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Abstract: This work reports the study of metal fragments from Roman pipes excavated from the
archaeological site of Pompeii and currently preserved in the deposits of the National Archaeological
Museum of Naples (MANN). The Roman pipe, called the tibia, is a reed wind musical instrument
similar to the Greek aulos. It can be made of wood, bone, and/or metal. Materials consisting of metal
Cu-based alloys were excavated from archaeological burial environments. This research aims to iden-
tify the composition of the alloys, characterize the corrosion patinas, and identify any ancient surface
treatments on the fragments. Non-invasive and micro-invasive techniques were used to achieve
this aim, i.e., optical microscopy, Raman spectroscopy, attenuated total reflectance Fourier-transform
infrared spectrophotometry, scanning electron microscopy, and energy dispersive spectrometry. This
research contributes to a deeper understanding of the materials and manufacturing techniques used
for these instruments, as well as the degradation processes occurring over the centuries.

Keywords: Roman pipes; metal fragments; corrosion patinas; archeological burial environment;
optical microscopy; Raman spectroscopy; FTIR; SEM/EDS

1. Introduction

This research was carried out as part of a scientific project whose aim is to study,
conserve, restore, and promote a largely forgotten yet valuable collection of ancient Roman
musical instruments excavated in Pompeii in the 18th and 19th centuries and currently
kept in the National Archaeological Museum of Naples (MANN).

The investigated fragments belong to some ancient Roman pipes (called tibiae) now
stored in the deposits of the MANN. The tibia, similar to the Greek aulos, was a very
popular musical instrument in ancient Rome used in several contexts, especially outdoors.
It was a pipe with finger holes and a double reed mouthpiece and was almost always
played in pairs. The instrument could be crafted from wood, bone, and/or metal. In
the examples found in Pompeii, the instruments are made by bone or wood conjoined
segments with a cylindrical internal cavity, and they are covered externally by two metal
sheets (also including rotating sleeves, which were mechanisms used by the players to
modulate between keys), potentially filled with plant fibers as a filler. Differences in the
number of holes and sliding mechanisms had an impact on the types of melodies that could
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be produced since, by covering and reopening specific fingerholes, the player could modify
the length of the vibrating air column within the pipe and hence produce different notes [1].
An example of a tibia is reported in Figure 1.
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Figure 1. Example of a silver tibia, inventory number 76891, stored in the National Archaeological
Museum of Naples; image courtesy of the Museum.

Materials composed of metal alloys from archaeological excavation sites are subject to
significant corrosion phenomena, leading to the formation of a complex mineralogical strat-
ified layer called “patina” [2–4]. Numerous factors contribute to the initiation of alteration
and degradation processes, encompassing the chemical characteristics of the environment,
the technological aspects of the artifact, and the presence of biological communities. Conse-
quently, transformations of the chemical composition of the surface alloy occur, leading to
the formation of diverse corrosion patinas on the surface.

Nord et al. [5] conducted a comprehensive study on several bronze objects from
different archaeological sites in Sweden, focusing on the chemical composition and corro-
sion products in relation to excavation contexts. Cuprite Cu2O resulted as the predomi-
nant corrosion product among the observed compounds. Malachite CuCO3Cu(OH)2 and
brochantite Cu4[(OH)6|SO4] were also common; atacamite Cu2Cl(OH)2 and paratacamite
Cu2[(OH)3|Cl] were frequently occurring on bronze objects from soils rich in chlorides.
Cornetite Cu3(PO4)(OH)3 and other copper phosphates were observed on metal artifacts
recovered from graves where the interaction between deteriorated bone and the metal had
occurred. The presence of cerussite Pb3(CO3)2(OH)2 indicates a significant amount of Pb in
the objects. Other corrosion products, due to water-soluble salts in the soil, were observed.
Correspondingly, soil analysis from the artifact’s originating sites revealed that objects from
sandy and porous soils are more susceptible to corrosion. Conversely, artifacts from marshy
environments with lower oxygen concentrations exhibit better preservation. Soils with
acidic pH and a high salt component demonstrate strong corrosive action. The presence
of soot in soil aggravates corrosion facilitating a reduction in oxygen [6]. Consequently,
total burial time is not the primary factor influencing degradation; rather, it depends on
conservation conditions and soil characteristics.

Ingo et al. [2] investigated corrosion layers of artifacts from archaeological contexts,
revealing the presence of uncommon patinas. Notably, pyromorphite (Pb5(PO4)3Cl), a
yellow-green lead chlorophosphate complex, was identified on coins from the Tharros site
in Sardinia. This patina’s formation is attributed to the high phosphate percentage in the
excavation soil, resulting from decomposing bone fragments.

