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The archaeological site of Pyrgi (Santa Severa, Rome, Italy) has yielded a diverse range of metal artifacts
that provide valuable insights into the Etruscans’ metallurgical knowledge and material selection prac-
tices. This study focuses on micro-inclusions, microstructure, chemical composition, and corrosive process
of arrowheads, nails, and aes rude. Scanning Electron Microscopy with Energy Dispersive Spectroscopy
(SEM-EDS), micro-Raman spectroscopy, and electrochemical analysis, i.e., Voltammetry of Immobilized
Particles (VIMP), and Mott-Schottky (MS) were used. The nails and aes rude are pure copper, with minor
contents of tin and lead, while the arrowheads are ternary bronze alloy (Cu-Sn-Pb). The microstructures
of nails and aes rude are characterized by the presence of Pb-Bi, Pb-Te-Se, and S-Te-Se-Fe micro-inclusions
within the metal matrix, which provide insights into smelting processes, the nature of the ores used, and
technological capabilities. The variability of inclusions suggests the use of polymetallic minerals as start-
ing materials. Tellurium and selenium suggest refining practices and smelting techniques that were not
fully optimized. The corrosion patinas are composed of cuprite, malachite, and trihydroxychlorides. The
Mott-Schottky analysis highlighted variations in the electrochemical response of the corrosion layers, sug-
gesting different alteration conditions among areas of Pyrgi. These results contribute to the exploration
of Etruscan metallurgical choices and techniques, highlighting variations in smelting processes, raw ma-

terials, and processing practices.
© 2025 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction and aim

The site of Pyrgi (Santa Severa, Italy) was the harbor of Caere,
an important city of ancient Etruria. It is located along the Tyrrhe-
nian coast of central Italy and represents one of the main Etr-
uscan ports from the late 7" century BC. The settlement, exca-
vated by Sapienza University of Rome since 1957, was known for
its large sanctuaries. The Greek literature reports the frequentation
of Pyrgi by Greek and Phoenician merchants [1]. Two temples with
architectural terracotta decorations characterized the Monumental
Sanctuary. The metallic and ceramic artifacts found at this site tes-
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tify to the predominant role of the Etruscans in commerce and re-
ligion.

This research is focused on twelve metal artifacts, including ar-
rowheads, nails, and “aes rude,” a primitive form of a coin [2,3].
Nails as cultural heritage objects have less value than other arti-
facts, but they play an important role in understanding technolog-
ical development by providing information on metallurgical tech-
niques employed [4,5]. Arrowheads provided insights into the of-
fensive use of metals, allowing for a better understanding of ma-
terial choices, aiming to maximize performance and meet specific
functional requirements [6-8]. Aes rude was the earliest form of
proto-coin, in which the value of the metal was intrinsically linked
to its role as a raw material [2]. Unlike the symbolic value associ-
ated with minted coins that emerged in later periods, aes rude de-
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rived its value directly from the material itself. They are irregular
in shape, rough pieces of metal made of copper or bronze, lacking
engravings or marks, and used as a medium of exchange, hoard-
ing, and votive offerings [9]. Non-standardized shape and heteroge-
neous chemical composition suggest that they were produced with
less care than coins produced later [2], which is useful for under-
standing the Etruscan economy and reconstructing the exchange
patterns of these people.

The aim is to investigate inclusions, microstructure, manufac-
turing techniques, and corrosion processes occurring during burial
conditions. The presence of selenium (Se) and tellurium (Te) in
several samples reveals information on ancient metallurgical prac-
tices. Additionally, the study of inclusions provides insights into
the nature of ores and smelting methods [10-13].

As recently reported [14], the hydrothermal ore systems are re-
sponsible for the formation of nano to micron-scale polymetallic
inclusions (Ag-Au-Cu-Pb(-Fe-Zn)-As-Sb-S-Se). This process appears
to be related to the coalescence of nano and micro-melt precur-
sors during the transport from the geological source to the site of
mineral deposition, where they play a key role in metal mineral-
ization. The variability and composition of inclusions observed in
Etruscan samples may reflect the use of polymetallic ores of simi-
lar geological origin [14]. This comparison highlights that selenium
and tellurium in our materials are not accidental contaminants, but
potential markers of the raw ores and metallurgical processes em-
ployed. These trace elements are documented in mining geology
and industry [15-20], but they are rarely analyzed and discussed
in archaeometallurgical studies [10,21-23]. Their association with
sulfur (S), iron (Fe), copper (Cu), lead (Pb), and bismuth (Bi) may
reveal specific aspects of the metallurgical skills of the Etruscans.
In addition, the research will verify whether the aes rude were re-
casting to produce new objects, such as nails, and to understand
the production cycles and reuse of the alloys.

Scanning electron microscopy with energy dispersive spec-
troscopy (SEM-EDS) was used to explore the artifacts’ morphology
and chemical composition. EDS provided semi-quantitative chem-
ical analysis and elemental mappings of the investigated areas of
the samples. Micro-Raman spectroscopy provided information on
the compounds occurring in the corrosion layers of the artifacts.
Voltammetry of immobilized particles (VIMP) and Mott-Schottky
(MS) analysis are used to examine the electrochemical properties
of materials, providing insight into corrosion and degradation pro-
cesses.

The results may contribute to expanding knowledge of how this
population managed resources, attributed values to objects, and
exploited metal as a key element of their cultural and technologi-
cal heritage.

2. Archaeological context

The harbor and sanctuary of Pyrgi played a crucial role in the
history of the ancient Mediterranean (Fig. 1). It served as the mar-
itime gateway of Caere (modern-day Cerveteri, RM), whose wealth
was built on controlling maritime trade[1]. The sanctuary consists
of two sacred areas, separated by a river [24].

The Monumental Sanctuary, featuring two large temples (A and
B) built between the late 6" and mid-5t centuries B.C. and dedi-
cated to Uni and Leucothea, is considered an expression of Caere’s
political power.

