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INTEGRATED MULTI-ANALYTICAL 
STUDY OF THE BRONZE VESSEL 
FROM MĂLĂIEȘTI ROMAN FORT

Abstract: This paper presents an integrated multi-analytical documentation 
of a bronze vessel discovered in a 2nd century Roman military fort from 
ancient Dacia. The process involved 3D digitization, X-ray and hyperspectral 
imaging, and molecular, elemental, and structural analysis using Fourier 
Transform infrared spectroscopy, X-ray fluorescence, laser-induced breakdown 
spectroscopy and X-ray diffraction. The results of the study revealed the 
composition of the vessel metal and of the interior coating and the state of 
conservation through metal quality, internal cracks and corrosion compounds 
mapping. A 3D virtual reconstruction of the original aspect is also proposed 
based on the digitization and metal characterization results.
Keywords: Roman bronze vessel, second century AD, Dacia Roman province, 
virtual archaeology, spectroscopy, X-ray imaging, hyperspectral imaging, military 
kitchenware. 

INTRODUCTION

Bronze is a large part of the archeometallurgical legacy of our ancestors. 
Mainly used for manufacturing jewelries, due to the similar aspect 
with gold1, its ease of manufacturing and decoration made them 

suitable also for utility objects, such as tools, weapons, kitchenware. Amongst 
these, a distinct category is that of military vessels. This paper describes an 
integrated, comprehensive process of archaeometric documentation and 
virtual reconstruction of an artifact from this category: a 2nd century AD 
Roman bronze vessel (Fig. 1) that was recently discovered (2018), on the 
archaeological site of the “Roman fort of Mălăiești”, Prahova County, Romania.

Considering the typical Roman vessels from the same period but also 
the size, shape and location of the object, it was assumed that this vessel was 
specific for military lifestyle (travelling, camping, and carrying). Although 
Roman military bronze vessels are not a rare archaeological find, and many 
studies have documented kitchenware objects in the Roman military life, 
only a few are focused on items with similar uncommon shape and dating 
from the same period. These are either dedicated to the archaeological and 
typology aspect of the vessel2 or to the physico-chemical analysis of the alloy3. 

What captured the research team’s interest for this item, was the 
archaeological context of the discovery which places it in a very precise time 
frame (101-118 A.D.), the unusual decoration for this type of object and 
the possibility of using a wide range of complementary methods within an 
1   FACSÁDY/VEREBES 2009.
2   TUCKER 2012.
3   KOTLAR et alii 2021.
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integrated approach. The shape of the vessel is uncommon 
from a typological point of view considering the repertoire of 
Roman bronze vessels produced during the 1st century A.D. In 
this regard, only one clear analogy has been identified so far: 
a bronze vessel from the Rijksmuseum van Oudheden, Leiden 
(The Netherlands). Unfortunately, there is no information 
related to the context of the discovery for this vessel, as it was 
dredged up from a river (Meuse) back in 1938. Archaeological 
literature would place this kind of vessels in a category with 
the Östland buckets (the Tingvoll or Westerwanna types). 
This broad category contains different types of Roman 
buckets, with different morphology, produced for a long 
period, between 1st century BC and 2nd century AD4.

In this study, in support of the archaeological 
research, two main aspects were considered: an accurate 
3D digitization followed by a virtual reconstruction of 
the vessel, and a thorough physico-chemical and imaging 
characterization of its conservation state. Photogrammetry 
was used for the 3D digitization, while the conservation 
state was assessed using: imaging techniques (X-ray 
digital radiographs5 and hyperspectral image processing6 
and spectroscopy investigations: Fourier Transform 
infrared (FTIR) spectroscopy7, X-ray fluorescence (XRF)8, 
laser-induced breakdown spectroscopy (LIBS)9 and X-ray 
diffraction (XRD)10.
4   KOSTER/RIEDERER 1997.
5   CHELMUS/RADVAN/GHERVASE 2018; COSANO et alii 2018.
6   LIANG 2011; GRAZZI et alii 2019.
7   COSANO et alii 2018; KOTLAR et alii 2021.
8   ANGELINI et alii 2004; ALBERGHINA et alii 2011; RUBIO-BARBERÁ et 
alii 2019.
9   ALBERGHINA et alii 2011; NEVIN/SPOTO/ANGLOS 2012.
10   UVAROV/POPOV/ROZENBERG 2015; AGRESTI et alii 2016.

