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Abstract: This study reports the analytical approach towards nine coins found in wreck A of Fontana-
mare for understanding the complex corrosion processes that take place in underwater conditions.
Optical microscopy (OM) combined with micro-Raman (p-Raman) spectroscopy, X-ray diffractometry
(XRD), and scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM and EDS)
were used to analyze the nature and the microstructure of the corrosion patina in comparison with
the non-degraded state of coins. Three main types of corrosion patina based on copper, lead chloride,
and carbonate were identified: black, white, and green, and the obtained results demonstrate the
complex corrosion processes that take place in underwater conditions. To better understand the
role played by different chemical and physical parameters in the corrosion of bronze artefacts in an
underwater environment, this study attempts to understand the nature of the patinas on the coins in
relation to the specific structural and environmental parameter variation.

Keywords: bronze corrosion; Fontanamare shipwreck; underwater environment

1. Introduction

Sardinia was the centre of the routes between East and West as early as the 15th
century BC, as evidenced by Mycenaean attestations; a strong presence of Cypriot materials
followed in the 12th century BC, which testify to exchanges with the Nuragic populations
from the point of view of the copper trade and bronze working [1].

The Fontanamare site is located in the Gonnesa Bay, on the southwestern side of
Sardinia, in the Iglesiente region.

The geomorphological configuration of Fontanamare Bay is characterised by a series
of rocks that extend beyond the rocky barrier that runs parallel to the coast between Porto
Paglia and Fontanamare. This barrier, combined with the shallow depth of the sea in that
stretch, a frontal exposure to the mistral wind, and being almost tangentially to the libeccio
wind, has always posed a risk to navigation. Numerous ships that have sunk there have
left behind materials that give an indication of this danger.

Wrecks and artefacts of the marine heritage were already known in the 1960s and were
the object of numerous depredations.

During underwater campaigns on the southwest coast of Sardinia, in front of Fontana-
mare (Figure 1A), first in 1965 and then again in 1972, three wreck sites were identified
and dated based on the finds of numerous amphorae. Only between 1997 and 1999 did the
Superintendence of Cagliari and Oristano conduct some underwater reconnaissance. The
research focused on an area south of Sa Punta e S’Arena, extending northeast for one kilo-
meter towards Fontanamare and north-west for about 350 m from the coastline (Figure 1A).
The prospecting allowed the identification and survey of eight sites (A-H) (Figure 1B). The
wreck sites have been dated mainly based on the pottery contexts: the first site discovered
contained Dressel-20-shaped amphorae in its cargo, dated to the first century AD; the
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second, dating back to the second century BC, contained Greek-Italian amphorae. These
ships were most likely stranded on the cliff following a wrecking event [2,3].

Figure 1. (A) Map of Sardinia showing the location of Fontanamare Bay. (B) Survey of discovery sites
marked with an alphabetic letter (A-H). (Image: T. de Caro).

According to the information found in the wrecks, it is feasible to guess the routes the
ships took based on the cargo they carried. For example, the wine amphorae and ceramics
were likely shipped from southern Italy, whereas the shipment of fish sauce and oil was
likely coming from Betica, Spain.

This study is focused on the analytical investigations of nine coins found in shipwreck
A of Fontanamare (Sardinia), dated to the third century AD, precisely the Antonine age.

With regard to the numismatic material, an agglomeration of coins of mm 140 x 115
(weight 2465 gr) called “pane 1” (bread) and another of mm 71 x 55 (weight 91.19 gr), called
“pane II” were found in wreck site A, 22 coins with imprints belonging to the pane I, and
about 200 loose coins [2,3].

“Pane I” consists of a compact nucleus of coins, where on the external surfaces it is
possible to identify about 14 coins. On its external surface, it is possible to observe a texture
of a fabric weaving imprint on one side, which suggests that the coins, at the time of the
shipwreck, were kept in a canvas sack. It is possible to still see remnants of the original
sack’s fibres on a few coins, which serves as confirmation of this (Figure 2).

Figure 2. Optical images of coins F14 (A) and F36 (B) that show remnants of the original sack’s fibres
(indicated by the red arrows (A) and a highlighted section (B)) of the canvas sack (photos: T. de Caro).