Phosphate-based corrosion products were also identified by Fan et al. [7], who investi-
gated corrosion products on bronze artifacts from different tombs at the Yujiaba site in China.
Beyond the common patinas on copper-based alloys, the presence of phosphates, like li-
bethenite (Cu2PO4(OH)), cornetite (Cu3PO4(OH)3), and reichenbachite (Cu5(OH)4(PO4)2),
was ascribed to the influence of the storage environment that was rich in graves and
human bones.

Considering the specific context of Pompeii excavations, Pronti et al. [8] focused on
the corrosion products of Greek and Roman coins. The influence of volcanogenic salts
and their impact on the conservation of metal artifacts have, however, not yet been fully
disclosed. Analyzing artifacts from the same excavation campaign and stratigraphic unit,
the research identified corrosion patinas, showcasing variations even among artifacts of the
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same type due to micro-conditions in the excavation soil. Investigations on fifteen ancient
copper-based coins highlighted the presence of several corrosion products. The coins were
made of leaded bronzes (Cu, Sn, and Pb), and the analyses showed the presence of cuprite
Cu2O, adjacent to the metal. Malachite CuCO3Cu(OH)2 and azurite 2CuCO3(OH)2 were
also found, and both usually grow over the cuprite patina. Cu-Cl-based corrosion products,
like nantokite CuCl, atacamite Cu2Cl(OH)2, and paratacamite Cu2[(OH)3|Cl], were iden-
tified. Amorphous tin dioxide was revealed. Cerussite Pb3(CO3)2(OH)2, plumbonacrite
Pb5(CO3)3O(OH)2, and plattnerite PbO2, lead-based corrosion products, were observed.
Diaboleite Pb2CuCl2(OH)4, an uncommon corrosion product, was detected on a coin.

The present work focused on seven metal fragments belonging to pipes preserved in
the storage of the National Archaeological Museum of Naples (MANN), excavated between
the 18th and 19th centuries in Pompeii. The primary objectives of this specific project were
to identify the composition of the alloys, explore the manufacturing techniques employed
in crafting Roman tibiae, and assess the presence of surface decoration or ancient protective
treatments. Finally, the work also aimed at investigating the corrosion processes affecting
tibiae, which are peculiar composite (metal/bone) artifacts.

2. Materials and Methods

The fragments studied in this research (Table 1) were collected from the boxes in which
the flutes are stored; they were already detached from the original artifacts. Because of this,
it was not possible to assign the fragments analyzed to their belonging pipes.

Table 1. List of investigated tibiae samples with Museum information.

Name Museum Box Museum Description Dimensions

AN2 35 Metal ~8.3 × 6.8 × 1.1 mm
AN3 Metal pipe ~4.7 × 5.6 × 0.4 mm
AN4 8/shelf 2 Bronze ~5.4 × 3.9 × 1.0 mm
AN6 Metal pipe ~4.7 × 3.2 × 0.3 mm
AN7 35 Metal pipe ~4.5 × 4.3 × 0.6 mm
AN8 35 Bronze ~10.6 × 6.9 × 0.7 mm

AN11 8/shelf 5 (on the ground) Metal ~4.5 × 3.5 × 0.5 mm

The initial step consisted of a surface examination of the fragments by a 3D-digital
optical microscope (OM), a HIROX HK7700 stereo, equipped with an MX-5040RZ lens
(Hirox, Limonest, France). This preliminary observation allowed us to analyze the mor-
phology of the patina layers and gain an initial insight into the diversity of corrosion
products. Chemical analysis of corrosion patinas on various fragment sites was per-
formed by Raman investigation through Renishaw Raman InVia spectroscopy with a laser
source based on Ar+ (514.5 nm, Pmax = 30 mW). The excitation power was approximately
0.3–1.5 mW at the sample, and an edge filter monochromator with 1800 lines/mm was
used. To optimize the signal-to-noise ratio, each individual scan’s time was set to 10 s,
with an acquisition number between 2 and 4. The instrument was interfaced with a Leica
DMLM optical microscope (Wetzlar, Germany) (objective lenses: 5×, 20×, 50×, 50 × LD),
and the detector employed was a thermoelectrically cooled CCD (Charge-Coupled Device)
type (203 K). The investigation of organic substances on the sample surfaces was conducted
using infrared spectrophotometry with the Bruker Alpha instrument using ATR mode with
a diamond crystal in the spectral range of 4000–400 cm−1. To identify metal alloys, the
fragments’ cross-sections (CS) were analyzed by a scanning electron microscope (SEM)
with an energy dispersive X-ray spectroscopy (EDS) probe (Zeiss EP EVO 50 (Oberkochen,
Germany) with Variable Pressure (VP) set at 100 Pa, equipped with Oxford Instruments’
INCA X-act Penta FET® Abingdon, Oxfordshire, UK Precision EDS probe). Alloy com-
position was averaged over at least 4 measurements, and the results are presented with
standard deviations. Localized EDS analyses were repeated at least twice in each point,
and the average results are presented with standard deviations. Cross-sections, prepared
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by conventional metallographic techniques, were observed using the Zeiss Axio Imager
A1m and the Reichert-Jung MeF3A optical microscopes (Depew, NY, USA).