Historical context of the Roman fort from 
Mălăiești (Prahova County, Romania)

The fort from Mălăiești is part of a small group of 
fortifications built by the Roman army north of Danube, 
during their conquest campaigns in Dacia. An important 
aspect regarding these fortifications is that their short-term 
functioning is well documented, giving the objects found 
within the site a precise dating. This fort was built during 
the advances of the Roman armies across the Carpathian 
Mountains to the present Transylvania region, starting with 
101 A.D. and was functional until 118 A.D., the first year of the 
reign of emperor Hadrian, Trajan’s successor11. The short-term 
functioning of this fort allows for a detailed reconstruction of 
a well-defined historical sequence, making this site a reference 
standard for the constructions and artefacts chronologically 
framed in the first years of the second century A.D12.

The area of the fort was severely affected by 
agricultural leveling back in the 1980s, which made difficult 
the identification of the routes of the wooden walls and the 
distribution of the barracks buildings. The archaeological 
research (2011-2019) identified the burning level of the 
barracks, corresponding to the time when the garrison left. 
Based on this research it was concluded that the camp had 
24 barracks, which means a considerable number of soldiers 
were hosted13, possibly a full garrison for a cohors militaria 
or ala quingenaria, a unit between 600 and 800 soldiers14. 
The name of this troop remains unknown16. The correlation 
of the data gathered from geophysical measurements15, 
11   ȚENTEA/MATEI-POPESCU 2015.
12   ȚENTEA 2018.
13   HODGSON/BIDWELL 2004.
14   ȚENTEA/POPA/CÎMPEANU 2018.
15   ȚENTEA/CĂLINA 2019.

Fig. 1. Photographic documentation of the bronze vessel: on site and after cleaning.



Journal of Ancient History and Archaeology      No. 9.1/2022

Studies

187

regarding the camp plan, with those from the extensive 
excavations (~450 m2) around a military barracks from the 
sinister praetentura revealed important information about 
the architecture and the internal structure of the building 
where the vessel was found.

The excavated barrack had 8 bedrooms (contubernia), 
with a usable area of about 12 m2, doubled to the south 
by a corridor. The officer’s residence (~ 80 m2, divided into 
several rooms) was located at the eastern end of the barrack. 
A cellar was identified under the south-east room, located in 
the corner of the apartment. The vessel that is the subject 
of this paper was found in the cellar of this barrack along 
with several of its fragments (Supplementary material 1) 
and other objects with a significant number amphorae used 
for wine, olive oil and garrum16, indicating their storage on 
wooden shelves and supports.

MATERIALS AND METHODS
The object. Archaeological discussion
The object was found partially damaged with a side wall 

bashed in and the base detached. It had some missing parts, 
of which several fragments were found nearby. The surface 
was covered with green, brown and black encrustation, due 
to corrosion processes.

The vessel has a globular body, with rounded shoulder, 
wide neck, and slightly inverted rim. It had flat base (now 
detached), made from a different metal sheet. From the point 
of view of the production process, the vessel was initially cast 
as a rough cylinder, which was subsequently hammered, in 
order to obtain the final shape. The body preserves a dotted 
decoration (possibly made by embossing), organized in two 
registers (as emphasized after 3D digitization: one towards 
the base, the other under the rim) divided by an undecorated 
strip on the shoulder. The remaining part of its neck presents 
only one metal loop, a band of the same material as the 
vessel, with a width 6.3 mm and 1 mm thickness, bended 
and rounded, with 8mm diameter, which suggests it had a 
handle of unknown design at some point, but now lost. The 
vessel has 15.6 cm height; 12 cm neck diameter; 18.7 cm 
maximum body diameter, 13.5 cm base diameter; thickness: 
between 1.77 mm (upper areas) and 2.33 mm (widest areas); 
374 g (339 g the body + 35 g the bottom) weight. 

Only two other vessels with similar decorations as 
the ones from Mălăiești and Leiden have been found in 
literature: an Östland bucket from the Netherlands, with a 
slightly different shape17 and an ovoid bucket from France18. 
This can infer that such vessels were produced in a workshop 
which functioned in the provinces (in Gallia Belgica or 
Germania Inferior), most probably during the second half of 
the 1st century AD. 

