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a b s t r a c t 

In August 1961 the remains of a shipwreck, dating back to the early 6th century BCE, were located at 

the Island of Giglio in the Bay of Campese (Tuscany, Italy), announcing a major archaeological discovery. 

Meticulous excavations carried out in the early 1980s partly brought to light both the exceptionally di- 

verse cargo and structural remnants of the vessel. Owing to the extremely heterogeneous composition 

of the load of international scope, ranging from Etruscan to Greek productions, this finding reflects and 

testifies to the complexity of archaic trade networks across the Tyrrhenian Sea in the early 6th cent. BC. 

Within the framework of a broad multidisciplinary collaboration involving several institutions and ex- 

perts, X-ray computed tomography (CT) was employed to investigate the hidden history of the ship and, 

by extension, aspects of our own cultural past. Among the numerous notable artifacts, the analysis con- 

cerned some heavily corroded and fragmented iron-based objects, whose original shape and function are 

no longer legible due to severe degradation and thick layers of concretions. To reconstruct their original 

morphology and thus identify the type of artifacts, two dedicated measurement campaigns were carried 

out in the X-ray imaging laboratory of the University of Bologna, Ravenna Campus (Emilia-Romagna, Italy), 

using a custom-designed CT system, equipped with a 200 kVp X-ray tube and a flat-panel detector with 

127 μm pixel size. More than 20 tomographic scans were performed with a voxel size of about 100 μm, 

producing a substantial dataset for subsequent processing. The virtual removal of calcareous incrustations 

allowed us to formulate several hypotheses about the typology and function of the investigated artefacts. 

Preliminary interpretations have been proposed based on the observation of quadrangular cross-sectional 

profiles that originally contained metallic cores. These cores are now entirely or almost entirely consumed 

by corrosion, leaving only a layer of mineralized concretion with little to no metal preserved. Elemental 

composition was further assessed through complementary X-ray fluorescence (XRF) analyses, performed 

on selected points of the finds, supporting our investigation. Although the objects recovered from the 

depths of the Tyrrhenian Sea survive only as “ghosts” of their originals, the integration of CT imaging, 

visual inspection and XRF results has contributed to shed light on the ship’s cargo composition of Greek 

and Etruscan provenance as well as on its route’s stages. 

© 2026 Elsevier Masson SAS. All rights are reserved, including those for text and data mining, AI 

training, and similar technologies. 
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. Introduction and research aim 

The shipwreck of Giglio-Campese, discovered at a depth of 50 

eters off Giglio Island (Tuscany, Italy), dates to the early 6th cen- 

ury BCE (580–570 BCE) and represents a pivotal source for recon- 

tructing Archaic Mediterranean trade routes. In the 1980s, Men- 

un Bound, later a leading underwater archaeologist, directed a 

eticulous excavation uncovering the ship’s structural remains and 

ts remarkably diverse and international cargo [ 1 ]. The relevance of 

he shipwreck emerged immediately, as it was one of the earliest 

nown in the Mediterranean [ 1 ]. The origin of the ship remains 

till debated, as both an Etruscan and Greek affiliation might be 

nvoked considering the site of discovery and the cargo compo- 

ition. Although the excavation remained incomplete, as for most 

rchaic shipwrecks currently known in the Mediterranean [ 2 ], this 

iscovery has yielded an extraordinary body of evidence, signifi- 

antly contributing to the study of Archaic trade networks across 

he Tyrrhenian Sea [ 1 , 3 ]. The numerous sensational samples open 

ew perspectives not only on trade and material culture but also 

n technological innovation and craft production of the time, as 

estified by the discovery of a wooden vernier caliper, previously 

nknown before the Medieval period [ 3 ]. 

Considering the significance of the recovery, in 2019 a project 

imed at studying the exceptional findings was launched, estab- 

ishing a broad multidisciplinary collaboration coordinated by the 

niversity of Naples Federico II [ 4 ]. 

