confirmed the pre-
dominance of copper (Cu, 43.5%), with additional elements 
including phosphorus (P), iron (Fe), silicon (Si), and cal-
cium (Ca). These elements likely originate from interactions 
between the artefact and burial materials, possibly including 
mineral inclusions or leaching from surrounding sediments.

Linear polarisation measurements of S5 yielded a cor-
rosion rate (CR) of approximately zero, as the calculated 
value fell below the sensitivity threshold of the instrument 
(Table 3). This result suggests that the patina is dense and 
stable, isolating the underlying alloy from further corrosion. 
In addition, Impedance spectroscopy results (Fig. 3B) sup-
ported this conclusion, with the Nyquist plot modelled using 
a Randles circuit. These parameters (Table 4) highlight high 
resistance and capacitance values, consistent with the pro-
tective nature of the patina.

The probe fragment S6 sample has a more uniform 
green surface under optical microscopy (Fig. 6SI A, C), 
while SEM/BSE imaging (Fig. 6SI B, D) reveals a relatively 
smooth patina. EDS analysis detected copper (Cu, 25.8%), 
tin (Sn, 6.4%), and zinc (Zn, 1.7%), along with elements 
such as aluminium (Al), silicon (Si), phosphorus (P), sulfur 
(S), calcium (Ca), and iron (Fe). The lower copper content 
compared to S5, coupled with sulfur, suggests a sulphide-
based corrosion product environment.

Electrochemical analyses of S6, including linear polari-
sation, impedance, and Tafel methods, provided further 
insights into the patina’s stability. The linear polarisation 

including aluminium (Al), silicon (Si), calcium (Ca), phos-
phorus (P), and iron (Fe).

The Raman spectra in Fig. 2B report the mineralogi-
cal phases present on the surface, i.e., hematite (Fe2O3) 
and lazurite (Na7Ca(Al6Si6O24)(SO4)(S3)·H2O). Hematite 
shows characteristic peaks at 226, 242, 300, and 405 cm− 1, 
attributed to the stretching and symmetric bending of the 
Fe-O bonds (de Ferri and Pojana 2018). Lazurite shows an 
intense peak at 540 cm− 1 and a lower intensity one at 260 
cm− 1, both related to the stretching mode of the S3

− ions; 
the peak at 580 cm− 1 is due to the stretching of the S2

− ions 
(Della Ventura et al. 2020).

Sample needle S4 was analysed using OM (Fig. 3SI A, 
C) and SEM/BSE imaging (Fig. 3SI B, D). Optical micros-
copy on the patina surface shows an external layer with a 
brown-green hue and an internal layer characterised by a 
bluish shade. These features indicate a stratified corrosion 
process, likely influenced by varying environmental con-
ditions with time. The artefact’s irregular eyelet (Fig. 3SI 
A–B) displays a rough texture, while the body of the needle 
has a smoother appearance with noticeable fractures (Fig. 
3SI C). The faceted structure of the needle, with slightly 
uneven dimensions across its sides, reflects manual process-
ing during its original manufacture. EDS analysis of this 
sample highlighted the presence of copper (Cu, 10.9%) and 
tin (Sn, 16.1%) with minor elements such as phosphorus 
(P), iron (Fe), silicon (Si), aluminium (Al), and magnesium 
(Mg); on the surface a decuprification process is observed, 
indicating selective Cu-dissolution and the subsequent Sn-
enrichment. The stability of the patina was established using 
linear polarisation and impedance analyses. Impedance data, 
shown in Fig. 3A, were acquired using an equivalent circuit 
(EC) model, commonly called a two-time constant circuit. 
This circuit configuration captures the complex interplay 
between corrosion processes and the properties of the 
patina. Each time constant in the model represents a distinct 
physical or electrochemical process occurring on the arte-
fact’s surface. Specifically, the combination of the resistor 
(R1) and the capacitive element (Q1) corresponded to the 
resistance and capacitive behaviour of the corrosion prod-
ucts forming the patina. These parameters reflect the protec-
tive characteristics and electrochemical stability of the outer 
patina layer. The second resistor-capacitor pair (R2 and Q2) 
model the oxidation-reduction processes occurring closer to 
the artefact’s metal substrate. This interaction reflects areas 
where the patina is less effective at separating the innermost 
layers or the metal core from the electrolyte solution. These 
localised weaknesses can contribute to ongoing corrosion 
activity (Cai et al. 2020; Cano et al. 2010; Mikić et al. 2021; 
Ramírez Barat and Cano Díaz 2015; Rusu et al. 2013). In the 
analysis, capacitive elements were represented by constant 
phase elements (CPEs) to account for deviations from ideal 

Fig. 2  Raman spectra of cuprite (Cu2O) and phosgenite (Pb2CO3Cl2) 
on sample plaque fragment S1 (A); hematite (Fe2O3), and lazurite 
(Na7Ca(Al6Si6O24)(SO4)(S3)·H2O) on sample hatpin S3 (B); poorly 
crystallized cuprite (Cu2O) on fishing hook S5 (C); cuprite (Cu2O) and 
lazurite (Na7Ca(Al6Si6O24)(SO4)(S3) H2O) on sample hinge S7 (D); 
cuprite (Cu2O) on sample plaque S20 (E); malachite (Cu₂CO₃(OH)₂) 
and (cuprite Cu2O) on sample plaque fragment S21(F).
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Linear polarisation and impedance analyses (Tables 
3 and 5) suggested the occurrence of patina with reduced 
protective properties compared to S5 and S6. The Nyquist 
plot (Fig. 3D), modelled using the two-time constant circuit, 
highlighted the artefact’s reactivity, reflecting the incom-
plete patina coverage and exposure to ongoing electrochem-
ical interactions.