3D documentation
The subject was 3D digitized using photogrammetry, 

an image-based 3D digital reconstruction technique 
successfully applied in most cultural heritage digitization 
16   OPAIȚ 2017.
17   KOSTER/RIEDERER 1997.
18   BARATTE et alii 1984.

projects for some years19 and based on the resulted 3D model 
a virtual reconstruction of the original shape was proposed. 
The virtual reconstruction was an important aspect due to 
the rarity of the vessel and thus the importance of sharing 
its hypothetical original form to other experts but also to 
the public. 

3D Digitization using photogrammetry
The first step in this process was to make several 

important observations regarding the surface of the object. 
On the superior half of exterior surface, the metal had a 
polished aspect favoring significant specular reflections. 
This feature is problematic to both laser scanning and 
photogrammetry and usually results in loss of data, due 
to the specks of light reflection which occurs20. Another 
important aspect was that the object still had dirt layers on 
the interior (like a coating), so an accurate reconstruction 
of the interior metal surface would not have been possible. 
The real-life texture color needed for the final result and 
the complicated shape of the interior of the object were the 
deciding factors in favor of photogrammetry against other 
available methods.

In the data acquisition stage, the image set 
was recorded using the turntable method, following 
recommended procedures21, with a 36-megapixel full frame 
professional camera (Nikon D810), with 35 mm lens and 
circular polarizing filter. An X-rite ColorChecker card was 
used for white balance and color corrections. A total of 214 
selected images were used for processing.

The 3D reconstruction was realized with a specialized 
photogrammetric software, Agisoft Metashape (v 1.7). 
As the study requirements needed only the 3D mesh, the 
processing workflow implied image alignment followed by 
mesh generation using depth maps. 3D Mesh reconstruction 
used depth maps generated at Ultra High quality.

Virtual reconstruction
The virtual reconstruction of the object 

(Supplementary material 2) was based on the resulted 
photogrammetric 3D model. The purpose of this approach 
was to create a realistic shape and look of the object before it 
was damaged by time. Because of its rare shape and peculiar 
decorations, it posed great difficulty in establishing its 
original form. The main instrument used was Blender 3D v 
2.9 software, with physical based rendering (PBR) materials 
to make the final render look as close to reality as possible.

Spectroscopic methods
The spectroscopic methods used in this study are 

non-invasive and nondestructive, with the exception of 
LIBS, which is micro-destructive. All the fragments found in 
the proximity of the vessel (Supplementary material 1), have 
been investigated using different methods, as follows.

Fourier transform infrared spectroscopy (FTIR) analysis 
19   REMONDINO 2011.
20   NICOLAE et alii 2014.
21   ANGHELUTA 2019.

https://jaha.org.ro
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was carried out on corrosion products of various color and 
soil (sedimentary matrix), gently scratched from the surface 
of the samples using a scalpel and grinded in a mortar. FTIR 
was performed in attenuated total reflection (ATR) mode, 
using a SpectrumTwo FTIR spectrometer (PerkinElmer) 
equipped with a GladiATR accessory (monolithic diamond 
ATR crystal, Pike Technologies). Spectra were recorded by 
accumulating 32 scans at 4 cm−1 resolution in the 4000–380 
cm−1 mid-infrared region. Spectra were baseline corrected. 
Data processing was done with Essential FTIR Spectroscopy 
Software Toolbox (Operant LLC).

X-ray fluorescence (XRF) spectroscopy was performed 
with portable hand-held TRACER III-SD energy-dispersive 
equipment (Bruker Elemental). Due to the surface 
morphology and shape of the vessel, XRF investigation was 
done on 9 fragments. For the largest samples, several spectra 
were acquired per sample, resulting a total of 15 spectra. 
The operating conditions were set at 40 kV, ~11 µA, 60 s 
acquisition time, using an Al and Ti filter to modulate the 
signal; the XRF analyzer’ spot is ~ 3x4 mm. 

Laser-induced breakdown spectroscopy (LIBS) was 
performed with a handheld spectrometer from SciAps that 
can operate in Argon purge environment, applied directly 
on the surface of interest. The equipment has a Q-switched 
Nd:YAG emitting at 1064 nm, with 5 mJ energy and 50 µm 
laser spot. It has a spectral range from 190 nm out to 950 
nm, due to its 3 spectrometers. LIBS spectra were recorded 
for 100 pulses per each analyzed spot and the data were 
processed for the study of the chemical element distribution 
in stratigraphy. 