The Southern Sanctuary is an independent sacred area, lacking
monumental architecture and characterized by numerous small al-
tars and modest structures. Its layout, rituals, types of votive of-
ferings, and inscribed dedications suggest the practice of Demeter-
related cults. Many Etruscan inscriptions indicate the parallel wor-
ship of Cavatha and her underworld companion Sur/Suri.
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The public-ceremonial quarter lies between the sanctuary and
the settlement. The layout of its buildings and distinctive finds sug-
gest that this area functioned as a residential quarter with cere-
monial purposes, including customs operations and manufacturing
activities both to the port and the sanctuary [25,26].

Recent studies have also suggested the presence of a metallur-
gical production area, providing evidence of in situ manufacturing
of tools (see S.1, Supplementary Materials).

The geological and sedimentary context of the site is provided
in the Supplementary Materials (see S.2).

3. Materials and methods
3.1. Materials

Twelve copper and copper-based alloy artifacts, including six
nails, three aes rude, and three arrowheads (Fig. 2A-L), were se-
lected for this study based on typology, representativeness, and
provenance, to achieve diversification of the discovery area within
the site and chronology (Table 1).

Eleven samples were cut to obtain cross-sections that allowed
exploration of the layers from the outer surface to the core. Only
nail 04BV57 (Fig. 2E) was kept intact, as it is one of the few small-
sized samples found in relatively good condition. It was nonethe-
less included in the set of analyzed artefacts since, together with
sample 49,466 (Fig. 2A), it is the only other small nail, allowing for
the assessment of possible affinities or differences between mor-
phology and composition.

3.2. Methods

Scanning electron microscopy (SEM-EDS) was used to character-
ize the microstructures and chemical composition of the artefacts.
The EDS microanalysis system enables the acquisition of elemental
composition and mapping of the distribution of elements in sam-
ples.

Micro-Raman analysis and electrochemical investigations were
chosen to study the corrosion of the artifacts. Micro-Raman spec-
troscopy was used to characterize surface corrosion products and
inner zone phases. The interpretation of the spectra was performed
by comparing them with the RRUFF reference database. Voltam-
metry of immobilized microparticles (VIMP) was useful for under-
standing corrosion processes and determining the state of preser-
vation of the artifacts [27,28]. Mott-Schottky (MS) analysis is used
to characterize the semiconducting properties of the corrosion
products forming on metal surfaces [29,30].

Information on instruments and measurement parameters can
be found in S.3, Supplementary Materials.

4. Results

4.1. Characterization of microstructures, chemical composition and
entrapped inclusions in the metallic matrix

4.1.1. The nails

All nails are composed of pure copper (Cu), with minor
amounts of tin (Sn) and lead (Pb) (Table S.1, Supplementary Mate-
rials). The abundance of Pb globules and their distribution within
the matrix permitted discrimination among the nails. The inclu-
sions of 2-10 pm in size are essentially of two types, i.e., Pb-rich
globules with Bi and S-rich globules with Cu and Fe. EDS anal-
yses showed the presence of inclusions containing tellurium (Te)
and selenium (Se), associated mainly with sulfur globules, and in
nails 9787 and 49,466 also with lead globules (Fig. 3 and Fig.
S.1). Only nail 52,640 showed globular inclusions (5-10 pm), en-
riched in copper, sulfur and iron, irregularly arranged, having elon-
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Fig. 1. Planimetry of the Pyrgi archaeological site: (A) topography and (B) geographical context.

Table 1

Information on the twelve artifacts analyzed in the study. The table reports the Inventory Number, type, finding area, period, and reference image in Fig. 2.
Inventory No. Typology Provenance Period Image
49,466 Nail, square section Monumental Sanctuary 5th _ 4t century B.C. A
9787 Nail stem, circular section Monumental Sanctuary, Temple A First half of the 5™ century B.C. B
52,640 Nail, square section Monumental Sanctuary, Temple B End of the 6 century B.C. C
58,257 Nail, square section Monumental Sanctuary, Temple A First half of the 5™ century B.C. D
04BV57 Nail, circular section Southern Sanctuary, beta building 5th _ 4t century B.C. E
04BG78 Nail stem, square section Southern Sanctuary, West Square 5th - 4t century B.C. F
99BA28 Aes rude Southern Sanctuary, North Square 5th _ 4t century B.C. G
P18.1290.3 Aes rude Compartment R, “public ceremonial” Quarter 6th - 5t century B.C. H
07AD4 Aes rude Southern Sanctuary, West Square 5th - 4t century B.C. \
02BP48 Three-winged arrowhead Monumental Sanctuary 5th _ 4t century B.C. ]
P18.1202.100 Two-winged arrowhead Compartment P, “public ceremonial” Quarter 6th - 5t century B.C. K
81.1098 Three-winged arrowhead Monumental Sanctuary, a square in front of the temples 5th _ 3rd century B.C. L

gated shapes according to a preferential direction (Fig. S.2b). Lead
globules were found in almost all the nails, except nail 04BG78.
Find 9787 had the widest and most uniform distribution of Pb-rich
globules within the matrix (Fig. S.2c).

The nail 49,466 is a bronze alloy with an Sn concentration of
around 2 %, showing a uniform microstructure, with slight compo-
sitional variations at the microscopic level and small Pb globules
(Fig. S.2d and S.3). In the inner part of the sample, the compo-
sitional variations did not follow a precise direction, whereas to-
ward the outside the branching became more evident, taking on
a “banded” appearance. This variation is due to the presence of
two phases, i.e., pure copper (phase A, dark gray) and copper and
tin (phase B, lighter grey), whose distribution was influenced by
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the dendritic microstructure (Fig. S.2d). Phase B has an average
composition of 97.8 wt% Cu and 2.2 wt% Sn. The chemical com-
position and microstructures of the corrosion-prone areas showed
that the patina, enriched in O and ClI (Table S.1), followed the
“banded” distribution, progressing preferentially along phase A to-
wards the core (Fig. S.3). This behavior is due to the lower re-
sistance of Cu at the corrosion than the Cu-Sn solid solution of
phase B.