Among the artifacts, some highly corroded iron-based con- 

lomerates were also part of the precious cargo. Degradation 

henomena and thick layers of marine concretions affect these 

bjects, whose peculiar shape hinders the original features. X- 

ay computed tomography (CT) has, therefore, been proposed, in 

ombination with X-ray fluorescence (XRF) investigation, as well- 

stablished method to get insights into the hidden past of the cor- 

oded findings in a completely non-invasive way [ 5–8 ]. Indeed, CT 

nalyses produce high-resolution two-dimensional images repre- 

enting sections of the object at different depths, from which the 

D volume of its inner structure can be easily obtained [ 9 ]. Thus, it
ig. 1. The three representative iron-based artifacts from the Archaic Shipwreck of Gig

ragments of a single object, shown from the inner sides, where the presence of green pa

247
s possible to virtually remove the layer of corrosion and examine 

he concealed morphology that would otherwise remain inaccessi- 

le. On the other hand, XRF provides valuable data on the elemen- 

al composition of the samples [ 10 ]; only qualitative information 

as significant in this case due to the high level of corrosion of the 

etal which hinders the chemical characterization of the original 

lloy. By integrating the imaging results with the compositional in- 

ormation, our study seeks to reconstruct the original morphology 

f some seemingly shapeless iron fragments recovered from the 

epths of the Tyrrhenian Sea, revealing no longer recognizable fea- 

ures and suggesting possible functions. Beyond individual artifacts, 

his research aims at contextualizing the findings within broader 

aritime trade and craft production in the early 6th-century BCE 

editerranean world. 

. Material and methods 

.1. Studied materials 

The analysed samples were selected from a variety of iron- 

ased conglomerates, considering their size, shape, and radiopac- 

ty. Each sample features layers of marine concretion of varying 

hickness, within which, in some cases, objects of different nature, 

uch as stones, wood and clay materials, have been incorporated. 

ome fragments, although found separately, seem to belong to a 

ore complex structure. Multiple scans were necessary for this ob- 

ect (Sample 1), which is made up of nine components that were 

canned separately. Overall, 13 distinct objects were investigated, 

rom which 3 representative artifacts ( Fig. 1 ) were selected for pre- 

entation in this paper. These are hereafter referred to as Sample 

, 2, and 3, respectively. Their selection was based on morpho- 

ogical complexity and the presence of informative structural fea- 

ures, such as the shape of the inner sections. The remaining ob- 

ects were either too radiopaque or showed fewer interesting char- 

cteristics (a complete overview is provided in the Supplementary 

aterial). 
lio-Campese selected for this paper. Sample 1 consists of 9 separately recovered 

tinas can also be appreciated. 
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Table 1 

Scanning parameters used in this study. 

Sample 1 Sample 2,3 

Tube voltage 200 kV 160 kV 

Tube current 3.5 mA 4 mA 

Beam filtration 2 mm Cu 1 mm Fe 

Detector frame rate 5 fps 5 fps 

Frame average 8 4 

Number of projections 900 900 

Angular range 360 deg 360 deg 

Detector pixel size 0.127 mm 0.127 mm 

Source-detector distance 1617 mm 1840 mm 

Source-object distance 1470 mm 1480 mm 

Object-detector distance 147 mm 360 mm 

Magnification 1.10 1.24 

Voxel size 0.1155 mm 0.1021 mm 
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.2. CT system and data acquisition 

The samples were analysed during two dedicated measurement 

ampaigns, both carried out in the X-ray imaging laboratory of the 

niversity of Bologna, Ravenna Campus, using a custom-designed 

T system, which is suitable for both on-site and laboratory in- 

estigations. This system is typically used for scanning large or 

ighly attenuating objects, as in the present study. The experimen- 

al setup consists of a COMET Yxlon EVO 200D X-ray tube (max- 

mum voltage: 200 kV, maximum current: 6 mA, focal spot size: 

 mm) and a Varian PaxScan 2520D indirect-conversion flat panel 

etector (CsI:TI scintillator). The detector features a sensitive area 

f 19.5 ×24.4 cm ² (1536 ×1920 pixels) and high spatial resolution 

127 μm pixel size), providing a maximum achievable voxel size of 

bout 100 μm. The detector is placed on an X-Y translation stage 

hat allows the field of view to be extended up to 150 ×150 cm ²,
hile the source is mounted on a 130 cm vertical translation axis. 