The discovery of the coins thus allowed for the attribution of a certain date to the ship,
although only a tiny number are clearly legible. Although the issuing authority cannot be
determined with certainty, due to the majority of the coins being either completely unreadable
or fractured, it is certain that they are Antoninian coins from the third century AD [3].

The archaeological value of the discovery is high, although in terms of currency, the
value of the coins was quite low (about two denarii) and they were probably used for daily
payments or sales profits [2].
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In this paper, nine bronze coins from the Fontanamare wreck, selected on the basis of
the nature of patinas, were investigated for the first time, using a multi-analytical approach
combining optical microscopy (OM), micro-Raman (p-Raman) spectroscopy, and X-ray
diffractometry (XRD) to analyze the nature of the patina. Scanning electron microscopy with
energy-dispersive X-ray spectroscopy (SEM and EDS) was used to study the microstructure
of corrosion products and the nature of alloys by analyzing the surface and cross-section [4].

Studies of the late Roman Empire Antoninian coins discovered in underwater archaeo-
logical sites can reveal details about their production. It is also significant for understanding
the complex corrosion processes that take place in underwater conditions.

The Marine Environment Corrosion

When a coin is immersed in seawater, its surface interacts with the marine environment,
resulting in a very complex corrosive phenomenon, and in a short period, electrochemical
mechanisms begin [5-10].

Seawater is the primary corrosive agent in marine corrosion because it is a complex
solution of dissolved ionic salts (predominantly sodium (Na™), chloride (C1 ™), sulphate (SO4%),
magnesium (Mg?*), calcium (Ca?*), and potassium (K*)); dissolved gases (O, CO,); and
suspended particulate materials (SPM) that includes mineral particles as well as living and dead
plankton, with the addition of biological activity increasing th corrosion rate [11].

Other influencing factors to determine what and how quickly corrosion occurs are
seawater temperature [12], the nature of marine currents, pH, and the environmental zone
to which the metal is exposed [13].

Typically, as the temperature rises, corrosion progresses more quickly. At the same
time, the change in biological activity with temperature is a dominant factor in the sea.
The development of marine organisms on the surface of the metal can produce an outer
concretion, and behind this concretion, a microenvironment, frequently more protective,
can grow. Therefore, because of the increase in temperature, marine organisms grow more
quickly and form a protective layer on the metal [12].

Oxygen and carbon dioxide, produced during photosynthetic underwater activities,
are the main dissolved gases in seawater. Due to the high concentration of dissolved oxygen,
seawater is a strongly oxidizing agent; however, it can turn reducing due to biological
activity. This parameter varies depending on the geographical location, as well as the depth
and temperature of the water. The corrosion phenomenon becomes more active as the
concentration of dissolved oxygen increases. When this parameter falls, for example, at
the mud-water interface, the concentration of chloride ions rises. The concentration of
dissolved oxygen also affects biological colonization, which takes place on the surface of
the metal after a short time of being submerged. Over time, the surface of the metal is
covered by biofilm primarily made of aerobic and anaerobic bacteria that might accelerate
the corrosion [14,15].

Generally, the marine bacteria strain responsible for microbial corrosion belongs
to the sulphate-reducing bacteria group. These bacteria contribute to corrosion by first
solubilizing the metal surface with their hydrogenases, then reducing the sulphate to
sulphide, causing the dissolution of the metal. The biofilm developed by these bacteria
increases with exposure time, and its heterogeneities are also responsible for localized
metal surface inhomogeneity, which favors the corrosion process [16].

The depth of the site of finding and the movement of the water is also related to the
amount of oxygen in the water and has a pronounced effect on the growth of marine organ-
isms. For this reason, metallic artefacts buried under the seabed have significantly reduced
oxygen levels, which can lead to the development of anaerobic conditions around them.
Furthermore, sea storms and currents can create movements of the overlying sediments,
which change the metal microenvironment from aerobic to anaerobic and vice versa [17].

The average parameters that should be considered for the Sardinian seabed, which
is the deposition environment of the coins analyzed, are the following: salinity with an
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average value of 35%o, with greater values observed in localized places (38.6%.), and pH
between 7.5 and 8.4 [16].