Finally, nail 04BV57, the only unsampled find, was analysed us-
ing EDS spectra and surface X-ray mapping. The results revealed
the presence of Cu and the complete absence of Sn. Exogenous el-
ements from the burial soil, such as Si, Al Fe, S, and Cl, were also
found.
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Fig. 2. Images of the analyzed finds from the archaeological site of Pyrgi. A-F: nails, G-I: aes rude, J-L: arrowheads.
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Fig. 3. BSE images of inclusions presented in the nails. (A) nail 9787, Pb-Te-Se globules in the copper matrix. (B) nail 58,257 globules of S-Fe-Te-Se and Pb-Bi in the copper

matrix.

4.1.2. The aes rude

The chemical composition of the three aes rude revealed pure
copper in 99BA28 and 07AD4, while P18.1290.3 contained ~ 2 %
Sn (Table S.1, Supplementary Materials).

Find 99BA28 shows a deeply altered structure, with porosity
visible in dark holes due to corrosion that affects even the central
areas (Fig. 4Alll). The corrosion propagates along the grain bound-
aries, following the microstructure (Fig. 4Al) [31]. In the corroded
zones (Fig. 4AII-III), copper chlorides are identified, as revealed by
EDS analyses (Table S.1). Pb globules with As or Bi and Cu-S rich
inclusions are present in the matrix. The formation of these glob-
ules occurred at the interface between the copper grains, which
solidified first, resulting in a segregation process [32,33]. During
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solidification, the still-liquid phases were pushed toward the in-
terstitial zones, where they tended to accumulate; Pb was the
last element to solidify, being immiscible with Cu [33,34]. In this
process, Pb incorporated Cu-S inclusions, which are concentrated
at the intersection points between the grains, thus contributing
to the formation of characteristic heterogeneous microstructures
[32,35].

Sample 07AD4 showed a less altered internal structure than
99BA28, where low-iron copper sulfide inclusions and Pb-Bi-Ag
globules were present. These inclusions, like those found in the
first artifact, showed an intergranular distribution and the forma-
tion of the “eutectic intergrowth” between the matrix copper and
the copper sulfide (Fig. 4BI-III) [36-38]. The microstructures were
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Fig. 4. SEM-BSE images of the three aes rude (99BA28, 07AD4, and P18.1290.3). (A) I-III: Finding 99BA28 shows Pb-As or Bi globules and Cu-S inclusions within the Cu
matrix. (B) I-Ill: Finding 07AD4 shows Cu-Fe-S inclusions and intergranular distribution of Pb-Bi-Ag globules. Eutectic formations between copper and copper sulfide are
visible in the images (B I). (C) I-IIl: Find P18.1290.3 shows a two-phase microstructure: one of pure copper (dark gray) and the second of copper and tin (light gray). The
small Cu-S-Te and Pb globules solidify along the grain boundaries (C I-II). Corrosion, visible in (C III), follows the dendritic structure, with Sn depletion in the surface zone.

due to a low concentration of sulfides in the alloy, according to
Schlegel and Schiiller’s Cu-S phase diagram [36].

Finally, sample P18.1290.3 had a different composition than the
other two aes rude. SEM images showed the presence of a den-
dritic microstructure composed of two phases, i.e., a Cu-rich (dark
gray, 100 wt% Cu) and Cu-Sn-rich (light gray) phase. The latter
has an average composition of 97.5 wt% Cu and 2.5 wt% Sn (Ta-
ble S.1, Supplementary Materials). The Cu-S-Te inclusions and very
small Pb-Bi-globules are dispersed in the second phase (Fig. 4CI)
[10,21,23,39]. These inclusions are solidified along the grain bound-
aries (Fig. 4CI-II). The corrosion followed the trend of the dendrite
arm structure (Fig. 4CIII), leading to the depletion of Sn in the most
superficial zone and the formation of copper chlorides (Fig. S.4).
In particular, EDS analysis carried out on the inclusions (Fig. S.4)
showed that the presence of O (point 3) led to a decrease in the
Cu and S contents relative to the inclusion without O (point 4);
in both cases, however, Te remained largely unchanged (around 1.2
wt%). Furthermore, the mappings did not indicate that S-rich in-
clusions influenced the corrosion.

4.1.3. Arrowheads
All arrowheads are composed of three phases, ie., a copper
phase (phase A), a copper-tin alloy (phase B), and lead islands
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(phase C) (Table S.1, Supplementary Materials). However, the dis-
tribution of these phases and their structural features differ signif-
icantly among the findings.

Sample 81.1098 shows an irregular distribution of the phases,
with a concentration of the A phase in the inner portion, Pb near
the outer portion, and the B phase throughout the sample. Fig. S.5
illustrates how the dendritic areas have a high Cu content (about
93.4 wt%; Table S.1), while a Sn-rich segregation phase (about 14.6
wt%; Table S.1) is present in the interdendritic areas, where Pb is-
lands are also distributed. SEM maps highlighted the correlation
between O and Pb.

Sample P18.1202.100 has a dendritic structure, with Pb islands
and internal corrosion areas, where Cl and O concentrate (Fig. 5).
Pb inclusions are present throughout the sample section but are
more concentrated near the external corrosion layers (Fig. 6). A
distinctive feature of this find was the selective enrichment that
occurred in the outer zone, where Sn-enrichment is observed at
the expense of Cu. Elemental maps also show a clear correlation
between Cl and the distribution of Pb (Fig. 6).