Sample plaque/sheet fragment S20 under optical and 
SEM/BSE shows a patina with an irregular shape and 
numerous fractures (Fig. 8SI A and B). The surface exhib-
ited a green patina interspersed with varying blue tones, 
suggesting differential oxidation processes across the arte-
fact. The areas where the patina was removed showed black 
spots indicative of localised corrosion phenomena, associ-
ated with red areas on the artefact. Raman spectroscopy 
(Fig. 2E) identified cuprite (Cu2O) as the predominant cor-
rosion product, consistent with typical oxidative processes 
in bronze artefacts. Figure 9SI SEM image and EDS spectra 
of the metallographic section are reported, revealing a well-
preserved metallic core unaffected by corrosion. The core 
is chemically homogeneous, composed primarily of cop-
per (Cu) and tin (Sn), with other phases contributing to its 

parameters (Table 3) suggested moderate resistance to cor-
rosion; the Nyquist plot (Fig. 3C) was modelled using the 
two-time constant circuit, indicating a less protective patina 
compared to sample S5. Table 5 reports the parameter val-
ues, which highlight differences in capacitive and resistive 
behaviours, thus reflecting the artefact’s lower surface sta-
bility and more reactive state during burial.

Sample hinge S7 shows a different profile, under optical 
microscopy (Fig. 7SI A) and SEM/BSE imaging (Fig. 7SI B, 
C), revealing a highly irregular surface. The patina appears 
fragmented, with incomplete coverage, fractures, and 
roughness, suggesting inhomogeneous corrosion. Raman 
spectroscopy (Fig. 2D) identified cuprite (Cu2O) and lazur-
ite (Na7Ca(Al6Si6O24)(SO4)(S3)·H2O), indicating a corro-
sion environment rich in sodium and sulphate ions. This 
composition is consistent with burial conditions enriched in 
Na and organic matter that governed the corrosion process. 
EDS analysis of sample S7 revealed the presence of cop-
per (Cu, 27.81%) and tin (Sn, 23.3%), with aluminium (Al), 
silicon (Si), phosphorus (P), calcium (Ca), and iron (Fe) as 
minor elements. The high Sn content and fragmented patina 
are indicative of an intense decuprification process.

Fig. 3  Nyquist plot of samples: haptin S3 (A), fishing hook S5 (B), probe fragment S6 (C), hinge S7 (D). Blank dots represent the measured data, 
and the lines adapted via the equivalent circuit are shown in the bottom right.
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Optical and SEM imaging of the sample plaque/sheet 
fragment S21 (Fig. 10SI A and B) revealed a patina with a 
notably rough texture, characterised by a dark green colour 
interspersed with yellow spots. These visual features sug-
gest a complex corrosion process that resulted in distinct 
surface regions with varying chemical compositions. 
µ-Raman spectroscopy of the surface (Fig. 2F) identified 
two key corrosion products. The green areas were domi-
nated by malachite (Cu₂CO₃(OH)₂), as indicated by its char-
acteristic peaks at 215, 269, 355, 430, and 530 cm− 1. This 
result is consistent with a common transformation product 
of copper in carbonate-rich environments. Cuprite (Cu2O) 
was detected, with peaks attributed to vibrations of the 
Cu-O group observed up to 600 cm− 1. The coexistence of 
malachite and cuprite reflects a prolonged exposure of this 
artefact to burial conditions that facilitated the sequential 
oxidation and carbonation of the copper alloy (Mattei et al. 
2008).

The metallographic section of S21 (Fig. 4) provided fur-
ther insights into the artefact’s internal composition. Three 
areas of interest were analysed by EDS, aiming to elucidate 
the microstructure and chemical composition of the metal 

structural properties. The white regions (Fig. 9SI) are identi-
fied as Pb-inclusions (spectrum 2), and the dark grey areas 
correspond to Cu-Zn-S phases (spectrum 3). Semi-quantita-
tive analyses of the alloy confirmed the binary Cu-Sn alloy 
composition, with approximately 97% copper, 2% tin, and 
1% lead (Nicodemi, 2007). These results suggest that the 
alloy was specifically engineered to balance workability 
with corrosion resistance, leveraging the mechanical prop-
erties of tin and the lubricating effect of lead. The absence of 
corrosion in the core suggests the effectiveness of the alloy 
composition in resisting environmental degradation, despite 
the surface patina showing signs of deterioration.

The presence of a non-homogeneous patina with frac-
tures and irregularities further underscores the long-term 
environmental interactions experienced by S20. The blue 
tones within the green patina may reflect localised varia-
tions in copper oxides and copper sulphates, due to changes 
in burial conditions or manufacturing practices. The red and 
black spots exposed beneath the patina suggest incomplete 
oxidation or the presence of secondary phases, warranting 
further analysis to elucidate their origin (Fig.  8SI).

Fig. 4  SEM image and EDS spectra of the metallographic section of 
plaque/sheet fragment S21. Spectrum 1, obtained from the homoge-
neous grey zone, shows the presence of Cu and small amounts of Sn. 