3. Results
3.1. Identification of Metal Alloys

Through SEM/EDS analysis, the metal alloys used for the tibia fragments were identi-
fied. The results showed that fragments can be categorized into two distinct groups based
on the alloy compositions. Specifically, AN2, AN7, AN8, and AN11 were identified as
fragments from brass instruments, whereas AN3, AN4, and AN6 were associated with
bronze instruments.

3.1.1. Brass Fragments

AN2, AN7, AN8, and AN11 represent the best-preserved fragments, where, even upon
cross-sectional observation, areas with well-preserved metal are discernible (Figure 2).
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Figure 2. Optical images of the cross-section (unetched brass fragments): (a) AN2; (b) AN7;
(c) AN8; (d) AN11. The yellow arrows and the yellow circles highlight the areas where the al-
loy is still preserved.

EDS analysis revealed that these fragments belong to instruments crafted from a brass
alloy with an average composition of Cu (approximately 79 wt.%) and Zn (about 11 wt.%)
in the metal core (Table 2), with Zn well below the conventional limit of 28 wt.%, above
which brass should be regarded with suspicion [9]. Brass is typically composed of Cu and
Zn, with Cu being the primary component. In addition to Cu and Zn, other elements,
such as Sn and Pb, may also be added to brass alloys to optimize physical and chemical
properties [10]. In these fragments, small amounts of Sn (approximately 0.2%) and Pb
(average 0.1%) were detected.
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Table 2. Metal composition of brass fragments in weight%.

O S Si Cl Fe Cu Zn Sn Pb

wt% SD wt% SD wt% SD wt% SD wt% SD wt% SD wt% SD wt% SD wt% SD

AN2 9.9 1.0 0.1 0.0 - - 0.2 0.0 - - 79.7 1.1 9.5 1.66 0.5 0.1 - -
AN7 9.5 1.65 1.4 1.4 - - - 77.9 3.4 10.7 2.2 0.2 0.2 0.1 0.1
AN8 12.2 0.7 0.3 0.1 - - 0.0 0.1 0.1 0.1 79.1 1.4 8.3 1.1 - - - -
AN11 4.8 0.2 0.0 - 0.3 0.1 0.3 0.0 - - 78.5 0.4 15.6 0.1 0.2 0.1 0.2 0.1

Optical microscopic observation of the cross-sections of AN2 (Figure 2a) and AN7
(Figure 2b) revealed thin external layers where the alloy is still preserved. Also, SEM/EDS
analysis indicated that the inner part of the fragments is mineralized, while the external
areas with a bright metallic appearance showed a high percentage of Cu and Zn, indicating
the preservation of the alloy (Figure 3, Table 3).
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Table 3. Elemental composition of the AN2 cross-section (weight%).

O S Cl Cu Zn Sn

wt% SD wt% SD wt% SD wt% SD wt% SD wt% SD

Spectrum 1 20.4 12.8 0.2 0.0 0.3 0.2 70.8 13.4 8.0 0.7 0.4 0.2
Spectrum 2 15.5 0.2 0.1 0.0 0.2 0.0 82.4 0.3 1.0 0.0 0.7 0.1
Spectrum 3 19.5 14.2 0.2 0.1 0.3 0.1 71.0 14.0 8.7 0.3 0.3 0.1
Spectrum 4 30.5 17.4 0.2 0.1 0.5 0.2 66.5 16.5 2.0 0.1 0.3 0.2

In contrast, the whole thickness of AN11 is excellently preserved and the brass con-
tained about 15 wt.% Zn. Chemical etching with FeCl3/HCl showed a recrystallized
structure throughout the entire sample thickness, with the presence of several slip bands.
This microstructure indicates a final cold working step after hot working (Figure 4) [11].