Finally, sample 02BP48 has a heterogeneous internal structure,
in which two zones with different morphologies can be distin-
guished. The east side has a regular dendritic structure, less pro-
nounced in the core and more evident toward the outer portion.
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Fig. 5. SEM-BSD image and EDS analyses of the arrowhead P18.1202.100. The central image shows the microstructure of the sample, with dendritic regions (outlined in
orange) and corrosion-affected areas. Four EDS spectra were acquired from the indicated points: (A) Cu-rich dendritic region; (B) Cu-Sn-As-rich interdendritic phase; (C) Pb
inclusion; (D) corrosion zone enriched in O, Cl, and Pb. Elemental maps (Cu, Sn, Pb, Cl, O) are displayed at the bottom, illustrating the distribution of individual elements
within the analyzed section and highlighting the association between Pb, O and Cl, particularly in the corroded regions.

Fig. 6. EDS mappings of arrowhead P18.1202.100, in the outer area of the south fin, were obtained using the FEI-Quanta 400 tool. A phenomenon of surface enrichment of
tin (Sn) is observed in the outer areas, indicative of a selective alteration process at the expense of copper (Cu).

The west side of the arrow is characterized by a branched struc-
ture composed of parallel dendritic arms (Fig. 7). Pb appears un-
evenly distributed within the sample, with a higher concentration
in the fins than in the core. A general Pb-enrichment in the outer
portions can also be seen, often related to the presence of Cl (Table
S.1, Supplementary Materials).

4.2. Characterization of corrosion products and electrochemical
properties

Micro-Raman spectroscopy was used to characterize the corro-
sion products detected in different areas of the artefacts (Table 2
and S.2). The predominant products are cuprite (Cu,0) and mala-
chite (Cu,CO3(0OH),), common products of copper corrosion.

The corrosion layers of nails and aes rude were generally com-
posed of copper oxides and carbonates. However, nail 9787 showed
a multilayer corrosion structure due to the presence of atacamite
Cu,Cl(OH)3, clinoatacamite Cu,Cl(OH)3, and nantokite CuCl in the
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outer part (Fig. 8). Two aes rude (samples P18.1290.3 and 99BA28)
also revealed, in this case within the heavily corroded inner
zones, the presence of atacamite (Fig. S.6). Instead, the arrow-
heads showed corrosion layers mainly consisting of copper oxides
and carbonates, similarly to the other artifacts, although they were
made of a more complex alloy rich in Sn and Pb. Only sample
81.1098 showed, in addition to corrosion products such as Cu ox-
ides and carbonates present on the outer layer, intermediate layers
containing cerussite (PbCO3) (Fig. 9, spectrum E). The areas near
the central cavity, probably created to insert the arrow shaft, are
also investigated. Indeed, during the burial, this cavity gradually
filled with sediment. Raman spectroscopy in this area highlighted
the occurrence of cuprite and malachite (Fig. 9, spectra B and C),
due to dissolution processes of the copper on the surface of the
cavity.

Overall, the corrosion of the analyzed artefacts indicated two
distinct ways: (1) the external layers composed of well-crystallized
corrosion products as Cu oxides or carbonates, forming a “passivat-
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corrosion products: spectrum A shows the formation of clinoatacamite Cu,Cl(OH);, while spectrum B reveals the coexistence of atacamite Cu,Cl(OH); and nantokite CuCl.
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Fig. 9. Cross-section of the arrowhead 81.1098, at 30x magnification, acquired using the Dino-Lite handheld microscope. Points of Raman analysis have been highlighted in
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and malachite, while spectrum E identifies the presence of cuprite, azurite, and cerussite (PbCOs). Table S.2 shows the identification peaks for each product. The blue box
shows a 220x magnification of the area, highlighting the multilayer corrosion structure. The yellow box indicated an area analyzed by SEM-EDS; the corresponding spectra

are reported in Supplementary Fig. S.7.

Table 2

Overview of corrosion products identified on each archaeological artifact.
Inventory No.  Cpr'  Tnr2  Mlc! Azr' Cer' At® Cln*  Nnt®
9787 - - - - - X X e
58,257 X - X - - - - -
49,466 X - X - - - - -
52,640 - - X - - - - -
04BG78 X - - - - - - -
04BV57 X - X - - - - -
P18.1290.3 X X - - - X - -
99BA28 X X X X - X - -
07AD4 X - X - - - - -
81.1098 X - X X X - - -
02BP48 X X - - - - - -
P18.1202.100  x - X - - - - -

Cpr: cuprite Cu,0, Tnr: tenorite CuO, Mlc: malachite Cuy(CO3)(OH),; Azr: azurite
Cu3(C0O3),(0OH),, Cer: cerussite PbCO;, Atc: atacamite Cu,CI(OH);, Cln: clinoata-
camite Cu,CI(OH);, Nnt: nantokite CuCl. The identification of corrosion products
was carried out using both the Search-Match software of the instrument (Grams)
and comparison with reference spectra taken from literature sources: '[42], 2[43],
3[44), #[45], 3[46]. Further information is provided in Table S.2 in the Supplemen-
tary Materials.

ing layer” [40,41]; while (2) the internal corrosion of the metallic
core, which advances along intergranular paths or dendritic struc-
tures, sometimes showing the formation of copper chlorides. This
internal degradation is often involved inclusions (e.g., Pb), which
were subject to selective corrosion and/or contribute to the local
propagation of the corrosion front.
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Fig. 10A shows the square wave voltammograms recorded on
microparticulate deposits extracted from the corrosion layers of
samples 04BV57, P18.12903, 58,257, and P18.1202.100, attached to
graphite electrodes in contact with 0.25 M HAc/NaAc aqueous
buffer solution at pH 4.75. In the first negative-going potential
scan, a well-defined cathodic peak at ca. —0.10 V vs. Ag/AgCl is
recorded. This signal corresponds to the overlapping reduction of
cuprite, malachite, and eventually atacamite corrosion products
to copper metal, while the corresponding reduction process of
tenorite appears as a shoulder at ca. —0.36 V [29,30,47].