2. Materials and Methods
2.1. The Antoninianus Coins

The antoninianus coins were introduced under the reign of Caracalla (Marcus Aurelius
Antoninus), ca. 214-215 AD [18]. The first coinage contained a percentage of silver, up to
80% of Ag [19].

Then, as a result of the economic crisis due to a severe debasement of the mint, the
silver content of the antoninianus gradually declined, hitting its lowest values during the
reigns of Gallienus and Aurelianus (270-275 AD), and turned into a bronze coin with a
very low silver content (about 2%—-3% Ag). Cu and Pb concentrations subsequently rose
after Ag content declined [20,21].

The argentiferous bronze coins were produced until the beginning of the reign of
Diocletian, when he reintroduced high-quality silver coinage in 294 AD.

In order to better correlate and understand the corrosion processes in submarine
conditions related to the microchemical and microstructural properties of the material
buried, nine antoninianus coins (Figure 3 and Table 1) from the Fontanamare wreckage
have been selected based on the different patina chemical and morphological features.

F10

3
F15
F7

White—green patina coins
F26 E36 F40

Black patina coins

F16 F32

Green patina coins
F14

Figure 3. Antoninianus coins from Fontanamare wreck analyzed (photos: T. de Caro).

Table 1. Weight (g) and dimension (mm) of the analyzed coins.

F10 F26 F36 F40 F15 F16 F32 F7 F14

Weight () 0.74 0.81 1.02 0.78 1.02 0.98 1.12 0.72 0.78
Dimension (mm)  10.6 10.8 11.6 9 13 12 15 11.2 11

2.2. Analytical Methods

The selected coins have been analyzed by means of optical microscopy (OM), scanning
electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction
(XRD) analysis, and micro-Raman (p-Raman) spectroscopy.

Optical microscopy (OM) investigations were performed using a Leica M125 C micro-
scope and a MEF 4 microscope equipped with a digital camera, Leica MC170 HD.

SEM and EDS characterizations were carried out by a LEO VP 1450 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, sufficient to overcome the critical energy of
the electrons for the X-ray emission (quantitative resolution limit of 0.2% by weight).
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The structural identification of crystalline phases of the patinas was determined by a
Siemens 5000 X-ray powder diffractometer using a Ni-filtered Cu K« radiation (A = 1.5418).
Angular values in the range between 10 and 80° in additive mode, a step size of 0.05°, and
a sampling time of 2 s were the experimental parameters used for data acquisition. X-ray
diffraction pattern analysis was carried out using RUFF online database [https:/ /rruff.info
accessed on 16 February 2023] and with the instrument library.

p-Raman analysis was performed at room temperature using a Renishaw RM2000,
equipped with a Peltier-cooled charge-coupled device (CCD) camera, in conjunction with a
Leica optical microscope with x10, x20, x50, and %100 objectives. Measurements were
performed using the x50 objective (laser spot diameter of about 1 um) and the 514.5 nm
excitation line of an Ar* laser using the equipped density filter and with a real output of
300 uW. Raman analysis was carried out using RUFF online database [https:/ /rruff.info
accessed on 17 February 2023] with the GRAMS library.

3. Results
3.1. White-Green Patina Coins

The optical image of the F10 coin is shown in Figure 4A. To analyze the microchemical
and microstructural features of the surface layer, SEM/EDS analyses (Figure 4B,D) were
carried out. The SEM image shows a nonuniform patina, with light and dark areas of
different chemical compositions observed through backscattered electrons, as evidenced
by the EDS spectra recorded on the A, B, and C areas, where Pb, Sn, and Cu, and Cland S
elements are, respectively, present.
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Figure 4. Surface analysis of coin F10: (A) Optical and (B) backscattered SEM images of coin surface.
(C) XRD analysis that highlights the presence of the lead carbonate cerussite (PbCO3) and the lead
oxide. (D) EDS spectra recorded on the A, B, and C areas, where Pb, Sn, and Cu, and Cl and S
elements are, respectively, present.
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The nature of the corrosion products was identified by means of the XRD analysis
(Figure 4C) and highlights the presence of Pb compounds such as the lead carbonates
cerussite (PbCO3) and the lead oxide.