 Physik Instrumente Micos PRS200 rotary platform is positioned 

etween the X-ray tube and the detector, supported by a three-foot 

ron stage. The platform enables 360 ° rotation of the samples and 

an support weights up to 50 kg [ 11 ]. 

Due to the high X-ray attenuation of the investigated materials, 

he tube was operated at its maximum voltage in some cases. The 

se of metallic filters further improved the signal by blocking low- 

nergy X-rays. Table 1 lists the complete set of acquisition param- 

ters. Under these conditions, beam hardening effects were sub- 

tantially reduced; therefore, no Beam Hardening Correction (BHC) 

as applied. For Samples 2 and 3, a frame averaging value of 4, 

nstead of 8, was chosen mainly in view of the large number of 

cans required during the second measurement campaign. This set- 

ing provided a suitable compromise between signal-to-noise ratio 

SNR), which was already high for the detector used (see Supple- 

entary Material for the SNR curve), and total acquisition time, 

hile preserving reconstruction quality. 

Overall, over 20 tomographic scans were performed at a voxel 

ize of approximately 100 μm, producing a substantial dataset for 

urther processing. 

Image reconstruction was performed using PARREC (PARallel 

EConstruction), a dedicated software developed by Professor Rosa 

rancaccio at the Department of Physics and Astronomy “Augusto 

ighi” of the University of Bologna, based on the cone-beam algo- 

ithm of Feldkamp, Davis, and Kress (FDK) [ 12 ]. 

Three-dimensional renderings were produced with VGStudio 

AX 2.1 (by Volume Graphics) and further elaboration of the CT 

mages was done using the open-source software Fiji (ImageJ). 

.3. XRF system and data acquisition 

For XRF analysis, the INFN-CHNet instrument, thoroughly de- 

cribed by Taccetti et al. in [ 10 ], was employed for this study. It is
248
 highly transportable device specifically designed for cultural her- 

tage applications. In short, the measuring head has an X-ray tube 

Moxtek, 40 kV maximum voltage, 0.1 mA maximum anode cur- 

ent), a silicon drift detector (Amptek XR100 SDD), and a telemeter 

Keyence IA-100) for the adjustment of the sample–instrument dis- 

ance. The head is installed on three linear motor stages by Physik 

nstrumente. An in-house developed software controls the instru- 

ent operation and data analysis. The operating conditions of the 

-ray tube were 40 kV anode voltage, 40 μA filament current, Mo 

node with an 800 μm diameter collimator. Measurements lasted 

20 s. 

. Results 

.1. CT results 

The most representative outcomes of the two tomographic cam- 

aigns are presented below. 

All reported distances, measured on CT slices, are affected by an 

ncertainty comparable to the voxel size ( ≈ 0.1 mm). Fig. 2 illus- 

rates the main results of the tomographic reconstruction and 3D 

endering process of 9 fragments, which, based on visual inspec- 

ion, appeared to belong to the same artifact (Sample 1). Each frag- 

ent was reconstructed individually; subsequently, the 3D mod- 

lling enabled the virtual reassembly of the object as well as the 

igital removal of calcareous incrustations ( Fig. 2a –b ). The render- 

ng tools, such as the possibility of making virtual cuts in any di- 

ection, allowed us to reveal the presence of a well-defined quad- 

angular section (with maximum dimension of 2.5 ×3.0 cm ²), ta- 

ering toward the end ( Fig. 2c ). Furthermore, a more radio-opaque 

utline became clearly visible. This outline corresponds to the ar- 

as which appear green to the naked eye ( Fig. 1 ) and from which

RF analysis revealed the presence of high amounts of Cu ( Fig. 4 ,

ection 3.2 ): this led us to hypothesize that Sample 1 is a bimetal- 

ic object, consisting of an iron core covered with a thin ( < 1 mm)