As already described in detail [29,47], the performance of suc-
cessive potential scans leads to acquire information on progres-
sively deeper regions of the corrosion layers based on the mea-
surement of currents for the main reduction process, i;(N), and
the tenorite reduction shoulder, iy(N) (N being the scan number)
[48,49]. Using the criterion for current measurement schematized
in Fig. 10A(d), the values of the above currents and the accumu-
lated currents, [(N) (= §(1) + §§(2) + ... §j(N); J = 1,2) can be deter-
mined. The accumulated quantities can be taken as representative
of the net charge transfer passed during the respective reduction
process, which in turn represents the depth of the corrosion pat-
tern of the object. Since the sampling process does not transfer the
same quantity of sample onto the electrode surface, the absolute
values of currents and accumulated currents can vary between in-
dividual experiments. However, they define common patterns that
can be able to group the samples studied. Fig. 10B shows the plot
of the I5(6)/I;(6) ratio vs. I;(6) for samples in this study. One can
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Fig. 10. Electrochemical analysis. (A) Square wave voltammetry of samples a) 04BV57, b) P18.12903, c) 58,257, and d) P18.1202.100, attached to graphite electrodes in
contact with 0.25 M HAc/NaAc aqueous buffer solution at pH 4.75. Potential scan initiated at 0.45 V in the negative direction; potential step increment 4 mV; square wave
amplitude 25 mV; frequency 10 Hz. Six successive potential scans are superimposed, whose order is denoted by vertical arrows. The horizontal arrows mark the direction of
the potential scan. The baseline and the criterion used to measure currents are depicted in (d) for the first potential scan. (B) Plots of I,(6)/I;(6) vs. I;(6) for nails (circles),
aes rude (solid circles), and arrowheads (triangles) in this study using voltammetric data such as illustrated in Fig. 10A. Three independent measurements for each object are
plotted. The data point for nail 52,640 is represented by squares. The solid lines correspond to the fit of experimental data to potential functions. (C) a,b) Mott-Schottky plots
obtained from impedance data of samples a) 49,466 and b) 52,640. c,d) Plots of the ordinate at the origin vs, the (minus) slope for samples from the Southern Sanctuary (c)

and the Monumental Sanctuary (d).

see in this figure that the data points for the aes rude and arrow-
heads can be fitted to two closely similar curves, representative
of slightly different corrosion patterns. Except for nail 52,640, data
points for nails differ from the above and define a different curved
trend.

Fig. 10C (a,b) shows the Mott-Schottky (MS) plots of 1/C2 (C,
capacitance, F) values vs. applied potential (E, V vs. Ag/AgCl) from
impedance measurements in the region of potentials between 0.0
and +0.8 V vs. Ag/AgCl, where no faradaic processes occur. The
recorded data at sample-modified electrodes produces MS plots
with reasonable linearity. The slope of such representations is
negative, in agreement with the p-type semiconducting charac-
ter of cuprite, which is, in principle, the main corrosion product
in the sampled regions of the artifacts. The slope and the ordi-
nate at the origin of these representations (or, equivalently, the ab-
scissa at the origin, in turn representative of the flatband potential
of the semiconducting material) calculated in independent repli-
cate impedance measurements vary because of the different net
amount of sample transferred onto the electrode in each measure-
ment. However, the representations of the intercept vs. the (minus)
slope yield straight lines, as expected if the MS model applies [30].
Fig. 10C (c,d) shows the representations corresponding to samples
from the Southern Sanctuary and the Monumental Sanctuary of
Pyrgi.

Samples from the Southern Sanctuary display quite a homo-
geneous response (Fig. 10C). Similar homogeneity was obtained
for samples from the Public Ceremonial quarter. In contrast, the
samples from the Monumental Sanctuary present different trends.
To interpret these features, it is convenient to remark that the
sampling process results in the transference of a series of metal-
lic sheets of nanometric size onto the graphite electrode surface
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[29,30,47]. In repetitive voltammetry, there is a progressive delam-
ination of the metallic sheets, and the properties of deeper regions
of the corrosion layers influence the electrochemical response. In
MS measurements, however, no electrolysis takes place, and the
technique provides information on the more external region of the
corrosion layers. Since this region is more sensitive to the environ-
ment, its capacitance behavior mainly reflects not the composition
and microstructural properties of the more external corrosion lay-
ers, in turn is quite sensitive to the environmental conditions.

5. Discussion

Among the samples, differences in chemical composition of
the alloys and inclusions, microstructure, and corrosion have been
observed. The nails and aes rude are almost pure copper with
very low percentages of tin and lead. Only two finds (49,466 and
P18.1290.3) contain about 2 wt% of Sn. The arrowheads are made
by a ternary bronze alloy (Cu-Sn-Pb), with tin between 2 and 8
wt% (low-tin bronze) and a high Pb content, between 3 and 21
wt% (Table S.1, Supplementary Materials). These results indicated
the skill of ancient Etruscan metallurgists in adapting the proper-
ties of alloy to functional needs.

Lead, often present in copper-based alloys, originated either
from naturally occurring impurities in the ores or was intentionally
added to lower the melting point and improve castability [33]. In
arrowheads, Pb abundance suggests a deliberate choice to increase
weight and improve the ability to penetrate upon impact on the
target [50]. Arrowheads with high Pb content have been found in
various archaeological contexts and associated with different an-
cient civilizations [6,50-53].
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On a micrometer scale, the arrowheads show a dendritic struc-
ture (Fig. 5, 7, and S.5), indicative of a production process by cast-
ing with rapid cooling. [33]. In Cu-Sn-Pb alloys, Cu solidifies as the
first component (T;°: 1084 °C), forming the skeleton of the den-
dritic structure, where the less soluble elements are concentrated
inside [33]. Lead does not participate in the formation of a copper-
tin alloy, being insoluble with copper, but creates segregated is-
lands between the interdendritic spaces [54-56]. In this case, the
high concentration of Pb makes the alloy too brittle for cold work-
ing, explaining the absence of signs of subsequent processing [57].