The optical image of the F26 coin is shown in Figure 5A. The SEM image (Figure 5B)
shows a nonuniform patina with a white area rich in Pb, Cl, and Sn and a dark area rich in
Pb and Cl, as evidenced by the EDS spectra (Figure 5D).

200
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Figure 5. Surface analysis of coin F26. Characterizations of the artefacts: (A) optical and (B) backscat-
tered images of coin surface. (C) XRD analysis that highlights the presence of cerussite and phosgenite
(PbC1),COs3). (D) EDS spectra recorded on the A and B areas, where Pb, Cl, and Sn and a dark area
rich in Pb and ClI elements are, respectively, present.

The XRD analysis (Figure 5C) defines the presence of cerussite as well as the lead
chloro-carbonate phosgenite (PbCl),CO3).

Figure 6A shows the optical image of the F36 coin. The surface has a green and white
patina that is primarily composed of Pb, Cu, and Cl, with darker layers composed of soil
minerals as evidenced by EDS spectra (Figure 6B,D). The diffractogram (Figure 6C) reveals
the presence of atacamite (CupyCI(OH)3), botallackite (Cup(OH)3Cl), and cuprite (CuyO).
These corrosion products are frequently found on bronze artefacts that have been buried in
marine environments [22].

The optical image of the F40 coin is shown in Figure 7A. According to SEM and EDS
spectra (Figure 7B,D), the brown-white patina is composed of Sn and Pb in the white
region and Cu and Sn in addition to the soil components in the darker area. The diffrac-
togram (Figure 6C) shows that cassiterite (SnO,) and cuprite (CuyO) are the predominant
component of the surface layer.
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Figure 6. Surface analysis of coin F36. Characterizations of the artefacts: (A) optical and (B) backscat-
tered SEM images of coin surface. (C) XRD analysis that highlights the presence of atacamite
(CupCI(OH)3) (a), botallackite (Cuy(OH)3Cl) (b), and cuprite (CupO) (c). (D) EDS spectra recorded on
the A, B, and C areas, where Pb, Cu, and Cl elements are, respectively, present.

Theta/Omega 2:1

Figure 7. Surface analysis of coin F40. Characterizations of the artefacts: (A) optical and (B) backscattered
SEM images of coin surface. (C) XRD analysis shows that cassiterite (SnO,) and cuprite (CuyO) are the
predominant component of the surface layer. (D) EDS spectra highlights the brown-white patina composed
of Sn and Pb in the white region and Cu and Sn in addition to the soil components in the darker area.
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3.2. Black Patina Coins

The optical image of the F15 coin is shown in Figure 8A. According to SEM and EDS
spectra (Figure 8B,C), the patina is composed of Cu and S in the predominantly black areas.
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Figure 8. Surface analysis of coin F15. Characterizations of the artefacts: (A) optical and (B) backscat-
tered SEM images of coin surface. (C) EDS spectra highlight that the patina is composed of Cu and S
in the predominantly black areas. (D) XRD analysis evidences that Cu,S (chalcocite) is formed as the
primary component of the surface layer. (E) Raman spectra reveal the presence of CuS (covellite) and
Cu,S (chalcocite).

The nature of the corrosion products was defined by the XRD analysis and Raman
spectra. The XRD pattern shown in Figure 8D provides further evidence that Cu,S (chal-
cocite) formed as the primary component of the surface layer. The presence of additional
copper sulphides, such as CuS (covellite), which form if the reactive sulphide anions are
present, is revealed by the Raman spectrum of Figure 8E, obtained in a darker region.
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The optical image of the F16 coin is shown in Figure 9A. According to the EDS spectra
(Figure 9C), the patina is composed of Cu and S in the predominantly black areas.
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Figure 9. Surface analysis of coin F16. Characterizations of the artefacts: (A) optical and (B) backscat-

tered SEM images of coin surface. (C) EDS spectra the patina is composed of Cu and S in the

predominantly black areas and Sn and Pb in brighter area. (D) XRD analysis evidence that CuySs

(roxbyite), covellite (CuS), and chalcocite (Cu,S) formed as the primary component of the surface

layer of the dark zone and cassiterite (SnO,) and cerussite (PbCO3) as the primary component of the

surface layer of the bright zone. (E) Raman spectrum reveals the presence of atacamite (Cup, CI(OH)3).