X-ray diffraction (XRD) data were recorded on 
corrosion products from sample 7, using a SmartLab 
diffractometer (RIGAKU, Tokyo, Japan), equipped with 
9kW Cu rotating anode and 5-axis vertical goniometer. The 
diffractometer was operated in parallel beam mode with 
high-resolution optics on the incident beam (2-bounces 
Ge(220) monochromator) to select Cu-Ka1 radiation (λ = 
1.540597 Å). The measurements were performed in the 
range of 10-100° with a step size of 0.02°. Peak identification 
was made using the PDXL software data base.

Imaging techniques
X-Ray imaging. The X-Ray generator was Siefert 

Isovolt Mobile 160 with large focal spot of 5.5 mm and 91 
cm working distance. The re-usable digital film detector was 
scanned with resolution of 35 μm per pixel and exported as 
JPEG files at 41.5 megapixels. This first exposure session was 
realized at high irradiation parameters (100 kV energy, 5 mA 
current intensity, 60 s exposure), in order to penetrate the 
thickness of the whole mass of soil and the metal vessel. A 
second exposure session (80 kV energy, 5 mA current intensity 
and 30 s exposure time) was done after the first cleaning and 
earth removal, to assess the conservation state of the object 
and find clues about the manufacturing technique, especially 
for the base and the exterior decorations.

SWIR (Short-wave infrared) Hyperspectral images were 
recorded using HySpex SWIR-384 camera, able to record the 
specific radiance of materials’ surface between 950-2550 

nm. The hyperspectral imaging spectrometer simultaneously 
registered 288 spectral bands. The data were registered using 
a linear push-broom scanning technique, with a lens for 30 
cm distance. Due to the shape of the vessel some areas were 
out of focus. However, this drawback was minimized by 
using multiple recordings for the specific areas of interest 
and by adjusting the distance from the camera to the object. 
The object was diffusely illuminated with two custom made 
lamps, which focused the light in a vertical line overlapping 
with the narrow FOV of 16 degrees across the track. Data 
processing was carried out with ENVI (Harris Corporation). 

Optical microscopy (OM) was performed on some of the 
samples with Leica M205FA fluorescence stereomicroscope, 
equipped with PlanApo objective at 52x magnification. 

RESULTS AND DISCUSSION
X-Ray imaging 
The first radiographs were acquired soon after the 

excavation, before preliminary cleaning. The results indicated 
the same type of deposition inside and outside the object. As 
can be seen in Fig. 2, no other objects were identified inside. 
X-ray imaging revealed that the vessel’s walls were thin (~ few 
millimeters) and fragile, details important for future handling.

Fig. 2. First X-ray imaging: a) top view; b) side view; X-ray imaging 
after the preliminary cleaning: c) single wall; d)-e) orthogonal axis 
views; f) vertical view; g) base fragment (over scaled for better 
observation).
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The radiographs from the second exposure session, 
after the vessel’s preliminary cleaning (Fig. 2c-g) showed 
clues to a hypothetic repeated hammering of the base’s alloy 
center, from interior to exterior, following a spiral path (Fig. 
2-g). For the decorated parts, there was no indication to 
their manufacturing. Fig. 2c shows a side view of the vessel 
recorded using a flexible film which was inserted inside the 
vessel, to determine the conservation state of the metal. 
This way, the superimposition of the vessel walls (as seen in 
Fig. 2d-e) was avoided. Important structural details like the 
crack along the base of the vessel neck, which was not visible 
otherwise, were clearly emphasized (Fig. 2c-e). This kind of 
information is essential for the restorers as they can better 
assess their conservation strategy. 

3D digitization and the virtual reconstruction 
proposal

The photogrammetric processing resulted in a 3D 
digitized model of the object with 159 million polygons. The 
resulted mesh was cleaned of any remaining polygon debris 
and 8182 pixels textures (8k) were generated for both diffuse 
and normal mapping. In this case the mesh simplification 
was done at 100.000 polygons for further online usage.

By applying a special type of texture that maps using 
the surface normal (MatCap - Material Capture) with a 
Cavity enhancing algorithm (which highlights the valleys 
and ridges on the surface of the 3D model, thus emphasizing 
all the smaller details), it was possible to observe in detail 
the decorations on the lower register of the vessel (Fig. 