Arrow 02BP48 shows signs of faster cooling than the other
finds, with a dendritic structure extending to the core, despite its
lower tin percentage (about 2 wt%). The west wing shows a more
regular dendritic structure, with the B and C phases aligned paral-
lel (Fig. 7) and a higher concentration of Pb islands. This was also
evidenced by the average composition obtained from X-ray map-
pings, where the Pb is enriched up to 9.4 wt%, compared to the 3
wt% value found in the central area (Table S.1, Supplementary Ma-
terials). This phenomenon could have been attributed to the po-
sition of the mold during casting. The effect of gravity may have
favored the accumulation of Pb, a denser element, in one of the
fins.

Arrowhead 81.1098 has a central cavity, filled by minerals from
the burial soil, which affect the internal structure of the artifact.
The variation in thickness between the outer surface and the sur-
face bordering the cavity in the inner area resulted in differences
in the cooling rate, ie., thinner parts cooled faster than thicker
parts. This variation caused a different effect on the distribution of
Pb in the alloy. In areas with a faster cooling rate, Pb tended to be
enriched in the outermost and central areas (Fig. S.8). This could
have been due to two phenomena, i.e., the first is the “reverse sur-
face segregation,” formed when solidification began rapidly, such
as near a mold wall. In this case, Pb-concentration on the surface
was due to the shrinkage of solidification and the need to com-
pensate for shrinkage, causing the surface composition to be richer
than inside. The second, “positive segregation”, occurred in the in-
ner regions of the object and results from the inward thrust of
denser components, such as lead, during the formation of dendritic
phases [58,59].

Nails and aes rude differ in composition, being predominantly
pure copper with minimal amounts of Sn and Pb (Table S.1), ex-
cepting nail 49,466 (2.2 wt% Sn) and aes rude P18.1290.3 (2.5 wt%
Sn). These show two-phase structures with regions rich in Cu
(phase A, dark gray) and others in Cu-Sn (phase B, light gray), as
well as Pb-Te, Cu-S-Te, and Pb-Bi inclusions (Figs. S.2 and 4). Their
presence suggests the use of polymetallic sulfides as raw materials
for extraction, such as chalcopyrite or stannite [60].

Tellurium and selenium have been found in several artefacts,
associated with copper sulfide and lead inclusions. Indeed, tel-
lurium and selenium were often related to ores of copper, lead,
gold, and other heavy metals [15,61]. Both elements were enriched
in sulfide minerals through hydrothermal processes, particularly
in volcanogenic massive sulfide deposits (VMS). Selenium replaces
sulfur, due to their chemical affinity and similarity of ionic radii,
in the crystal structures of minerals such as pyrite, galena, spha-
lerite, and chalcopyrite [16]. This isomorphic substitution is a com-
mon phenomenon in various metallurgical and geologic systems
and can affect the final composition of sulfidic inclusions, lead-
ing to variations in Se content from the original sulfur [62,63].
Instead, tellurium tends to preferentially concentrate in ores con-
taining noble metals, ie., Ag and Ay, and in Pb and Cu sulfides
[16,17].

Previous studies reported that Te and Se tended to become
trapped in sulfide inclusions when the smelting process did not
remove all sulfur; thus, both elements could have occurred in low
concentrations in the final products [10,17,21,64,65]. In hydrother-
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mal systems, for example, VMS deposits, Se and Te behave as chal-
cophile elements, preferentially binding to metal ions rather than
remaining in solution. The incorporation of Se and Te into miner-
als is aided by temperature between 250 and 350 °C, where sul-
fide precipitation occurred due to the cooling of hydrothermal flu-
ids flowing through volcanic and sedimentary rocks [16].

In VMS deposits, Se could have been released from pyrite and
chalcopyrite during hydrothermal leaching or supergene alteration
processes, contributing to its mobilization and redistribution in
secondary mineralogical phases. Tellurium, being less mobile than
Se, tends to be trapped in primary minerals or to form separate
tellurides in associated metal ores [16].

The low presence of Te and Se in artifacts is also related to their
volatility, since copper sulfides must be oxidized (“roasting”) to re-
move sulfur before they can be reduced [21,66]. The process occurs
at temperatures around 700 °C, involving the partial loss of Te and
Se, and varying the concentrations [64]. Although this behavior
may have influenced the absolute concentrations of Te and Se, they
are good indicators for understanding production technologies, the
degree of oxidation, and roasting temperatures, and provide clues
to the ores [64]. These elements reflect both the geochemical com-
position of the ore source and the incomplete smelting process,
which did not allow their complete removal. EDS analyses showed
Te and Se exceeding 4 wt% (Table S.1), indicating the nails origi-
nated from similar deposits, perhaps from subduction zones such
as those in MVS systems; an example in the ancient Mediterranean
areas was the deposits of Cyprus. Selenium is preferentially incor-
porated into pyrite and chalcopyrite, while Te is associated with
galena and other lead and silver ores [16,67].

The presence of Te, Se, and Bi in the inclusions of the artifacts
also found parallels in several hydrothermal polymetallic deposits
of the Italian peninsula, such as southern Sardinia, the Western
Alps, and Liguria [68]. In the Arburese district (southwestern Sar-
dinia), e.g., Se was found enriched up to 4 wt% in galena or sulfur-
rich carbonaceous black shales of Silurian age. Instead, the Piazza
deposit in Liguria was characterized by a Te-rich mineralogy (e.g.,
native Te phases and PbSe containing Te), in association with Ag-
Pb-Cu sulfides [68].

In a recent study [14], it was reported that the transport of
nano-micron metal-rich sulfide-sulfosalt melts within epithermal
fluids (at temperature <400 °C) formed irregular and bleb-like
poly-mineral inclusions of Ag-Au-Cu-Pb(-Fe-Zn)-As-Sb-S-Se upon
cooling. These hydrothermal systems demonstrated that metals
such as gold and silver could be transported not only as soluble
complexes, but also as transient, non-soluble molten droplets sus-
pended in hydrothermal fluids [14]. These droplets often carried
associated chalcophile and semi-volatile elements, including Bi, Te,
and Se, which may crystallize together upon cooling. The morphol-
ogy and elemental composition of some inclusions observed in the
Pyrgi artifacts—such as Pb-Te-Se or Pb-Bi globules—could thus have
reflected solidified micro-droplets inherited from polymetallic sul-
fide ores formed in hydrothermal environments.