Lastly, AN8 exhibits a lower percentage of Zn (about 8 wt.%) than the other brass
fragments and it is highly mineralized (Figure 2c).
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3.1.2. Bronze Fragments

Bronze fragments (AN3, AN4, AN6) exhibit a higher degree of mineralization com-
pared to brass fragments, as no areas were found where the alloy is still preserved in
the metallic state. SEM/EDS analysis revealed high percentages of Cu (approximately 68
wt.%) and Sn (about 8 wt.%) in all bronze fragments (Table 4). Nevertheless, SEM/EDS
observation of AN3 highlighted a grain structure with slip bands, which is still visible even
if mineralized (ghost structure preserved in the corrosion products) and typical of wrought
bronze sheet (Figure 5).

Table 4. Metal composition of bronze fragments given in weight%.

O S Si Cl Cu Sn Pb

wt% SD wt% SD wt% SD wt% SD wt% SD wt% SD wt% SD

AN3 26.1 1.52 0.2 0.1 - - 1.1 0.4 63.0 1.8 9.5 0.67 - -
AN4 20.1 2.4 - - 0.3 0.1 0.4 0.0 74.1 4.0 4.7 1.5 0.4 0.0
AN6 20.6 0.1 0.2 0.2 - - 0.3 0.0 67.9 0.8 11.0 1.5 - -
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3.1.3. Additional Information Based on Elemental Composition

SEM/EDS investigations gave additional elemental information, contributing to a
better understanding of the tibiae fragments (Figures 6–9).
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Figure 9. Silver identified through SEM/EDS analysis on AN2: (a) backscattered electron image; (b) Ag.

• Phosphorous (P): EDS analysis indicated the presence of P on the inner side of fragment
AN11, as depicted in Figure 6b. This observation is likely attributable to the contact
with the bones employed in the construction of the tibia. The interaction between the
metal artifact and bone components led to the accumulation of phosphorus [4,5];

• Calcium (Ca): Traces of this element were detected in fragment AN11 (Figure 6c). They
could be attributed, like P, to contact with bone material used in the construction of
the tibiae or it could derive from the soil.

• Chlorine (Cl): A notable concentration of Cl was detected on the external side of
fragments AN2 and AN11. The same element was detected also on the inner side
of AN3 and AN4 (Figure 7b). The presence of Cl suggests a correlation with the
excavation soil type, potentially characterized by an abundance of soluble salts, which
could stem from proximity to the sea [5] or be derived from volcanic-origin pyroclasts
rich in ions [12];

• Lead (Pb): The outer side of fragment AN4 exhibits Pb accumulation, as illustrated in
Figure 7c. The presence and the location of this Pb-rich layer on the outer surface were
also confirmed by SEM/EDS analysis carried out on the free surface of AN4, without
mounting in resin. Also, an optical microscope examination revealed a compact
white layer (i.e., the typical color of Pb-based corrosion products) in this location.
A subsequent investigation at the specific site confirmed that this white patina is
enriched in Pb;

• Silicon (Si): A remarkable concentration of Si was detected in the outer area of fragment
AN3, as illustrated in Figure 8b. The presence of Si is likely attributed to the contact
with soil;

• Silver (Ag): This element was detected in fragment AN2 (Figure 9b). From the
observation of some pipes preserved at the MANN, it was possible to notice that some
of the tibiae were made using both sheets of Cu-based alloys and Ag. It is, therefore,
supposed that the Ag particles found on the fragment are attributable to contact with
Ag-rich sheets.

3.2. Characterization of Corrosion Patinas

Upon optical microscope examination, different corrosion patinas were observed. In
general, the fragments exhibited a greater variety of corrosion patinas on the inner side,
with the exception of AN6 and AN11. These two fragments displayed a more homogeneous
surface on both sides compared to the others. Notably, several fragments featured a visibly
glossy surface, including AN4, AN6, AN7, AN8, and AN11. The complete set of Raman
and IR analyses is presented in the Supplementary Materials.
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3.2.1. Raman Microspectroscopy

Surface Raman measurements were carried out on the fragments to characterize the
phase composition of corrosion products, as well as other substances, due to interaction
with the environment (Table 5).

Table 5. Corrosion patinas detected by Raman spectroscopy.

Fragments
Inner External

CUP AZ MAL BRO POS CLI ATA ROS AUR CUP AZ MAL BRO POS CLI ATA ROS AUR

AN2 + + + + + − − − + + − − − − − − + −
AN3 − − + + − − − − − + − + + − + − − −
AN4 + + + − − + − − − − − + − − − + − −
AN6 + − + − − + + − − + + + − − − − − −
AN7 − + + − − − − − + + + − − − − − − +
AN8 + − + − − − − − + + − + − − − − − −
AN11 + + + − − + − − − − − − − − − − − −

CUP: cuprite; AZ: azurite; MAL: malachite; BRO: brochantite; POS: posnjakite; CLI: clinoatacamite; ATA: atacamite;
ROS: rosasite; AUR: aurichalcite.