Several characterizations were performed to identify the microchemical and mi-
crostructural features of the surface layer, whose nonuniformity is evident in the SEM
image of Figure 9B where brighter and darken areas are present. The EDS spectra recorded
on the A, B, C, and D areas, shown in Figure 9C, also reveal the presence of Sn and Pb in
brighter area, and Cu, Cl, and S in darker areas.
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The nature of the corrosion products was defined by the XRD analysis and Raman
spectra. The XRD pattern and Raman spectra shown in Figure 9D,E provide further
evidence that CugSs (roxbyite), covellite (CuS), and chalcocite (Cu;S) formed as the primary
component of the surface layer of the dark zone and cassiterite (SnO;) and cerussite (PbCOs3)
as the primary component of the surface layer of the bright zone. The presence of atacamite
(CupCI(OH)s3) is revealed by the Raman spectrum of Figure 9E, obtained in a green region.

The optical image of the F32 coin is shown in Figure 10A. According to the EDS spectra
(Figure 10D), the patina is composed of Cu and S in the predominantly black areas. The
nature of the corrosion products is defined by the Raman spectra. The Raman spectra
shown in Figure 10C provide evidence that covellite (CuS) and chalcocite (Cu,S) united to
cuprite (CupO) formed as the primary component of the surface layer.

S
" Cu o) 1 Cu Gii
+ (o] Sn
/1 b i
+ Sn Sn
1 | Ime
’\ I Fe L Fe ﬂ M’L Pb

T
2000 1750 1500

C

T T T
750 500 250

Raman Shift cm™

Figure 10. Surface analysis of coin F32. Characterizations of the artefacts: (A) optical and (B) back-
sacattered SEM images of coin surface. (C) Raman spectrum covellite (CuS) and chalcocite (Cu,S)
united to cuprite (Cu,O) formed as the primary component of the surface layer. (D) EDS spectra the
patina is composed Cu and S in the predominantly black areas.

The optical and SEM images of a metallographic section of F32 coin, shown in
Figure 11A,B, evidence the morphological details of the patina of the artefact. The EDS
spectra (Figure 10D) confirm a patina composed of copper sulphide, as confirmed by the
Raman spectra (Figure 10C); white areas are composed principally of Pb, and grey areas are
composed of Cu, Sn, Cl, and Fe. The optical image evidences that the bulk alloy is almost
completely mineralized.
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Figure 11. (A,B) SEM and optical images of a metallographic section of F32 coin. (C) EDS spectra
confirm that the patina is composed of copper sulphide while white areas are composed principally
of Pb, and grey areas are composed of Cu, Sn, Cl, and Fe. The optical image evidences that the coin is
almost completely mineralized.

3.3. Green Patina Coins

The analytical results for the F7 and F14 coins are displayed in Figures 12-14. The
surfaces have a stronger green patina that is predominantly made up of Pb, Cu, and Cl,
as demonstrated by the EDS spectra in Figures 12 and 13B. Botallackite (Cuy(OH)3Cl) and
atacamite—clinoatacamite (CupyC1(OH)3) are both present, according to the diffractograms.
Moreover, the EDS spectrum of F14 coins (Figure 13D) reveals the presence of Ag on the
coin’s surface.
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Figure 12. Surface analysis of coin F7. Characterizations of the artefacts: (A) optical images
and (B) backscattered SEM images of coin surface. (C) XRD analysis shows that botallackite
(b) (Cup(OH)3Cl) and atacamite—clinoatacamite (a,c) (CuyCl(OH)3) are the predominant compo-
nents of the surface layer. (D) EDS spectra highlights the presence of Pb, Cu, and Cl elements.
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Figure 13. Surface analysis of coin F14. Characterizations of the artefacts: (A) optical images
and (B) backscattered SEM images of coin surface. (C) XRD analysis shows that botallackite
(b) (Cup(OH)3Cl) and atacamite—clinoatacamite (a,c) (CupyCl(OH)3) are the predominant compo-
nents of the surface layer. (D) EDS spectra highlights the presence of Pb, Cu, and Cl elements.
Moreover, the EDS spectrum of F14 coins reveals the presence of Ag on the coin’s surface.
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Figure 14. (A,B) SEM and optical images of a metallographic section of the F34 coin. (C) EDS spectra
indicates that the external corrosion layer is composed of copper chloride hydroxide compounds.
The optical image evidences that the coin is almost completely mineralized. (D) SEM image that
evidence Pb phases with elongated morphology.