3b). Using this combined visualization, another detail was 
observed: a well-defined median band of 2.3 cm surrounding 
the object (Fig. 3d, area 2), where the surface appeared 
almost polished. From that band below starts the decorated 
register for about 5.2 cm (Fig. 3d, area 3) and above it for 
about 1.3 cm another decoration register (Fig. 3d, area 1). 

Using an online web visualizer, 3D HOP22, for easier 
shared inspection of the 3D model, the decorations on both 
sides of the median band were emphasized with a raking 
light interactive tool (Fig. 3d).

Based on this reconstruction, precise measurements 
could be possible: volume, areas, decoration sizes, wall 
thicknesses anywhere on the body, etc. Also, an important 
advantage was the extraction of profile on all three axes (Fig. 
3c), which helped in the comparative studies with other 
vessels’ shape and in the design of the proposed 3D virtual 
reconstruction.

For virtual reconstruction, the first intent was to 
realize a virtual anastylosis, but the vessel fragments were 
too small to be used for this purpose. Therefore, the only 
digitized piece used was actually the body of the vessel. 
For modeling purposes, the simplified (100.000 polygons) 
reconstructed model and the most intact extracted profile 
shape were used as references (Fig. 3g-i). The thickness of 
the original model varied between 1.77 mm (upper neck 
area) and 2.37 mm (the widest area), so for the virtual 
reconstruction we opted for a constant wall thickness of 
2 mm. The decorations on the lower half and the shoulder 
22   POTENZIANI et alii 2015.

Fig. 3. a) realistic texturing; b) MatCap rendering; ) Y axis (green) profile of 3D digitized vessel; d) embossed decorations emphasized by 
interactive raking light tool, showing the shoulder decoration (area a), the polished median band (area b), the lower register decoration (area 
c); Stages of the virtual reconstruction: e) hard surface modeling (wireframe view); f) UV mapping of areas with different properties of the 
object and the normal map; g-i) rendered views of the final reconstruction (Supplementary material 2).

https://jaha.org.ro
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of the object all have 1.8 mm diameter, with an apparent 
random distribution with a distance between adjacent spots 
ranging between 0.5 mm and 1.5 mm.

Spectroscopic methods
Firstly, data were collected regarding the corrosion 

products derived from the original bronze material, and 
respectively, from the local environment in which the vessel 
had been buried for almost 2000 years, after which one of 
the samples (7) has been mechanically cleaned and the 
concentration of the identified elements was detected for 
the bulk metal using empirical calibrations for copper. The 
visual aspect of the samples varied from black, dark green 
to light blue-green (Supplementary material 1). Some of the 
samples had a thick layer of soil. In all cases, the surface was 
highly inhomogeneous and rough, with a soil layer, followed 
by a black layer, and then a green layer, sometimes interlaced 
with the black areas. The side view of sample 7 showed an 
intermediary layer consisting of orange inclusions from the 
core metal towards the outer layers.

Copper was the main identified element in all XRF 
spectra, followed by several trace elements, such as Fe, Sn, 
Pb, Sb, Ag. Even samples covered by a relatively thick soil 
layer showed Cu as the main element, probably due to 
microscopic Cu particles embedded in the soil matrix. Tin 
and lead could have been added in bronzes to make them 
more fluid and easier to work23. Other identified metals and 
metalloids, such as Fe, Ag, Sb, As which may commonly be 
found in archaeological bronzes, are usually indicators of 
either the copper ore used or of the manufacturing process24. 
The surface corrosion layer formed on sample 7 was 
analyzed by XRD. The main corrosion products found were 
basic salts and oxides of the main elements found by XRF 
(Cu, Pb, and Sn): brochantite (Cu4(SO4)(OH)6), malachite 
(Cu2(CO3)(OH)2), cerussite (PbCO3), atacamite (Cu2Cl(OH)3), 
libethenite (Cu2(PO4)(OH)), tenorite (CuO), covellite (CuS), 
cassiterite (SnO2), pyromorphite (Pb5(PO4)3Cl), cuprite 
(Cu2O) (Fig. 4f). 

Brochantite indicates a lesser sulfur concentration in 
the soil, as it forms from posnjakite, derived from cuprite, as 
opposed to a higher-sulfur content in the soil, which would 
have led to the formation of antlerite25, component not 
identified in the diffractogram.