opper-based layer. One of the fragments (at the centre of Sam- 

le 1 in Fig. 1 ) stands out for its particularly high radiopacity, re- 

ecting its strong X-ray absorption. This element may have origi- 

ally occupied the central position of the object, although it could 

ot be fitted back into the reconstructed volume ( Fig. 2c ), most 

ikely due to morphological alterations and volumetric changes 

t has undergone over time. Unlike the other pieces, it is free 

rom calcareous encrustations, suggesting the possibility that the 

ragmentation of the object occurred during the post-excavation 

hase. 

Fig. 3 illustrates the CT scan of 2 apparently similar finds (Sam- 

les 2 and 3, see Fig. 1 ) whose original shape is entirely obscured 

y the external concretion. The tomographic slices, however, pro- 

ided crucial insights. Sample 2 consists of two elements bound 

ogether by concretions, as revealed in coronal views at different 

epths, both with well-defined square sections, while Sample 3 ap- 

ears as an elongated object with a circular cross-section of vari- 

ble diameter. Both preserve the geometrical outline of their cores 

espite extensive mineralization. They also reveal complex inner 

tructures, likely related to an advanced corrosion of the original 

etal core, now transformed into a highly degraded, wood-like, fi- 

rous material ( Fig. 3 ). 

CT imaging revealed that the corrosion thickness varies signif- 

cantly among the fragments, with values on the order of a few 

illimetres, ranging approximately from 3.0 to 11.0 mm. The cor- 

esponding relative uncertainty is estimated to be approximately 

–3%, consistent with the voxel size. Accurate quantification, how- 

ver, is limited by the partial overlap between corrosion layers and 

esidual metallic structures. 
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Fig. 2. Tomographic reconstruction and 3D rendering for Sample 1. a) 3D model of the individual fragments during the virtual reassembling of the complete volume, shown 

in b). c) Vertical cut, after the virtual removal of marine concretions; note that the element on the right could not be inserted into the reconstructed volume, where it 

probably was originally. d) Axial slice showing a well-defined quadrangular section with a ∼1mm-thick, more radiopaque contour. 
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.2. XRF results 

XRF analysis was performed on the calcareous incrustations, the 

orrosion areas, and the metallic profiles, when accessible. Com- 

lete results are reported in Table S4 in the Supplementary Ma- 

erial. Iron was confirmed as the main element in the exposed 

etallic and corroded areas ( Fig. 4 ). S, Cl, Ca and low amounts of

n, and Cu were also identified in variable amounts in most areas 

nd should be related to the corrosion process. Trace amounts of 

i, K, Zn and As/Pb, were also detected in a few spots. 

As mentioned above, the spectra obtained from the green layer 

f Sample 1 were characterised by a strong increase in the Cu sig- 

al ( Fig. 4 ), indicating a Cu-based material rather than iron corro- 

ion products like green rust [ 13 ]. Neither Sn, Zn, nor Pb, typical

omponents of Cu alloys, were detected ( Fig. 4 ). 

Calcium, often associated with Sr, was the main element in the 

oncretions; low amounts of Si, P, S, K, Fe, and Cu were also de- 

ected ( Fig. 4 ). 

. Discussion 

The virtual removal of the encrustation layers proved crucial 

or reconstructing the original morphology of the artifacts and 

or attempting a typological identification. In most cases, the to- 
249
ographic analysis suggests that the profiles were originally oc- 

upied by metal cores which are now almost entirely lost: in a 

ew samples, the core is void, while in others it survives only as 

 fibrous residue, likely the product of advanced corrosion pro- 

esses [ 14–18 ]. The virtual reassembly of the nine fragments at- 

ributed to Sample 1 allowed us to confirm that they belonged 

o the same object. Particularly noteworthy, is the identification, 

hrough CT and XRF analyses, of a thin external copper layer cov- 

ring the entire object. This finding suggests that Sample 1 was 

eliberately manufactured as a bimetallic artifact [ 13 ], as contam- 

nation from the marine environment or from adjacent Cu-bearing 

bjects would be unlikely to produce such a uniform distribution 

n all sides of the object. 