Spectrum 2, which refers to elongated white phases, detects Pb phases. 
Spectrum 3, referring to the dark phases, detects the presence of Cu, 
S, and Fe.
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wrinkled patina with green, yellow, and brown areas, along-
side a layered structure in the black regions. µ-Raman 
spectroscopy (Fig. 6) identified malachite (Cu₂CO₃(OH)₂) 
as a major component of the green patina, and magnetite 
(Fe3O4), in the black areas, by a prominent peak at 670 
cm− 1. The coexistence of these minerals suggests a complex 
corrosion process involving both carbonate and iron oxide 
formation, influenced by alloy composition and environ-
mental interactions. The layered structure of the black area 
exhibited differential oxidation and mineral deposition over 
time, reflecting localised variations in corrosion dynamics.

Figures 7 A and 7B are metallographic sections, analysed 
by SEM imaging and EDS spectra. SEM backscattered elec-
tron imaging reveals a central nucleus exhibiting segrega-
tion phenomena, where the alloying elements are unevenly 
distributed throughout the structure (Scott 1991). This het-
erogeneity results from metallurgical processes during the 
artefact’s production, potentially reflecting cooling rates or 
casting techniques. The outer edges show a non-homoge-
neous corrosion patina, indicative of differential interaction 
with the burial environment. This superficial layer suggests 

core. A homogeneous elemental grey zone (spectrum 1), 
primarily made of Cu with low quantities of tin, indicative 
of the Cu-Sn alloy forming the bulk of the artefact. An elon-
gated white area (spectrum 2), having Pb-inclusions. The 
dark areas (spectrum 3) present a mixture of Cu, S, and Fe, 
suggesting the presence of sulphide phases. Such inclusions 
are likely linked to trace impurities in the alloy.

The linear polarisation analysis of the sample plaque/
sheet (fragment S2) revealed low corrosion current den-
sity (Icorr) and high polarisation resistance (Rp), indicating 
that the patina provides effective protection against further 
degradation (Table 3). The Nyquist plot (Fig. 5) displays a 
semicircular curve, modelled using a Randles circuit. The 
high-frequency loop corresponds to the protective proper-
ties of the compact patina, while the low-frequency loop 
reflects charge transfer processes at the metal-patina inter-
face. Impedance parameters (Table 4) suggest moderate 
patina stability, with localised weaknesses likely influenced 
by sulphide and lead inclusions in the alloy core.

Optical and SEM imaging of the sample plaque/sheet 
fragment S22 (Fig. 11 SI A, B) revealed a highly irregular 

Fig. 5  Nyquist plot of samples: plaque/sheet fragment S21 (A); plaque/sheet fragment S22 (B); plate fragment S23 (C). Blank dots represent the 
measured data, and the lines adapted via the equivalent circuit are shown in the bottom right.
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the surface. The heterogeneity of the patina suggests uneven 
corrosion processes, likely influenced by the artefact’s deli-
cate structure and environmental exposure.

Figure 8 C shows SEM images and EDS spectra of the 
bulk zone of S23. The microstructure reveals intergranular 
corrosion and fracture lines parallel to the surface. EDS 
analysis identifies copper oxide (Cu2O) in the dark areas 
(spectrum 1), a Cu-Sn-Zn alloy in spectrum 2, and Cu-Zn 
phases in spectrum 3. These features indicate significant 
oxidation and segregation of alloying elements, consistent 
with corrosion influenced by the burial environment and 
metallurgical properties.

To facilitate direct comparison between the analysed 
artefacts, Table 2 provides a summary of the SEM-EDS 
compositional features and µ-Raman identified corrosion 
products for all samples.

The linear polarisation analysis (Table 3) for S22 yielded 
an Icorr of 41.52 nA, an Ecorr of −43 mV, and an RP of 
255.5 kΩ, translating to an approximate corrosion rate (CR) 
of 0 mm/year. This suggests moderate patina stability, albeit 
with localised corrosion processes.

localised variations in corrosion processes, probably influ-
enced by the alloy composition and surrounding materials.

Figure 7 C shows the analysed areas within the metal 
core of the artefact. Spectrum 2 (white area) is composed 
of lead (Pb) oxide, while the other micro-areas differ in the 
degree of copper (Cu) oxidation. Spectrum 1 (darkest por-
tion) represents the most oxidised area, whereas spectra 3 
and 4 correspond to regions with lower oxidation levels.

Linear polarisation parameters (Table 3) indicate the 
electrochemical behaviour of the artefact’s surface layers. 
Impedance analysis results, shown in Fig. 5B, were mod-
elled using the series RC circuit illustrated in Fig. 15, which 
effectively represents the observed corrosion mechanisms.

The optical image of the small ornamental plate frag-
ment S23 (Fig. 12SI A) reveals a thin, delicate foil with 
cracks and areas displaying brown, grey, and green/blue 
hues. Raman spectroscopy of a red patina region (Fig. 6B) 
identified cuprite (Cu2O) as the primary corrosion product, 
along with characteristic peaks of phosgenite (PbCl)2CO3 at 
1070 cm−1, 150 cm−1, and 182 cm−1 (Frost et al. 2003). SEM 
imaging and EDS spectra of S23’s metallographic section 
(Fig.8 A and B) revealed varied patina thicknesses across 

Fig. 6  Raman spectra of: malachite (Cu₂CO₃(OH)₂) and magnetite (Fe3O4) on sample plaque fragment S22 (A); phosgenite ((PbCl)2CO3) and 
cuprite (Cu2O) on sample plate fragment S23.
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effective patinas than expected, with S7 showing the lowest 
R1 (0.450 kω) and R2 (2.24 kω), further supporting active, 
uneven corrosion.