Cuprite forms through the oxidation of copper 
in alkaline soils, and, in contact with carbonates from 
groundwater, turns into malachite26. In chloride-rich 
conditions, cuprite can turn to nantokite, and then into 
atacamite, indicator of the so-known “bronze disease”27. 
Malachite was also confirmed via FTIR-ATR spectra of 
corrosion products, Fig. 4a – characteristic peaks at: 1496 
and 1392 cm-1 (CO stretching), 1097 and 1035 cm-1 (CO 
symmetric and asymmetric stretching vibrations), 818 and 
750 cm-1 (CO stretching modes), 580, 516 and 427 cm-1 (Cu-
23   INGO et alii 2006; OUDBASHI/MOHAMMADAMIN/DAVAMI 2012.
24   INGO et alii 2006.
25   KRÄTSCHMER/ODNEVALL WALLINDER/LEYGRAF 2002.
26   COSANO et alii 2018.
27   CHANG et alii 2019; COSANO et alii 2018.

O skeleton vibrations)28. Compared to the reference spectra 
of malachite, the broad bands in the 3400 cm-1 region (OH 
stretching mode) - peaks at 3442 and 3336 cm-1, are slightly 
shifted towards higher wavenumbers. This is most probably 
due to overlapping signal with the different impurities that 
are present29. A green carbonate-based corrosion product, 
malachite is frequently found on copper-based artifacts 
that have been exposed to prolonged burial in soil30western 
Iran, was established to identify corrosion morphology 
and mechanism in these objects. The corrosion layers in 
22 samples were studied by optical microscopy, scanning 
electron microscopy–energy-dispersive X-ray spectroscopy 
and X-ray diffraction methods. The results showed that a 
thin corrosion crust has formed on the surface of bronzes 
with a triple-layer structure, including two internal and one 
external corrosion layers. The formation of these layers is 
due to copper leaching from the bronze surface. The internal 
corrosion part has been a compact, tin-rich corrosion/
oxidation product (noble patina. 

Broad carbonate stretching bands in the 1400-
1500 cm-1 region and a hydroxyl function around 3400 
cm-1 identified in the FTIR spectra suggest the presence of 
carbonates31, probably from lead carbonate, as indicated by 
XRD. XRF showed higher Pb concentration in the corrosion 
layer, as compared to the bulk metal, correlated with the 
presence of cerussite, probably due to lead leaching, which 
may occur in the presence of organic acids32.

The dull-black tenorite can form from copper slowly 
heated in air, before or during the burial33. Libethenite 
and pyromorphite, not very frequent copper phosphate 
corrosion products, are most often encountered in soils rich 
in phosphorous, either from natural sources (bones, ivory, 
soil apatite), or from anthropological sources (phosphorous-
based fertilizers). In addition, quartz (SiO2), hematite (Fe2O3) 
and the aluminosilicate halloysite, (Al2Si2O5(OH)4) could be 
identified in the diffractogram, coming from the soil34. 

Black corrosion products were also investigated by 
FTIR, showing broad, poorly defined absorption bands at 
1555, 1379 and 1031 cm-1 (Fig. 4c). According to XRF data, 
several metal oxides could be present. The peak around 
1030 cm-1 could be linked with the presence of manganese 
dioxide or of silica content35. The peaks at 874 and 712 cm-1 
are characteristic for calcium carbonate36. Calcite should also 
display a strong absorption around 1400 cm-1 (asymmetric 
stretch), that overlaps in this case with the other present 
components. The weak bands at 2922 and 2852 cm-1 could 
be ascribed to aliphatic C–H stretch groups. However, as 
no organic residues were found in any of the investigated 
samples (including soil), these bands are most probably due 
to carbonate overtone/combinations37.
28   ROY 1993; KOTLAR et alii 2021.
29   KOTLAR et alii 2021.
30   OUDBASHI/HASANPOUR/DAVAMI/ 2016; COSANO et alii 2018; FAN 
2019.
31   ROY 1993.
32   SCOTT 2002.
33   SCOTT 2002.
34   MANSO et alii 2015; OUDBASHI 2018.
35   BIKIARIS et alii 2000.
36   ROY 1993; KOTLAR et alii 2021.
37   SHILLITO et alii 2009.

https://jaha.org.ro
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FTIR spectra of the red/orange corrosion products 
(Fig. 4b) indicate a rich silica content – main absorption 
at 1035 cm-1, sharp peaks at 797 and 778 cm-1 due to the 
asymmetrical and symmetrical stretching vibrations of the 
Si-O groups, peaks at 694 and 456 cm-1 ascribed to Si-O 
bending vibrations38. The band at 695 cm-1 is a clear indicator 
for quartz crystallinity39. This high silica content could be 
linked with the formation of secondary silica40. 