Cu-based corrosion layers
In the corrosion analysis of Cu-based layers, various compounds have been identified,

each contributing to the patina formation on the fragments.
Copper oxide: Cuprite Cu2O typically appears as a compact, surface-adhered layer

with a tendency towards a dark red color. It was found on all fragments. Cuprite is
the initial product formed in the corrosion process of copper-based alloys and generally
constitutes the layer most adhered to the alloy surface [10]. The attribution of peaks
corresponding to cuprite is supported by the literature [13].

Copper hydroxide carbonates: Azurite 2CuCO3(OH)2 and malachite CuCO3Cu(OH)2
have been identified [6,9]. Azurite appears as a blue patina and was found on AN2,
AN4, AN6, AN7, and AN11. Malachite, usually light green crystals, was detected on all
fragments [14]. Both azurite and malachite are significant compounds found in Cu alloys
within burial contexts.

Copper hydroxide sulphates: Brochantite Cu4[(OH)6|SO4] and posnjakite
Cu4(SO4)(OH)6(H2O) were also detected [15]. Brochantite, typically appearing as blue,
green, or greenish crystals, was found on the outer side of AN2 and both sides of AN3.
Its presence is commonly found in monuments exposed outdoors [10], and it may result
from interactions with microorganisms in the soil [16] and the abundance of sulfur-based
compounds in the Vesuvius area. Posnjakite was found only on the outer side of AN2.

Copper chlorides: Clinoatacamite Cu2[(OH)3|Cl] and atacamite Cu2Cl(OH)2 were
identified. Those compounds form due to the presence of chlorides in the soil [2,6]. Clinoat-
acamite, tending towards blue-green, was detected on the inner side of AN4 and AN11,
while atacamite, exhibiting green and blue patina, was identified both on the inner side
of AN6 and on the external one of AN4. The diversity of patinas reflects the complex
interaction with the surrounding soil.

Mixed Cu-Zn corrosion layers
In examining the corroded layers with a mixed composition of Cu and Zn, the presence

of copper and zinc hydroxide carbonates has been confirmed.
Copper and zinc hydroxide carbonates: Rosasite (Cu, Zn)2[(OH)2|CO3] and aurichal-

cite (Zn, Cu)5(CO3)2(OH)6 (Figure 9). The occurrence of rosasite on the outer side of AN2
(Figure 10a), manifested as light blue crystals, agrees with findings from studies by Yang
et al. [17]. Additionally, aurichalcite, exhibiting a radiating crystal shape with colors rang-
ing from white to light blue-green, has been identified on the inner part of AN2 and AN8,
as well as on both sides of AN7 (Figure 10b). The Raman shift analysis further supports the
presence of aurichalcite.



Heritage 2024, 7 2547Heritage 2024, 7, FOR PEER REVIEW  10 
 

 

  
(a) (b) 

Figure 10. Copper and zinc hydroxide carbonates identified through Raman analysis; labels of charac-

teristic peaks of corrosion products are highlighted in red: (a) rosasite on AN2; (b) aurichalcite on AN7. 

3.2.2. Additional Substances Identified through Raman Analysis 

In addition to corrosion products, the following substances listed below were detected: 

 Coal: According to the literature [18], peaks indicating the presence of coal were iden-

tified on all fragments through Raman analysis, excluding AN4. Coal particles exhibit 

a dark color, leaning towards black; 

 Calcium anhydrous carbonates: Calcite (CaCO3) was detected on the inner side of 

AN3 [19]; the fragments AN2 and AN7 also present traces of anhydrous carbonates, 

either calcite or dolomite CaMg(CO3); 

 Anhydrous calcium sulfate: The Raman spectra of gypsum in anhydrous form 

(CaSO4) were found in the inner side of the fragment AN4 [20]; 

 Iron hydroxide: The instrument recorded traces, comparable with the literature [21], 

of goethite Fe+3O(OH) in the inner side of AN2; 

 Lead carbonate: Analysis showed the presence of lead carbonate, hydrocerussite 

Pb3(CO3)2(OH)2, on the outer surface of AN4, in correspondence with white areas 

where Pb was detected by EDS. Raman spectra collected in these areas are compara-

ble to those in the work by Brooker et al. [22]; 

 Wax: An organic substance of translucent appearance is uniformly present on the 

surface of the AN3, AN6, AN7, and AN8. In some fragments, traces of the brush 

strokes of the deposition can still be seen. Through Raman analysis, natural wax 

peaks were recognized [23]; 

 “Type 1” substance: An organic layer, distinct from wax, was found on AN4. Raman 

analysis and indicated the presence of carboxyl groups, but the specific material 

could not be identified; 

 “Type 2” substance: The surface of fragment AN11 appears very shiny, suggesting 

the presence of an overlay. However, Raman analysis did not detect any peaks, pre-

cluding the identification of the nature of this layer. 