Discussion

Artefacts characterisation

The analysis of the artefacts revealed variations in alloy 
composition, microstructure, and corrosion patterns due 
to the interactions with soil chemicals, fluids and organic 
matter.

The corrosion mechanisms in samples from Civitella 
d’Agliano appear to be primarily driven by the surrounding 
oxygen and carbon dioxide in humus or porous sandy soils, 
whereas soil salts had a minor influence. The corrosion pro-
cess involved a precipitation-dissolution mechanism, imply-
ing that copper dissolution was controlled by the release of 
copper from the alloy to the environment and the diffusion 
of aggressive ions toward the alloy surface. These processes 

The impedance spectrum (Fig. 5C) was modelled using 
the series RC circuit previously illustrated in Fig. 5. Param-
eters derived from this analysis (Table 4) show a low R1 
value of 0.06 MΩ, indicative of reduced resistive protec-
tion within the patina. Combined with the n1 value of 0.759, 
these results suggest non-ideal capacitive behaviour, point-
ing to the heterogeneous nature of the corrosion products.

Impedance spectroscopy results (Tables 4 and 5) offer 
further insights into the protective capabilities of the pati-
nas. S5 and S21 again emerge as the most stable samples, 
with high R1 values (17.6 MΩ and 46.87 MΩ, respectively) 
in the Randles circuit model. These results suggest that 
their patinas are compact and effectively resist ionic dif-
fusion, minimising corrosion risks. The n1 values for these 
samples, near 0.8, indicate relatively uniform capacitive 
behaviour, consistent with well-formed corrosion products. 
In contrast, S22 exhibits a much lower R1 value of 0.06 MΩ, 
highlighting a poorly protective patina. This finding aligns 
with the presence of intergranular corrosion and fracture 
lines observed in the SEM images. Similarly, the two-time-
constant circuit analysis of S3, S6, and S7 reveals fewer 

Fig. 7  Plaque/sheet fragment S22: (a-b) SEM images of the metallo-
graphic section, showing a corroded metal core with varying thick-
nesses of patina; (c) SEM image and EDS spectra of the metallo-
graphic section of plaque/sheet at high magnification. Spectrum 1 (the 

darkest portion) is the most oxidised area, and Spectrum 2 (the white 
area) is mainly composed of Pb oxide. The other spectra showed dif-
ferent degrees of Cu-oxidation.
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potentially influenced by variations in microenvironmental 
conditions of archaeological contexts (Ghoniem 2011; Rob-
biola and Portier 2006).

The presence of Pb compounds in the patinas, due to 
the selective corrosion process, is related to the alloy 
composition. Indeed, it was produced to improve the 
castability and mechanical properties of the object 
(Costa and Urban 2005). Lead-containing corrosion 
products may be more abundant in the patina due to lead 
segregation on the exterior mould surface during cast-
ing. When bronze has isolated Pb-globules, Pb migrates 
to the alloy surface over time. The enriched Pb-surface 
interacts with environmental ions, producing newly 
formed Pb-compounds (de Caro et al. 2023). In addition, 
phosgenite formation may be influenced by chlorine-
rich soil, suggesting a key role of the environment in the 
patina chemistry.

Raman spectra of the artefacts S3 and S7 showed the 
presence of sulfur-rich lazurite, which formed in S-rich 
environments, due to the organic decomposition of plants 
(Churka Blum et al. 2013; Gupta et al. 1988; Niknahad-
Gharmakher et al. 2012; Wyngaard and Cabrera 2015).

helped to explain the variability in patina formation, accord-
ing to the strategies for the conservation of ancient bronzes 
(Robbiola et al. 1998). The artefact fragments S1 and S2 
from the necropolis, although they occurred in different 
stratigraphic units, showed Ca, Si, Al, and Fe on the sur-
face. These elements are due to artefact/burial environment 
interactions, highlighting the complex relationship between 
material composition and environmental variables in arte-
fact degradation. (Ghoniem 2011; Ingo et al. 2006; Sandu 
et al. 2006).

The porous surface of sample S1 showed an uneven layer 
of corrosion products, which is rich in lead, oxygen, and 
carbon, with traces of chlorine. Raman analyses showed 
lead (II) carbonate, phosgenite (Pb2Cl2CO3), and cuprite 
(Cu2O). The coexistence of cuprite and phosgenite dem-
onstrates how both the original alloy composition and the 
burial environment influence corrosion patterns. Optical 
microscope observations showed different stages of corro-
sion and environmental interaction over time.

The patina structure of sample S3 differed from the more 
stratified layers observed in S2 and S4, indicating that such 
a sample may have undergone a distinct corrosion process, 

Fig. 8  Plate fragment S23: (a-b) SEM images of metallographic sec-
tions. These images show the metal core with varying thicknesses of 
patina. (c) SEM image and EDS spectra of the metallographic section 

at high magnification. EDS analyses show the presence of Cu oxide in 
the dark areas (spectrum 1), Cu-Sn-Zn alloy (spectrum 2), and Cu-Zn 
alloy in the darker areas (spectrum 3).
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that can be made up of adsorbed oxygen atoms, OH groups, 
or a combination of both. This oxidised coating could func-
tion as a primary corrosion patina, preventing additional 
degradation over time. (Boccaccini et al. 2023).