One of the questions raised by archaeologists concerned the
possibility that the aes rude was remelted to produce nails. In lit-
erature, the aes rude was described as rough, shapeless masses of
metal [2,69,70], with high compositional variability in the alloys
and inclusions, due to ore deposits and the metallurgical practices.
Commonly, aes rude was composed mainly of Cu with inclusions
of S-Fe and Pb [2,69]. The absence of tin and the high iron content
indicated that this aes rude was unsuitable for plastic deforma-
tion or forging, suggesting production aimed at maximizing metal
yield rather than the quality of the finished product [2]. This rein-
forced its possible symbolic or votive value, where the abundance
of metal was more important than its metallurgical quality. Stud-
ies on other aes rude from Pyrgi revealed a chemical composition
similar to that of the studied samples, consisting of a Cu matrix
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with large inclusions of Fe oxides, globules of Cu-Fe sulfides, and
inclusions rich in Bi (66 %), Cu (22 %), and Pb (4 %) [70].

In the skarn deposits of Campiglia Marittima (Tuscany, Italy)
[39,71] and in the Usseglio district (Western Alps) [68], copper-
bearing polymetallic ores with Bi-rich sulfide phases are known to
be present [72]. Lead globules of sample 07AD4 also contained Ag
and Bi [73]. Silver was often bound from Pb ores, as its presence
was commonly associated with Cu-Pb-Zn sulfides in polymetallic
ore deposits [39], such as those from Tuscany [71] and Sardinia
[74].

The aes rude studied in this work do not contain inclusions of
Te and Se, which is consistent with the results of a previous study
of other aes rude also from Pyrgi [70]. This data does not support
the hypothesis of the reuse of aes rude to create other artifacts,
such as nails. Only P181290.3 shows Te, about 1 wt%, localized in
S-Cu inclusions. However, observation of the sample (Fig. 2H) re-
veals a more regular shape, which differs from the typical rough
and irregular morphology of aes rude, suggesting that this find
does not belong to this type of artifact, but instead may be a frag-
ment of another object.

Nail 49.466 shows “banded” phases in the outer layers, suggest-
ing cold working after casting [33,75,76]. This, together with the
addition of Sn, could indicate an alternative use of the nail to oth-
ers [13,33,77]. Nail 04BV57 was not sampled but shows a surface
composition consistent with the other copper nails.

Copper is a softer metal than bronze or iron, and it would seem
less suitable for objects that must be subjected to structural stress,
as nails usually are. The most plausible hypothesis is that nails, es-
pecially the larger ones, were used to fix terracotta decorations to
the wooden structures of the temple [9,78]. However, copper nails
found in shipwrecks [79-83] or in port contexts [82] are docu-
mented in the literature, suggesting a possible use in ship carpen-
try. Pyrgi was a commercial crossroads because of its port. Thus,
the nails could have represented tools used in the naval sector;
however, the context of the find, near sanctuaries, favored the in-
terpretation related to the use of these tools in sacred architecture
[9,78].

Micro-Raman analyses performed on the cut sections of the
finds revealed a layered corrosion structure, which consisted of an
inner layer of cuprite (Cu,0), overlaid by an external layer of mala-
chite (CuyCO3(0OH),). The presence of cuprite and malachite indi-
cates the formation of a passivating patina that protects the arti-
fact’s surface from further degradation [40]. Active corrosion phe-
nomena were exclusively observed in nail 9787 and in two aes
rude (P18.1290.3 and 99BA28), where localized zones of aggressive
alteration were identified. These were associated with the pres-
ence of hydroxychlorides, including atacamite for all three sam-
ples, and clinoatacamite, and nantokite only in nail 9787 (Figs. 8
and S.6). Although atacamite and clinoatacamite are polymorphs
(CuyCl(OH)3), they can be distinguished by their crystallographic
features and exhibit slightly different levels of chemical stabil-
ity [84,85]. Both compounds may result from the transformation
of less stable copper hydroxychlorides, such as botallackite, under
varying environmental conditions [77,86]. Their occurrence in sam-
ples suggests a relatively recent corrosion process. Instead, the de-
tection of nantokite (CuCl) in the innermost layers of the patina in-
dicated a still active corrosion, as this compound is the first step in
the copper chloride transformation process [87]. Nantokite is un-
stable in the presence of moisture and oxygen, and it tends to react
rapidly, starting a self-catalytic cycle of degradation. Consequently,
its presence indicated that corrosion was progressing, irreversibly
leading to the “bronze disease” phenomenon [77,84,87,88]. In sam-
ple 9787, the alteration occurred only in a few areas, circumscribed
within a generally compact and well-structured corrosion layers,
suggesting a pitting phenomenon. Lead inclusions in the nail may
have facilitated this process. During solidification, lead, which does
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not form an alloy with copper and solidifies later, tends to segre-
gate at the grain boundaries as globules. Therefore, since Pb is less
noble than copper, it is subject to selective corrosion, leading to
its dissolution and opening preferential pathways for deeper pen-
etration of corrosion (Fig. 8) [76,89]. The occurrence of nantokite
and localized corrosion along grain boundaries, where Pb inclu-
sions are present, may have triggered self-powered corrosion pro-
cesses, leading to the progressive degradation of the alloy, compro-
mising its structure [77,90]. Instead, the investigations carried out
on the inner areas of the aes rude confirmed the results previously
obtained with SEM, which had revealed an association of Cl and
Cu in the corroded zones, later substantiated by the identification
of atacamite (Figs. S.4 and S.6).