3.3. Characterization of Organic Compounds via FTIR 

Given the absence of any wri�en reports of conservation interventions on the flutes 

in the museum archives, it was necessary to carry out additional ATR infrared spectros-

copy in order to gain deeper insights into substances that were not identifiable via Raman 

analysis. This investigation focused exclusively on fragments AN4 and AN11. 

In the case of AN4, the spectrum revealed malachite bands. Moreover, a distinctive 

peak (~1735 cm−1), characteristic of an ester-type C=O bond, was detected, suggesting the 

presence of a non-aged siccative oil. In reference to AN11, apart from the malachite bands, 

Figure 10. Copper and zinc hydroxide carbonates identified through Raman analysis; labels of characteristic
peaks of corrosion products are highlighted in red: (a) rosasite on AN2; (b) aurichalcite on AN7.

3.2.2. Additional Substances Identified through Raman Analysis

In addition to corrosion products, the following substances listed below were detected:

• Coal: According to the literature [18], peaks indicating the presence of coal were
identified on all fragments through Raman analysis, excluding AN4. Coal particles
exhibit a dark color, leaning towards black;

• Calcium anhydrous carbonates: Calcite (CaCO3) was detected on the inner side of
AN3 [19]; the fragments AN2 and AN7 also present traces of anhydrous carbonates,
either calcite or dolomite CaMg(CO3);

• Anhydrous calcium sulfate: The Raman spectra of gypsum in anhydrous form (CaSO4)
were found in the inner side of the fragment AN4 [20];

• Iron hydroxide: The instrument recorded traces, comparable with the literature [21],
of goethite Fe+3O(OH) in the inner side of AN2;

• Lead carbonate: Analysis showed the presence of lead carbonate, hydrocerussite
Pb3(CO3)2(OH)2, on the outer surface of AN4, in correspondence with white areas
where Pb was detected by EDS. Raman spectra collected in these areas are comparable
to those in the work by Brooker et al. [22];

• Wax: An organic substance of translucent appearance is uniformly present on the
surface of the AN3, AN6, AN7, and AN8. In some fragments, traces of the brush
strokes of the deposition can still be seen. Through Raman analysis, natural wax peaks
were recognized [23];

• “Type 1” substance: An organic layer, distinct from wax, was found on AN4. Raman
analysis and indicated the presence of carboxyl groups, but the specific material could
not be identified;

• “Type 2” substance: The surface of fragment AN11 appears very shiny, suggesting the
presence of an overlay. However, Raman analysis did not detect any peaks, precluding
the identification of the nature of this layer.

3.3. Characterization of Organic Compounds via FTIR

Given the absence of any written reports of conservation interventions on the flutes in
the museum archives, it was necessary to carry out additional ATR infrared spectroscopy in
order to gain deeper insights into substances that were not identifiable via Raman analysis.
This investigation focused exclusively on fragments AN4 and AN11.

In the case of AN4, the spectrum revealed malachite bands. Moreover, a distinctive
peak (~1735 cm−1), characteristic of an ester-type C=O bond, was detected, suggesting the
presence of a non-aged siccative oil. In reference to AN11, apart from the malachite bands,
peaks corresponding to an ester-type C=O bond were observed. This observation, evident
in both the inner and external, hints at the presence of a non-aged siccative oil.

In Table 6, the distribution of organic substances found in the fragments is schemati-
cally outlined.
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Table 6. Organic substances detected by Raman spectroscopy and IR/ATR.

Fragment Wax Siccative Oil

AN2 − +
AN3 + −
AN4 − +
AN6 + −
AN7 + −
AN8 + −
AN11 − +

4. Discussion

The comprehensive analysis of the pipe fragments from Pompeii provides valuable
insights into their composition, microstructure, and corrosion processes. In this section, we
will discuss each fragment based on the results and data collected.