Copper plating on iron was practiced since the earliest use of 

ron, even if it is not so commonly documented, particularly in 

ontexts as early as the Giglio-Campese shipwreck; it had an aes- 

hetic and protective function, since the copper plating created a 

arrier against corrosion [ 19 ]. Through the time it could be ap- 

lied on a variety of objects, such as bridle bits, iron bells, pad- 

ocks, stirrups, sword hilts, spearheads, bowls, tripods, and, more 

n general, to objects exposed to weathering and/or with a dis- 

inct ceremonial or aesthetic value [ 19–21 ]. Regarding Sample 1, 

hich has emerged as the most significant find in our set, the re- 

onstructed shape ( Fig. 2 ) is not easily attributable to a specific ar- 
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Fig. 3. Tomographic reconstruction and 3D rendering for Samples 2 and 3. Sample 2: a) Coronal slices at different depths showing 2 elements held together by concretions. 

b) Axial slice showing a 7 mm square section. Sample 3: a) 3D model of the elongated object. b) Slices showing a profile with a circular section. 

Yellow lines indicate the plane corresponding to the displayed axial slices. Red arrows mark the internal corrosion structures. 
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ifact. Its peculiar shape and its discovery on a shipwreck allow for 

 tentative association of this object with navigation, possibly as a 

ool of considerable value in maritime contexts, which would have 

ecessitated protection from environmental degradation. A defini- 

ive interpretation, however, would necessitate a direct comparison 

ith a better-preserved example. 

Objects with analogous characteristics are notably rare, partic- 

larly within the specific chronological framework under analysis. 

eading instances of synthetic surface layers are found on Bronze 

ge daggers and vessels recovered from Mycenaean shaft graves 

nd various sites across Greece. Furthermore, a substantial body of 

gyptian and Roman artefacts featuring metallic inlays has been 

ecognised as deliberately patinated over recent decades [ 22 ]. Con- 

idering the chronological context of our shipwreck, the practice of 

urface treatment was certainly established; however, it was pre- 

ominantly observed for artefacts of aesthetic or ceremonial sig- 

ificance. Drawing direct comparisons remains challenging: such 

bjects were either clad in bronze—a material well-renowned for 

ts ritual and decorative utility, as seen in the iron bowls (dated 

rom 9th to early 7th centuries BC) analysed by Ashkenazi et al. 

2012)—or featured very limited laminated surfaces intended for 

ecoration, such as the axe studied by Berger (2015). 

Regarding finds entirely encased in other metals, as seen in 

ample 1, the historical use of gold foil on various materials is 

ore documented, primarily to enhance economic and aesthetic 

alue in ritual and decorative artefacts [ 23 ]. However, given that 

ur object is instead entirely covered in a layer likely composed 

ssentially of copper—with no significant traces of tin (Sn) or ar- 

enic (As) typically found in other bronze surface coatings—its pri- 
250
ary purpose appears to have been functional rather than aes- 

hetic. Such cladding would have provided vital corrosion protec- 

ion for an iron structural maritime component constantly exposed 

o water. 

The closest parallels are found in land-based Iron Age con- 

exts, specifically iron bridle bits plated in copper. However, these 

ave been recovered mainly from Northern European sites, such as 

hose in the UK [ 19 , 24 ] or the renowned site of La Tène in Switzer-

and, the latter dating to the phase between 450 and 390 BCE [ 25 ].

To the best of our knowledge, the most similar object found in 

taly is considerably more recent. Discovered at the medieval site 

f Peveragno (Piedmont, North-western Italy) and dated to the 5th 

r 6th century AD, this find also remains typologically unidenti- 

ed. Invasive analyses involving sampling identified it as consisting 

f a near-homogeneous copper layer presenting a thickness below 

 mm and covering an iron core [ 26 ]. In that instance, too, the ob-

ect was interpreted as a utilitarian tool where the plating served 

s a barrier against corrosion rather than for decorative purposes. 