The optical and SEM images of a metallographic section of the F34 coin, shown in
Figure 14A,B, evidence the morphological details of the patina of the artefact.

As was previously observed from the surface study shown in Figure 13, the EDS
spectrum (Figure 13C, spectrum A) indicates that the external corrosion layer is composed
of copper chloride hydroxide compounds [23].

4. Discussion

The analyses carried out on nine coins reveal a wide range of corrosion products
related to the microchemistry and microstructure of the alloy, as well as the environment in
which they were found.

The prevalent presence of white Pb compounds in F10 and F26 patinas is related to
the alloy composition of the antoninianus coins, which hold high levels of Pb. Lead was
frequently added to copper alloys to debase the coinage, since it was a less expensive metal
than copper and tin in ancient times [24].

Lead-containing corrosion products, such as the cerussite shown in the XRD spectrum
(Figure 4C), may be more prevalent in the patina as a result of lead segregating to the outer
surface of the mould during casting. When the bronze contains isolated globules of lead,
similar segregation events can take place, and, over time, Pb migrates to the alloy surface,
where it reacts with ions from the environment to form Pb compounds [20]. Moreover,
lead acetates and basic carbonates can form when leaded bronze items are in contact with
wooden or fibre composites, glues, rubbers, and other materials, since lead is particularly
susceptible to corrosion in the presence of organic acids [25]. The storage of Fontanamare
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coins in a sack at the time of the shipwreck may have made it easier for Pb corrosion
products to form.

The F10 patina XRD spectrum (Figure 4C) also evidences the presence of Ag, used as
an alloying element in the manufacturing process of the antoninianus coins.

Phosgenite (PbCl),COs3), highlighted in the XRD spectrum of coin F26 (Figure 5C),
may be related to the chlorine present in sea water.

The EDS results (Figures 4 and 5D) confirm the presence of Pb and Sn phases resulting
from alloy composition and the presence of Cl resulting from the marine environment.
The EDS spectrum of coin F10 (Figure 4C) highlights the presence of S, which probably
originated from the decomposition of organic matter.

Copper chloride hydroxide (atacamite and botallackite) observed in the patina of
coin F36 suggests a change in the hydroxyl/chloride ratio in the solution. Even though
nantokite (CuCl) has not been found, it is likely that it acted as a precursor to the formation
of atacamite, resulting in the cyclic oxidation and hydrolysis reactions known as bronze
disease. This is the main corrosion process in a marine environment, and it is a very
aggressive form of corrosion, which destroys the artefacts in a very short time, as in the
case of the patina of the analyzed coins [25]. The cuprite phase, shown in XRD spectrum
(Figure 6C), is stable at the pH range of seawater, which ranges between 6.2 and 9.2,
according to the Pourbaix diagram for copper in oxygenated seawater at 25 °C, while the
formation of cuprous chloride from cuprite is not favored [26]. Almost all saltwater has a
pH that typically ranges around 8, but significant variations can occur in limited areas such
as beneath concretions, and cuprous chloride can be observed in seawater as a corrosion
product if the local pH level is low enough to promote its development [7].

The EDS results (Figure 6D) confirm the presence of Cl with Pb from the alloy, S from the
decomposition of organic matter, and Fe and Mg sourced, most likely, from the burial site.

The patina of coin F40 shows a superficial Sn enrichment, as shown by the EDS
spectrum (Figure 7D) that testifies to the decuprification phenomenon, which is the selective
dissolution of the Cu, resulting in the surface of the alloy being enriched with Sn, which
gives rise to cassiterite highlights in XRD spectrum (Figure 7C). In this case, the object is
protected from corrosion by a passivation film formed when Sn oxidizes on the surface [27].