Hematite and magnetite are found on the S3 and S23 
patinas due to the contribution of Fe-enriched burial soil 
(Craddock 1975).

The presence of Zn in copper alloys, as reported by 
Craddock (1975), is linked to the extraction of copper from 
zinc-rich ores and its improper refinement by ancient metal-
lurgists. Similarly, the zinc detected in the copper alloy of 
artefact fragment S23 may be attributed to the use of copper 
from Zn-rich mines. This highlights the technological limi-
tations of ancient metallurgical practices and their influence 
on alloy composition (De Vito et al. 2024).

SEM-EDS analyses of all the samples revealed signifi-
cant variations in chemical compositions, corrosion, and 
patina behaviours, reflecting the interplay between alloy 
properties and environmental interactions (Bernabale et al. 
2025). Sampe S5 exhibited a predominance of Cu (43.5%) 
with Sn content, correlating with a stable patina and reduced 
corrosion rates. Similarly, S7, with a Sn content of 23.3%, 
is a Sn-rich bronze, which often enhances corrosion resis-
tance but can promote localised heterogeneity of patina due 
to selective tin oxidation. Environmental interactions are 
evident in the presence of elements such as phosphorus (P), 
calcium (Ca), and iron (Fe) across the samples. These ele-
ments suggest prolonged exposure to burial environments 
enriched with mineral components or fertilisers, which 
likely influenced patina composition and thickness (Bern-
abale et al. 2025; Mulder and Gerretsen 1952; Yan and Hou 
2018). As reported before, sample S2 shows a selective dis-
solution, highlighting a long-term interaction between the 
artefact and its burial environment, offering insights into 
the corrosion mechanisms that shaped its preservation state 
(Robbiola and Portier 2006).

Sample S23, a delicate ornamental foil, displays a thin 
and varied patina, with chlorine (Cl) and lead (Pb) contrib-
uting to the formation of phosgenite, as identified by Raman 
spectroscopy (Bersani et al. 2008).

Scanning electron microscopy (SEM) and X-ray investi-
gation of the metallographic sections of artefacts S20, S21, 
S22, and S23 revealed heterogeneous distributions of the 
primary alloying components Sn, Cu, and Pb.

Artefacts S20, S21, and S23 showed selective leaching of 
Cu up to 50 μm in depth. Alloy remains free of apparent cor-
rosion at depths higher than 50 μm, beneath the externally 
corroded layer and extending to the inner metal core.

The metallographic section of artefact S21 (Fig. 4) indi-
cated that this object was composed of a copper-based alloy 
with α-phase copper and lead phases lengthened along grain 
boundaries, indicating the direction of work hardening 

Environments or time-dependent factors may influence 
the development of copper hydroxy carbonates in samples 
S21 and S22. Copper surfaces were exposed to various 
water-based solutions, forming an oxygenated surface layer 

Table 2  Summary of SEM-EDS compositional data and corrosion 
products identified by µ-Raman for the analysed bronze artefacts
Sample Object Alloy system 

(EDS)
Other 
elements 
(EDS)

Corrosion 
products
(µ-Raman)

S1 Plaque/sheet 
fragment 
(necropolis)

Leaded bronze 
(Cu–Sn–Pb)

P, Ca, 
Al, Fe, 
Cl, Si

Cuprite; 
phosgenite

S2 Needle/hat-
pin fragment 
(necropolis)

Binary bronze 
(Cu–Sn) with 
decuprification

Al, Mg, 
Si, K, 
Ca

Not 
analyzed

S3 Hatpin end-
point (cistern)

Binary bronze 
(Cu–Sn)

Al, Si, 
Ca, P, Fe

Hematite; 
lazurite

S4 Needle 
(cistern)

Binary bronze 
(Cu–Sn)

P, Fe, Si, 
Al, Mg

Not 
analyzed

S5 Fishing hook 
(cistern)

Cu-rich bronze 
(Cu–Sn)

P, Fe, Si, 
Ca

Poorly 
crystal-
lised 
cuprite

S6 Probe frag-
ment (cistern)

Ternary bronze 
(Cu–Sn–Zn)

Al, Si, 
P, S, Ca, 
Fe

Not 
analyzed

S7 Small hinge 
(cistern)

Sn-rich binary 
bronze (Cu–Sn)

Al, Si, P, 
Ca, Fe

Cuprite; 
lazurite

S20 Plaque/sheet 
fragment 
(cistern)

Leaded bronze 
(Cu–Sn–Pb)

Zn, S Cuprite

S21 Plaque/sheet 
fragment 
(cistern)

Leaded bronze 
(Cu–Sn–Pb)

S, Fe Malachite; 
cuprite

S22 Plaque/sheet 
fragment 
(cistern)

Leaded bronze 
(Cu–Sn–Pb)

Fe, Zn, 
S

Malachite; 
magnetite

S23 Small plate 
fragment 
(cistern)

Ternary bronze 
(Cu–Sn–Zn)

Pb, Cl Cuprite; 
phosgenite

Table 3  Parameters extrapolated from the linear polarisation curve of 
samples S3, S5, S6, S7, S21, S22 and S23