Regarding the bulk material, the normalized XRF 
intensities of the main identified elements for sample 7 
showed that while copper concentration is higher at the core 
of the sample, the surface corrosion layer is enriched in Fe, 
Pb, Sn and Sb (Fig. 4e). The higher tin content in the external 
layer would indicate an intercalation of Sn-derived products 
within copper-based corrosion layers41. Similarly, the higher 
Pb concentration in the corrosion layer can be explained by 
the preferential mineralization of Pb aggregates in copper 
matrix42. On the other hand, Fe is most likely related to the 
38   SAIKIA/PARTHASARATHY/SARMAH 2008.
39   SAIKIA/PARTHASARATHY/SARMAH 2008.
40   CRANE/SHARPE/WILLIAMS 2001.
41   CHANG et alii 2020.
42   INGO et alii 2019.

soil input, which explains its much higher concentration in 
the corrosion layer as compared to the bulk. For the bulk 
metal, elemental concentrations were approximately 97 wt% 
for Cu, 1.18 wt% for Sn, 0.30 wt% for Fe, 0.27 wt % for Pb, 
0.15 wt % for Sb, and 0.11 wt% for Ag, which would place the 
vessel into the low – tin category43. 

Soil samples attached to the artifact were also 
analyzed by FTIR. As shown in Fig. 4d, aluminosilicate 
minerals were identified via the characteristic absorptions in 
the upper region of the spectra – peaks at 3696 and 3621 cm-1 
assigned to OH groups from the Al-OH and Si-OH surface44, 
and the shoulder band at 912 cm-1 (deformation mode of 
the Al2OH group). The 3697 cm-1 band is characteristic 
for kaolinite. However, the main vibration of kaolinite45, 
typically centered at 1030 cm-1 (SiO deformation mode), with 
a shoulder band at 1011 cm-1 (Si-O-Al), is slightly shifted 
towards lower wavenumbers – 991 cm-1. This situation could 
be due to interferences with the 1085 cm-1 band in quartz 
43   SCOTT 2002.
44   DONTSOVA et alii 2004.
45   SALAMA/EL AREF/GAUPP 2015.

Fig. 4. FTIR-ATR spectra of corrosion products: a) greenish layer; b) orange-red layer; c) black layer; d) sedimentary matrix; e) XRF of 
sample 7; f) XRD of corrosion from sample 7.
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(also present), as well as to particle size46. Small amounts of 
quartz could be inferred as indicated by the weak but very 
characteristic doublet observed at 798 and 778 cm-1 (Si-O 
symmetrical stretching vibration), and the peak at 693 cm-1 

(Si-O symmetrical bending vibration)47. As suggested by XRF, 
iron is present in the soil matrix, in relatively high amounts, 
considering the intensity of the characteristic absorption 
bands at 524 and 463 cm-1, slightly shifted towards lower 
wavenumbers compared to the reference peaks registered 
for ferric oxide/mineral hematite48. As shown in previous 
studies, this situation could be explained by an increase of 
Al- for Fe-substitution in the hematite structure49. The small 
peak around 1634 cm-1 (H–O–H bending vibration) with an 
overtone around 3300 cm-1, can be related to adsorbed water 
on clay surfaces50. No traces of organic materials were found.

The LIBS spectra can give important data about the 
distribution of the elemental composition on stratigraphy; 
thus, the Roman vessel and its fragments were investigated 
using 100 pulses because of the thick crust of surface 
corrosion and adherent deposits. From all the data processed, 
several spots were analyzed on some of the samples, but the 
46   EKOSSE 2005; UDVARDI et alii 2017.
47   SAIKIA/PARTHASARATHY/SARMAH 2008.
48   BIKIARIS et alii 2000.
49   SALAMA/EL AREF/GAUPP 2015.
50   DONTSOVA et alii 2004; SALAMA/EL AREF/GAUPP 2015.

most important results were obtained on the base (Fig. 5), 
for which a suspicion existed regarding the composition of 
the interior side. 