AN2: The core metal contains about 10 wt.% Zn, suggesting that the sample belongs
to an instrument made of brass alloy. A peculiar corrosion stratigraphy was observed: the
inner part is completely mineralized, whilst in the outer parts, metallic brass layers are
evident. This stratigraphy could result from coating a bronze sheet with brass in order
to give the pipe a gilded appearance. The presence of localized Ag particles could be
further evidence of surface decorations or application of functional Ag-based coatings.
Archaeological findings provide evidence of the use of Ag in crafting certain components of
the pipe sheet metal, especially in the case of particularly prestigious musical instruments,
such as the so-called “silver pipes” that are also found in Pompeii in 1867 and are quite
well-preserved [inv. 76891-4]. The patina on the inner layer of the fragment primarily
consists of cuprite (near the interface with the metal core), with a top layer consisting of
azurite and malachite. Malachite is the more stable phase and usually grows uniformly
on cuprite. This process is caused by the dissolution of copper oxide and the consequent
precipitation of copper salts on the surface [4,6]. The presence of Zn in the alloy led to the
formation of Zn-containing corrosion patinas, like aurichalcite and rosasite. Aurichalcite
is one of the first products of corrosion during the aging of Zn and Cu alloys [24]. Also,
brochantite was detected in the outermost part of this patina, along with a small amount
of posnjakite. Their location in the patina could result from interaction with the presence
of S-based compounds in the Vesuvius area or microorganisms in the soil. Elements and
compounds resulting from interaction with soil were detected on both sides of the fragment:
Cl on the external side, goethite and anhydrous calcium carbonates in the inner part, and
coal residues on both sides.

AN3: The sample is highly mineralized and there is no evidence of the preserved alloy.
The absence of Zn and the state of preservation suggest that this fragment belongs to a
bronze instrument. The grain structure was recrystallized with slip bands and was still
discernible even though it was mineralized, which is characteristic of a wrought bronze
sheet. Several corrosion products commonly found in the Cu-based alloys were detected
on this fragment. A corrosion patina was composed of cuprite, malachite, atacamite, and
brochantite. The presence of atacamite is confirmed by the presence of Cl on the sample.
This may be due to the type of excavation soil, which is rich in soluble salts. The interaction
with the soil also led to the presence of traces of silicon, calcite, and coal on the surface of the
fragment. The waxy substance found on the surface is attributed to protective treatments
applied after excavation, in recent times.

AN4: The sample is highly mineralized and there is no evidence of the preserved
alloy. The core metal contains Cu and Sn, suggesting that the sample belongs to a bronze
instrument. The corrosion patina is composed of cuprite, azurite, malachite, atacamite, and
clinoatacamite. Atacamite can convert into clinoatacamite, which is more stable [25]. The
interaction with S-based species resulted in the formation of copper hydroxide sulfates,
such as brochantite and posnjakite. Pb accumulation in the form of a layer about 60 µm
thick is evident on the outer side of the sample, with the presence of hydrocerussite
Pb3(CO3)2(OH)2 and plumbonacrite Pb5(CO3)3O(OH)2. Pb may derive from the ternary
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composition of the original bronze alloy (comprising Cu, Sn, and Pb), or it could result from
an overlying layer applied through decoration techniques. The first hypothesis appears less
plausible, as the concentration of Pb is confined to the external of the sample. This suggests
that the presence of a Pb-rich layer may be related to a manufacturing technique, such as
soldering residues. The presence of gypsum in anhydrous form (CaSO4) is related to the
inorganic components of the soil. A substance with an ester-type C=O, maybe related to
non-aged siccative oils, could be due to a restoration treatment [26].

AN6: The sample is highly mineralized; the presence of Sn (about 11 wt.%) suggests
that the sample belongs to a bronze instrument. Cuprite, azurite, malachite, atacamite, and
clinoatacamite were detected on the surface, together with coal and wax.

AN7: The state of preservation and the type of corrosion products are similar to AN2.
The metal core contains about 10% Zn, suggesting that the sample belongs to an instrument
consisting of a brass alloy. Mineralized layers of cuprite alternate with layers in which the
brass alloy is still preserved in the metallic state. This peculiar stratigraphy could suggest
the presence of two alloys, maybe referring to a manufacturing technique where a bronze
alloy was covered with a brass layer to achieve a gold-like coloration. Alternatively, it
could also result from the dezincification process of brass, followed by the precipitation of
a metallic layer due to a modification of exposure conditions [27], generating a reducing en-
vironment, which may have occurred as a consequence of the sudden covering by volcanic
debris. The corrosion patina consists of cuprite, azurite, malachite, and aurichalcite. More-
over, Zn in the alloy led to the formation of Zn-containing corrosion patinas. Aurichalcite
crystals have an acicular shape and are well formed, probably by a slow crystallization
process. Anhydrous calcium carbonates were likely due to the contact with the soil; coal
and wax were identified on both sides of the sample.

AN8: The metal core contains a lower percentage of Zn (about 8%) than the other
brasses and is highly mineralized, except for some metallic grains. The presence of Zn
suggests that the sample belongs to a brass instrument. Unlike AN2 and AN7, AN8 does not
show any particular stratigraphy. The metal core is largely mineralized and mostly consists
of cuprite. Moving from the core towards the external surface, malachite, brochantite,
aurichalcite, and azurite were detected. Azurite composed the last layer of the patina and
was formed on top of aurichalcite crystals. Coal and wax were identified on both sides of
the sample.