The presence of a radiopaque outer contour was also observed 

n most of the other samples, suggesting that metallic components 

ay have migrated during degradation, further complicating the 

istinction between the original structure and secondary concre- 

ion. However, only Sample 1 showed a distinct composition be- 

ween the metallic profile and the thick corroded areas. 

Whilst further investigations will undoubtedly be required to 

ully ascertain the nature of Sample 1, it appears to be a functional 

bject that predates any currently known parallels, at least within 

n Italian context. Future comparisons with similar artefacts will 

ertainly help to clarify where and how these objects were man- 
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Fig. 4. Representative XRF spectra from the black core, the green layer and the calcareous concretion of one of the fragments composing Sample 1. Ar and Ni are labelled in 

grey as they are related to contamination from air and the equipment, respectively. 
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factured and for what specific purposes, thereby shedding light 

n ancient practices and Mediterranean trade routes. At present, 

owever, the scarcity of such finds precludes further hypotheses. 

In this panorama, determining the nature of the coatings of 

ample 1 is essential, not only for the preservation of the extant 

aterial but also for its aesthetic restoration and archaeological 

ontextualisation. This could represent one of the earliest instances 

f copper-plated iron objects, at least within the Italian archaeolog- 

cal record. 

Beyond Sample 1, morphological observations on the other 

nalysed objects also provided useful archaeological indications. 

everal finds, such as Sample 2, exhibit small square cross-sections, 

nly a few millimetres across, consistent with those of iron spits 

 27 ]. It is interesting to note that according to the archaic Greek 

iterature, metal spits not only served cooking purposes but might 

lso carry a pre-monetary value [ 28 ], thereby connecting these ar- 

ifacts to economic practices. 

Other fragments, by contrast, display circular or pointed sec- 

ions, like those observed in Sample 3, which suggests that they 
251
ay instead represent weapon components, such as arrowheads or 

lades. 

. Conclusions 

The proposed case study highlights the significance of scientific 

ethods and interdisciplinary collaboration in attaining a compre- 

ensive and precise understanding of underwater cultural heritage 

nd, ultimately, our past. The use of non-invasive techniques is 

articularly relevant in underwater archaeology and conservation, 

here direct sampling or mechanical cleaning of artefacts is of- 

en not feasible without risking irreversible damage. Although CT 

s a well-established method for the investigation of terrestrial ar- 

haeological materials [ 29–30 ], its application to marine artefacts 

emains less widespread. This is partly due to the presence of 

hick concretions and heterogeneous corrosion products, which can 

omplicate image acquisition and interpretation. Nevertheless, pre- 

ious studies on shipwreck artefacts [ 31 ] have demonstrated the 

trong potential of CT in this field. In this context, the integration 
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[

f computed tomography with chemical analysis has been instru- 

ental in investigating heavily degraded marine artifacts from the 

th-century BCE Giglio Campese shipwreck. The tomographic re- 

onstruction revealed that most of the iron-based samples survive 

nly as residual traces of the original objects, preserved through 

 complex mixture of corrosion products and calcareous deposits 

rom the marine environment. XRF complemented these findings, 

onfirming the material compositions. This approach enabled the 

dentification of possible morphologies and functional types, such 

s spits or weapons, for most of the investigated samples. Further 

tudies could focus on the detailed characterization of the corro- 

ion products in order to inform future conservation treatments. 

oreover, the integration of complementary techniques, such as 

ynchrotron-based X-ray methods and neutron imaging, would be 

articularly valuable for the study of highly radiopaque conglomer- 

tes, especially when organic materials are also embedded [ 6 , 11 ].

uture investigations of additional artefacts from the shipwreck 

ould also contribute to a more comprehensive archaeological in- 

erpretation of the cargo and its preservation state. Beyond the 

ndividual objects, the study demonstrates the broader value of 

ultidisciplinary archaeometric approaches for refining our under- 

tanding of archaic trade networks and material culture carried 

cross the Mediterranean Sea. 
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