Icorr Ecorr Rp CR
S3 5.84 µA −61 mV 4.956 kΩ 0.1 mm/year
S5 1.4 nA −541 mV 8.602 MΩ ≈ 0 mm/year
S6 8.09 µA −72 mV 3.575 kΩ ≈ 0 mm/year
S7 37.23 µA 31 mV 3.777 kΩ 0.1 mm/year
S21 470.2 pA −133 mV 25.75 MΩ ≈ 0 mm/year
S22 41.52 nA −43 mV 255.5 kΩ ≈ 0 mm/year
S23 7.89 nA −181mV 1.533 MΩ ≈ 0 mm/year

Table 4  EIS parameters of the circuit randles: S5, S22, S21, and S23
Rs (kΩ) Q1 (S*sn) n1 R1 (MΩ)

S5 1.22 7.87 * 10− 6 0.847 17.6
S21 5.06 9.03 * 10− 7 0.781 46.87
S22 188 2.8 * 10− 5 0.759 0.06
S23 1.35 7.79 * 10− 6 0.761 8.41
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objects that required good hardness and ternary alloys for 
those that required easy metalworking. Alloying elements 
introduce variations in atomic size, which hinders the move-
ment of atoms within the structure, thus increasing resis-
tance to deformation and making the alloy harder (Cu-Sn) 
or improving the castability and workability of objects that 
do not require excellent mechanical resistance (Cu-Pb-Sn). 
Indeed, the specific hardness is related to the composition 
and alloy heat treatment. The observed heterogeneity in 
alloy composition suggests deliberate metallurgical tech-
niques to balance hardness, castability, and workability, 
demonstrating the impact of technological limits on corro-
sion outcomes.

Electrochemical impedance spectroscopy 
measurements

Electrochemical impedance spectroscopy is a technique for 
monitoring the state of preservation of metal artefacts. By 
measuring impedance and fitting the data to appropriate 
equivalent circuit models, it’s possible to evaluate the metal 
corrosion resistance and the effectiveness of the protective 
measures implemented (Otmacic, 2012; Ramírez Barat 
2018).

The integration of EIS and linear polarisation analysis 
provides a complementary technique that allows a knowl-
edge of electrochemical characteristics and corrosion mech-
anisms of ancient metals, facilitating circuit selection.

Although this technique is often considered a separate 
field, new research has underlined the necessity of combin-
ing it with traditional methods to provide a multi-analytical 
approach in archaeometry studies (Cano et al. 2010; Di 
Turo et al. 2017; Di Turo et al. 2020; Doménech-Carbó et 
al. 2012; Ramírez Barat et al. 2017).

In this investigation, two alternative equivalent circuits 
were used. Nyquist diagrams for artefacts S3, S6, and S7 
were modelled using a two-time constant circuit (Fig. 3a 
and c, and 3d). This type of circuit is applied to spectra with 
two distinct capacitive loops. The first capacitive loop, at 
high-medium frequencies, is associated with the capaci-
tive resistance of the patina. The large curves of sample S6 
are related to well-protective patina, compared to samples 
S7 and S3, resulting in less protective patina. The second 
loops on those samples are associated with the capaci-
tive resistance of the core metal. The only capacitive loop 
observed in the Nyquist diagrams of S5 (Fig. 3b) is due to 

during the minting process (Facsády and Verebes 2009). 
Lead produces scattered globules, which affect microscale 
corrosion patterns. (Oudbashi and Hasanpour 2016; 
Towarek et al. 2022; Nicodemi, 2007). In addition, the size 
and distribution of lead globules in the bronze artefacts are 
greatly influenced by the alloy’s cooling process. A leaded-
bronze object is therefore not uniform at the microscale, and 
the resulting corrosion products have a very complex micro-
chemical structure. Such lead globules arise in lead bronzes 
due to slow cooling rates; if the alloy remains fluid for a 
prolonged period, the lead, which does not form a solid-
state solution, produces globules of considerable diameter 
(Gong et al. 2024).

Furthermore, the Pb and S phases are not arranged ran-
domly within the alloy (Fig. 9, SI) but instead follow an 
imaginary vertical line. This phenomenon occurs when the 
alloy is subjected to beating operations, the grains that make 
up the metal undergo permanent deformation and tend to 
stretch in the direction of elongation (Scott 1991; Massimo 
1985). As far as S is concerned, however, its presence is 
most probably due to the choice of raw material. The start-
ing material could be a sulphide, such as chalcocite (Cu2S), 
which has been subjected to various metallurgical pro-
cesses, such as roasting, and then smelting, the transforma-
tion of the metal ore in a furnace in a reducing environment 
to obtain the pure metal.

Artefact fragment S22 (Fig. 7), in contrast to the others 
examined in this section, exhibits considerable segregation 
and intergranular corrosion as well as zinc presence due to 
the alloy’s impurities. Pb inclusions and pores are present in 
the metal core; these pores are due to gases dissolved in the 
molten metal, interdendritic holes, and channels which were 
left empty during solidification. As the metal cools, dis-
solved gases create reactions with the metal to form oxides 
or cause gaseous porosity in the metal (Scott 1991). These 
structural and compositional observations were included to 
demonstrate the inherent difficulties of interpreting corro-
sion patterns only through microstructural research.