Although other artifacts were recovered from the same archae-
ological area (Table 1), Raman spectroscopy did not reveal the
presence of chloride-based corrosion products. This suggested that
the samples containing copper hydroxychlorides may have been
exposed to more aggressive environmental conditions. Pyrgi is,
in fact, a coastal archaeological site facing the Tyrrhenian Sea,
and as discussed in the geological context section (Section S.2 in
the Supplementary Materials), previous studies on the soil of the
Monumental Sanctuary and the two temples indicate the possi-
ble accumulation of brackish water in the subsoil [91]. It is there-
fore plausible that some artifacts were buried in a microenviron-
ment locally affected by saline infiltration. These conditions may
have played a key role in promoting the formation of copper
hydroxychlorides.

Sample 81.1098 shows multilayer corrosion (Fig. 9) consisting
of (1) a green layer of malachite (spectrum D), more concentrated
in the fins, (2) a homogeneous red layer of cuprite surrounding
the entire artifact (spectrum A), and (3) an intermediate layer with
the presence of cuprite, azurite, and cerussite (spectrum E). Cuprite
is a protective barrier that limits corrosion penetration and pre-
serves the original surface. In the inner area of the sample, a cav-
ity filled with soil was observed. In this area, stratified alteration
products were identified, likely resulting from the interaction be-
tween the metallic substrate and the exogenous mineral particles.
This contact appears to have promoted the localized formation of
secondary corrosion phases, such as copper oxides and carbonates
(Spectra B and C).

The external corrosion layers of arrowhead P18.1202.100 shows
a Cu decrease and an Sn increase (Fig. 6). This type of selective
depletion is referred to as decuprification [41,92,93]. This is due
to prolonged exposure to soil conditions that promote the pref-
erential dissolution of Cu [41,94,95]. The presence of Sn-enriched
corrosion products (such as oxides) limits the diffusion of further
degradation processes by forming a passivating barrier [41,96-98].
This occurs because they have lower conductivity, reducing the in-
ternal transport of O, and/or aggressive species (e.g., CI~) and, at
the same time, hindering the release of Cu*/Cu?* to the outside,
slowing down corrosion [96,99,100]. Despite the observed tin en-
richment, Raman spectroscopy did not detect peaks attributable to
Sn-based crystalline phases, due to their low crystallinity, weak Ra-
man scattering power, or amorphous nature within the corrosion
matrix of this sample [98]. Furthermore, the presence of other cor-
rosion products with stronger Raman scattering, such as cuprite,
may have overlapped and masked any signals associated with Sn
oxides [98].

In the corroded areas of all arrowheads with high lead content,
a clear correlation was observed between Pb inclusions and the
presence of Cl (SEM maps, Figs. 5 and 6). This suggests the acti-
vation of galvanic microcells in humid conditions, which facilitate
deeper penetration of corrosive agents [101]. In contrast, in Cu-
artifacts the corrosion tended to develop diffusely along the grain
boundaries. S-Fe-Te-Se-based inclusions did not appear to signifi-
cantly influence corrosion (Fig. S.4).
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VIMP results were consistent with previous analytical data, re-
vealing the different nodular structure and composition of the dif-
ferent groups of objects (Fig. 10B). As previously described, the
“anomalous” nail 52,640 differed from the other by the presence of
globular inclusions rich exclusively in sulfur and iron. This sample
also shows voltammetric behavior differing from the other nails.
As can be seen in Fig. 9B, the I(6)/I;(6) values of nail 52,640 fall
in a tendency curve below that defined by all other nails. Since the
I,(6)/1;(6) ratio can be considered as representative of the averaged
tenorite/cuprite ratio in the sampled corrosion layer [48,49], these
features can tentatively be attributed to the occurrence for sample
52,640 of corrosion in a quite different, less oxidant environment.

MS data in Fig. 10C indicate that samples from the Southern
Sanctuary (consisting of nails and aes rude) and the Public Ceremo-
nial quarter (aes rude and arrowheads) showed quite homogeneous
impedance behavior regardless of the type of artifact, thus sug-
gesting relatively uniform conditions of corrosion. This was a sharp
contrast with the samples from the Monumental Sanctuary (nails
exclusively), which showed quite different MS plots. This could be
rationalized by considering that, apart from possible differences in
composition and microstructural properties of the base metal, the
nails were possibly subjected to more severe conditions, likely due
to the presence of brackish water in the subsurface. In line with
this explanatory scheme, the sample 9787, where atacamite and
nantokite (markers of advanced corrosion) were detected, showed
the highest deviation relative to the MS response of all other nail
samples.

6. Conclusions

The results on nails, arrowheads, and aes rude indicated chem-
ical and microstructural differences among artifacts, reflecting the
ability of artisans to select different alloys for functional and cul-
tural reasons. The study also provided insights into the raw ma-
terials and metallurgical practices, and the state of preservation of
the artifacts.

1. The nails and the aes rude consisted of inclusions-rich pure cop-
per, while the arrowheads were in a Cu-Sn-Pb alloy with a high
lead content, characterized by patterns of dendritic solidifica-
tion and Pb segregation.

2. The inclusions in the aes rude suggest that the artisans adopted
an approach focused more on maximizing metal recovery than
on refining the quality of the final product. Fe, S, Te, and Se in-
clusions suggest the use of polymetallic sulfide ores, probably
from Italy and Cyprus VMS deposits. Bi-rich phases in Pb in-
clusions infer hypotheses that the raw material originates from
Tuscan deposits, Campiglia Marittima, or the Western Alps,
Usseglio district. Te and Se give information about refining and
technological knowledge.

3. Cuprite and malachite indicate relatively stable corrosion prod-
ucts, while trihydroxychlorides were detected in samples 9787,
P18.1290.3, and 99BA28, highlighting severe corrosion processes
and exposure to chloride-rich environments. Electrochemical
investigations revealed variations in corrosion behavior among
the artifacts recovered from different areas of the site. In par-
ticular, the nails found in the Monumental Sanctuary showed
more pronounced anomalies in the Mott-Schottky analysis re-
sults, suggesting greater variability in corrosion processes than
in the other contexts, likely due to the presence of seawater in-
filtration.
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