The F15, F16, and F32 coins show mainly black corrosion products composed of
copper sulphides, as evidenced by XRD (Figures 8 and 9C) and Raman spectra (Figure 10C).
In this case, sulphide ions are formed during burial conditions, where the reduction of
sulphate ions by bacteria under anaerobic conditions can occur [28-32], and they can
precipitate as copper sulphides with the copper ions coming from the artefacts. As the
copper sulphides can range in color from greenish-black to blackish lead-grey to blue, the
artefacts appearance can shift.

The process by which the copper sulphide is formed, as we have already mentioned,
depends on a variety of factors, including the surface of the artefact, the sulphur content
created by the decomposition of organic matter, and the nearly oxygen-free environment.
The anaerobic conditions under the concretion created by biological colonization can
stimulate microbial-induced corrosion (MIC), which would permit sulphate-reducing
bacteria to grow due to sulphate-reducing bacteria (SRB) activity. Sulphate reduction
is carried out by the SRB using sulphate as an electron acceptor. The oxidation of Cu
combined with the reduction of sulphate is not thermodynamically favored. Therefore,
free Cu® ions are transformed into copper sulphides such as chalcocite (Cu,S), djurleite
(Cuy1.975), and covellite (CuS) by the S created during their growth [33].

The patina XRD and Raman spectra of coin F16 (Figure 9D,E), in addition to EDS
spectra, point out the presence of Sn, Pb, and Cl in the form of cassiterite, cerussite, and
atacamite, whose mechanisms of formation have already been described.

Coins F7 and F14 exhibit a patina made primarily of copper chloride hydroxide
compounds that are green, emphasizing the aggressive type of bronze disease that can
occur in marine conditions.
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The EDS spectrum (Figure 13B) of coin F14 reveals the presence of Ag on the coin’s
surface, confirming the decuprification of the alloy, and a tin and silver enrichment on the
external surface (Figure 13D spectrum B). As a result, tin and silver enrichment occurs on
the external surface.

It should be noted that the content of Cu is low until 50 um depth due to selective
leaching. The alloy does not show visible corrosion at depths greater than 50 pm, below
the boundary between the externally corroded layer and up to the inner core metal [34-36].

The metallographic section of F34 coin (Figure 14) evidences the microstructure of the
alloy and confirms that they were made of a copper-based alloy with x-phase copper and
lead phases lengthened along grain boundaries, which indicate the direction of the work
hardening during the minting process [24].

The fact that lead has no solid solubility in copper and copper-based alloys should
also be considered. When lead in a bronze alloy makes up more than a few percent of its
weight, it appears as a dispersion of particles throughout the metal, and the number of
these particles, known as globules, grows as the lead quantity increases [37-39].

Additionally, the cooling process of the alloy has a significant impact on the size and
distribution of lead globules in the bronze artefacts. As a result, a leaded bronze object is
not be uniform at the microscale, and the corrosion products that arise have an extremely
complicated microchemical structure. Slow cooling rates cause the formation of such lead
globules in lead bronzes; indeed, if the alloy remains fluid for a long enough time, the lead,
which does not form a solid-state solution, generates globules of significant dimension [24].

5. Conclusions

This study presents the first analysis of nine coins from a Roman shipwreck that
occurred off the coast of Fontanamare, Sardinia. The coins have different patinas, demon-
strating how small variations in the chemical and physical parameters can influence the
nature of the patina. The first group of coins, characterized by a white/green patina,
reveals the presence of predominantly Pb compounds, which could have been formed by
the interaction of the alloy’s Pb content with the natural fibers of the sack that held the
coins at the time of the shipwreck. The second group reveals a primarily black patina,
formed when bacteria reduce sulphate ions under anaerobic conditions. The final group of
coins highlights the green patina and reveals the presence of copper chloride. The presence
of chloride ions is thought to be dangerous because it triggers the copper cyclic corrosion
reaction, which defaces the artefact and adversely affects its chemical-physical stability, as
demonstrated in some case studies.

Finally, the metallographic section analysis confirms a heterogeneous copper-lead
alloy with orientated «-copper grains and elongated lead phases, with low silver content,
the result of the severe economic crisis preceding the time of the Constantine government.
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