AN11 is the best-preserved (i.e., more metallic) fragment. It contains about 15%
Zn, suggesting that the sample belongs to an instrument consisting of a brass alloy. The
corrosion products consist of cuprite, azurite, malachite, and clinoatacamite. Phosphorus
and calcium, probably attributable to contact with the bones used in the construction
of the tibia, are observed on the inner side of the sheet. The good preservation state of
this fragment allowed us to observe its microstructure. Corrosion and chemical etching
highlight recrystallized grains, with slip bands and cracks due to deep work hardening.
Like AN4, the surface is covered with an ester-type substance, likely related to non-aged
siccative oils.

5. Conclusions

This study of seven metal fragments attributed to Roman pipes from the archaeological
site of Pompeii and preserved in the deposit of the National Archaeological Museum of
Naples contributes to knowledge on ancient musical instruments crafting and the study of
degradation and alteration processes of metallic artifacts in archaeological contexts. The
achieved results can be described as follows.

Identification of metal alloys and manufacturing technologies: Two types of copper-
based alloys used for crafting were identified: brass (AN2, AN7, AN8, AN11) and bronze
(AN3, AN4, AN6), in the form of wrought sheets. The preservation status of fragments sig-
nificantly differs between the two alloys, with brass-containing fragments exhibiting better
preservation compared to completely mineralized bronze ones. The peculiar stratigraphy
observed in AN2 and AN7, characterized by a fully mineralized core and external brass
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layers, suggests the application of brass foils to cover the bronze core so as to simulate a
gold-like coloration. Traces of silver may be attributable to contact with silver sheets used
in tibiae manufacturing, which may have induced galvanic coupling, hence stimulating
corrosion of the bronze substrate, which is completely mineralized. The Pb-rich layer on
the external side of AN4 could be associated with residues from soldering, whilst P and
Ca in the inner side of AN11 could be attributable to contact with the bones used in the
manufacturing of the pipe.

Corrosion patina and interaction with burial soil: The unique environmental con-
ditions of Pompeii, resulting from the eruption of Vesuvius in 79 B.C., contributed to
the exceptional conservation of archaeological artifacts. The ejected pyroclastic materials
“sealed” the site of Pompeii, serving as a protective shield against external sources of
deterioration [28]. However, the complete extent of the influence of volcanogenic products
and their effects on the preservation of metal artifacts remains to be fully understood.
The interaction with the excavation soil and its chemical composition contributed to the
formation of complex patinas on the surface of the samples. Coal particles, attributed
to soot, are present on all fragments, except AN4. Iron oxides, calcium carbonates, and
anhydrous calcium sulfates are also traced back to soil composition. Indeed, the fragments
are characterized by some of the typical corrosion products found on metallic artifacts
preserved in archaeological contexts, such as cuprite, azurite, malachite, atacamite, and
clinoatacamite; brochantite and posnjakite, generally found on metal artifacts exposed
outdoors, were also detected. The patina of the brass fragments is also characterized by
aurichalcite and rosasite and Cu and Zn hydroxide carbonates.

Conservative superficial treatments: The identification of organic substances, like wax
and siccative oil, on the surface suggests potential surface treatments. The origin of these
substances, whether ancient or more recent applications post-excavation, remains uncertain.

This study represents a preliminary investigation into the materials and manufacturing
techniques employed in the production of tibiae instruments. Further analyses are planned
to gain a more comprehensive understanding of these instruments.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/heritage7050121/s1, Figure S1: Cuprite Raman spectrum revealed on AN2
and cuprite standard; Figure S2: Azurite Raman spectrum revealed on AN2 and azurite standard;
Figure S3: Malachite Raman spectrum revealed on AN2 and malachite standard; Figure S4: Brochan-
tite Raman spectrum end posnjakite peacks revealed on AN3 and brochantite and posnjakite standard;
Figure S5: Clinoatacamite Raman spectrum revealed on AFN11 and clinoatacamite standard; Figure
S6: Atacamite Raman spectrum revealed on AN4 and atacamite standard; Figure S7: Rosasite Raman
spectrum revealed on AN2 and rosasite standard; Figure S8: Aurichalcite Raman spectrum revealed
on AN7 and aurichalcite standard; Figure S9: Hydrocerussite Raman spectrum revealed on AN4
and hydrocerussite standard; Figure S10: Wax Raman spectrum revealed on AN3; Figure S11: Wax
Raman spectra revealed on AN3; Figure S12: Siccative oil IR spectrum revealed on AN11.
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