Beyond their compositional and microstructural variabil-
ity, these bronze artefacts offer important insights into the 
technological choices and cultural practices of the Middle 
Tiber Valley communities during the Roman period. The 
heterogeneity in alloy formulations, ranging from binary to 
ternary systems with variable tin, lead, and zinc (in trace) 
content, suggests a flexible approach to metal produc-
tion. Specifically, the Romans produced binary alloys for 

Table 5  The EIS parameters of the circuit have two-time constants: S3, S6, and S7
Rs (Ω) Q1 (S*sn) n1 R1 (kΩ) Q2 (S*sn) n2 R2 (kΩ)

S3 12.55 1.6 * 10− 5 0.612 6.57 3.07 * 10− 4 0.54 12.9
S6 7.707 5.8*10− 5 0.681 1.6 5.21*10− 4 0.496 5.09
S7 5.494 7.84*10− 4 0.728 0.450 6.21*10− 3 0.597 2.24
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due to high Sn content and heterogeneous patina structure 
(Di Turo et al. 2017). S22, while exhibiting a low CR, dem-
onstrates moderate patina stability with an RP of 255.5 kΩ, 
a value significantly lower than those of S5 or S21. S23, 
despite being a thin and fragile foil, demonstrated a degree 
of stability with an RP of 1.533 MΩ and an approximated 
CR of zero. This is indicative of a patina that, while delicate, 
provides moderate protection against environmental factors 
(Di Turo et al. 2019).

Electrochemical data are a valuable instrument for the 
archeometallurgical conservation procedures. Samples S5 
and S21 have strong resistance in EIS tests, which could 
be cleaned or treated in a few instances. On the contrary, 
S3 and S7 samples, which feature reduced stability, might 
undergo a development of special treatments that will both 
stabilise the patina and slow down the corrosion process.

Furthermore, gathering information on corrosion prod-
ucts and electrochemical behaviour permits the selection 
of the most suitable consolidant or inhibitor, making stor-
age more efficient and scheduling non-destructive testing 
to verify the evolution of the artefact’s stability over time. 
Essentially, linking these measurements to the actual con-
servation intervention offers a concrete means of protection, 
thus reducing the number of times the artifacts are handled 
or treated unnecessarily.

Conclusions

The study of bronze artefacts from two archaeological sites 
of the Middle Tiber Valley provided insights into composi-
tion, corrosion processes, and preservation states.

SEM-EDS analysisSEM-EDS analysis revealed that 
the samples are binary (Cu-Sn) and ternary (Cu-Pb-Sn) 
alloys with Si, Al, Mg, P, and Fe as minor or trace elements. 
These results showed selective enrichments or depletions of 
the alloying metals, broad chemical variations and structural 
heterogeneity of the patinas. The slow cooling rates and lead 
segregation during casting influenced the corrosion process 
in the burial environment and organic matter decomposition.

Micro-Raman spectroscopy highlighted differ-
ent corrosion products such as cuprite (Cu2O), lazur-
ite (Na7Ca(Al6Si6O24)(SO4)(S3)·H2O), malachite 
(CuCO3Cu(OH)2), and phosgenite (Pb2Cl2CO3). The pres-
ence of lazurite in two samples was linked to sulphur-rich 
burial environments. In addition, phosgenite formation was 
the result of metal-artefact interactions with Cl and CO2-
rich burial environments. Nonetheless, the variability of 
corrosion among artefacts indicated that local micro-envi-
ronments also played a key role.

The study shed light on the technological practices 
of ancient Roman metallurgists, who tailored alloy 

the limited electrochemical reaction area at the metal/patina 
interface during the considered immersion period. This con-
dition makes it difficult to distinguish the temporal relax-
ation of the physical impedance of the patina from that of 
the electrochemical reaction impedance at the metal/patina 
interface (Zhang et al. 2004). The circuit in question physi-
cally represents a damaged, inhomogeneous surface patina, 
characterised by pores. These defects allow the electrolyte 
solution to penetrate the patina by interacting with the metal 
core or with the more internal corrosion products (Cai et al. 
2020; Cano et al., 2010; Liang et al. 2020; Liao et al. 2011; 
Mikić et al. 2021; Ramírez Barat and Cano Díaz 2015). As 
previously discussed, these findings are characterised by 
overlapping layers of the patina; consequently, except for 
areas where the metal appears uncovered due to mechani-
cal cleaning, the electrolyte solution does not penetrate 
deeply through the patina. This behaviour is confirmed by 
the results obtained with linear polarisation, where the cor-
rosion rate is close to zero, and the polarisation resistance is 
in the order of kΩ.

The remaining findings, S21, S22, and S23, were 
described using the Randles’ equivalent circuit. In this case, 
the Nyquist plots show a capacitive loop with large radii, 
indicating excellent protective properties of the patina (Gong 
et al. 2024). The corrosion process is governed by charge 
transfer. This circuit is used for artefacts characterised by 
a free-of-defect patina, which offers complete protection to 
the underlying metal core. However, this description does 
not perfectly correspond to the previously discussed results 
and the observed type of patina. At high immersion times, 
the Nyquist graphs may change, showing even two capaci-
tive loops.

The results indicate that the patinas of the eleven find-
ings tend to provide good protection of the metal core. The 
estimated corrosion rate varies between 0.1 and 0 mm/year, 
which, compared to the small size of the artefacts, may indi-
cate the need for a controlled environment to allow proper 
preservation and limit damage.

The linear polarisation data (Table 3) further distin-
guished the stability of the analysed samples. S5 and S21 
exhibit the highest levels of stability, with corrosion rates 
(CR) effectively approximated to zero. Their high polari-
sation resistance (RP values, 8.602 MΩ for S5 and 25.75 
MΩ for S21 indicated dense, well-formed patinas that act 
as effective barriers against further corrosion (Zhang et al. 
2004). This stability is consistent with their alloy compo-
sitions, which feature predominantly copper with limited 
impurities.

Conversely, S3 and S7, having higher CR values (0.1 
mm/year), suggested a less protective patina. The electro-
chemical potential (Ecorr) for S7, at + 31 mV, further sup-
ports this observation, indicating active corrosion processes 

1 3

   27   Page 16 of 19



Archaeological and Anthropological Sciences           (2026) 18:27 

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

Architecture in Ancient Central Italy (2022) Cambridge University 
Press. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​7​​/​9​7​​8​1​1​0​8​9​5​5​2​3​2

Anita N, Joany RM, Dorothy R, Aslam J, Rajendran S, Subramania A, 
Singh G, Verma C (2023) Linear polarization resistance (LPR) 
technique for corrosion measurements. Electrochemical and Ana-
lytical Techniques for Sustainable Corrosion Monitoring. Else-
vier, pp 59–80. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​B​9​​7​8​-​​0​-​4​​4​3​-​1​​5​7​​8​3​-​7​.​0​0​
0​0​5​-​0

Ashkenazi D, Taxel I, Tal O (2015) Archeometallurgical character-
ization of late Roman- and Byzantine-period samaritan magi-
cal objects and jewelry made of copper alloys. Mater Charact 
102:195–208. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​m​a​t​​c​h​a​​r​.​2​0​​1​5​​.​0​1​.​0​1​9

Borgia E (2022) La necropoli di Castel Sozzio, Civitella d’Agliano 
(Viterbo): note preliminari. In Silvana Editoriale (ed) Una terra 
di mezzo. I longobardi e la nascita della Toscana, pp. 415–419

Borgia E (2024) Archeologia funeraria e mobilità nella media valle del 
Tevere: la necropoli tardoromana e altomedievale di Castel Sozzio 
(Viterbo). In J. T. E. Vanni (ed) Lungo il corso del fiume Paglia. 
Archeologia, mobilità e mediazione culturale nell’antichità, pp. 
325–335

Bernabale M, Cognigni F, Nigro L, Rossi M, de Caro T, De Vito C 
(2022) A comprehensive strategy for exploring corrosion in iron-
based artefacts through advanced multiscale X-ray microscopy. 
Sci Rep 12(1):6125. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​9​8​-​0​2​2​-​1​0​1​5​1​-​w

Bernabale M, Cognigni F, Mancini C, Proietti A, Mura F, Montanari 
D, Nigro L, Rossi M, De Vito C (2023a) 3D fractures analysis 
and conservation assessment of wrought iron javelin through 
advanced non-invasive techniques. Sci Rep 13(1):10142. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​9​8​-​0​2​3​-​3​7​1​7​9​-​w

Bernabale M, Montanari D, Nigro L, Spagnoli F, Vaccaro C, Eftekhari 
N, Nicoli M, De Vito C (2023) Micro-Raman spectroscopy and 
complementary techniques applied for the study of copper and 
iron wastes from Motya (Italy). J Raman Spectrosc 54(1):54–67. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​j​r​​s​.​6​4​5​3

Bernabale M, Spanu M, Borgia E, Buccini L, Barbaccia FI, Elefante 
M, Milana S, de Caro T, Passeri D, Rossi M, De Vito C (2025) 
Combined use of Raman spectroscopy, cluster analysis, and 
SEM-EDS for the characterization of Roman bronze artifacts 
from Spoletino’s cistern (Civitella D’Agliano, VT). Spectrochim 
Acta A Mol Biomol Spectrosc. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​a​a​.​2​0​2​
5​.​1​2​5​8​8​5

Bersani D, Campani E, Casoli A, Lottici PP, Marino I-G (2008) Spec-
troscopic study of the degradation products in the holy water fonts 
in Santa Maria Della steccata church in Parma (Italy). Anal Chim 
Acta 610(1):74–79. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​c​a​.​2​0​0​8​.​0​1​.​0​4​1

Boccaccini F, Riccucci C, Messina E, Pascucci M, Bosi F, Chela-
zzi D, Guaragnone T, Baglioni P, Ingo GM, Di Carlo G (2023) 

compositions to meet functional requirements. They 
favoured binary copper-tin alloys for applications demand-
ing greater hardness and opted for ternary alloys, adding 
lead to enhance castability and workability.

EIS distinguished between patinas with high protec-
tive capacity (e.g., S5 and S21) and those with lower 
stability (e.g., S3 and S7). The combination of EIS data 
with linear polarisation and Tafel studies enabled the 
development of tailored conservation strategies, provid-
ing deeper insights into the electrochemical behaviour of 
archaeological patinas, particularly their capacitive and 
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Electrochemical data estimated corrosion rates for all 
artefacts at remarkably low levels (0–0.1 mm/year). While 
these values suggest limited ongoing degradation, they 
should be interpreted with caution due to the constraints 
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results suggest that the burial environments in the Middle 
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These results provided a framework for improving 
conservation strategies, particularly for artefacts where 
sampling is not feasible, and ensuring the long-term preser-
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