The stratigraphy investigations were focused on 
the evaluation of the distribution of Cu, Sn, Pb and Si 
throughout the LIBS series, taking into consideration the 
type of adherent deposits present on the surface: dark 
corrosion, green corrosion and soil adherent deposits. The 
stratigraphical distribution of Sn shows that it has a higher 
abundance in the corrosion layer, while Cu concentration 
begins to increase after the first 25-30 pulses, showing higher 
abundance in the core of the metal, in accordance with the 
XRF results. Comparing the green and dark black corrosions, 
it appears that Cu has a smooth continuous increase for the 
green corrosion, while for the darker crust, it shows a slight 
increase, than reaches a plateau and after the 60th pulse it 
has a greater increase. Si content is, as expected, much higher 
in the soil crust as compared to the other corroded surfaces.

The base presents areas where the exterior black 
corrosion is exposing the green layer underneath, therefore 
the LIBS was performed on both green and dark areas. Due 
to the fact that both sides of the base presented surface 
corrosion, the copper signal is lower at the surface and 
increases towards the core of the object, as shown by the 
LIBS spectra, in accordance with the XRF data. Also, the 
interior side of the base showed some silvery areas that were 

Fig. 5. LIBS analysis areas and stratigraphy data on the interior and exterior side of the base.



Journal of Ancient History and Archaeology      No. 9.1/2022

Studies

193

also investigated using LIBS stratigraphy. For interior, LIBS 
stratigraphy data (Fig. 5) show a higher relative abundance 
of Sn in the first pulses that decreases as the pulses advance 
in the core of the object, as opposed to the exterior which 
showed a slight increase of tin as pulses advanced. Lead 
showed similar trend with tin, which proves that there was 
a Sn+Pb layer applied in the interior of the bronze vessel. 
The highest intensities were recorded for the second pulse, 
due to the depositions on the surface layer. As the ablation 
pulses progress, it can be seen that the bronze material was 
reached pretty fast, and the Sn and Pb reach a linear area. 
The presence of Sn on the interior indicates a tin coating, 
which is specific for storage vessels (used in contact with 
food, wine or water), excluding its functionality as a cooking 
vessel, in contact with direct fire or extreme heat51.

Hyperspectral imaging abundance maps
Hyperspectral data were processed using Linear 

Spectral Unmixing (LSU) algorithm, to obtain abundance 
maps52. Using different RGB values combinations, variability 
of the spectral profiles was highlighted in False Color 
Infrared (FCIR) images. Using vector layers converted into 
Region of Interest (ROI) areas (Fig. 6a) endmembers were 
collected for the categories that had a characteristic response 
of the spectra, in terms of radiance value and wavelength. 
For each of these categories the mean value of the spectral 
profiles found in the ROI selections was exported as statistic 
files. This data was actually used in the process of calculation 
as endmembers to determine the relative abundance of the 
compounds (mapped as raster images together with the 
Root Mean Square error). 

In Fig. 6c-f, the light and dark areas designate high, 
respectively low, pixel purity/accuracy matches. The fraction 
corresponding to the darker areas in Fig. 6a, covering 
most of the vessel, is linked to the surface depositions, 
which showed greater absorbance in the NIR as compared 
to the visible. Light green and mauve fractions have well 
individualized spectra, their highest purity signal being 
located in different areas than the darker depositions. The 
fraction corresponding to the shiny areas represents a 
51   MUSTAȚĂ 2017.
52   CANTY 2014; DEBORAH/ULFARSSON/SIGURDSSON 2021; GRILLINI/
THOMAS/GEORGE 2021.

particular case. Due to its appearance in FCIR images and 
slightly different spectral profile we have considered this 
area to be individualized but taking in consideration the 
overall output data it can be understood as a mismatch 
selection when looking at the fractions of light green and 
dark depositions. A better understanding of the distribution 
of pixel purities’ abundances has been reached using their 
combinations in RGB as seen in Fig. 6g-h. Although the 
intensity of the signal was very low due to the surface 
depositions, the mixing calculation based on the least-
squares inversion method was able to discriminate the main 
categories of materials. 

The LSU maps showed how the various degradation 
compounds are mixed at and below the surface of the object. 
These maps can aid the restoration process, guiding the 
restorer to apply the proper cleaning procedures even in 
areas where corrosion layers overlap.

CONCLUSIONS
The Roman vessel analyzed in this study is an 

uncommon discovery in many ways. Only a few bronze 
vessels with a globular shape, small size and embossed 
dotted decoration were found in other museum collections, 
unavailable to the public, but with significant differences. 
Unfortunately, there were no scientific investigations carried 
out for them, hence the importance of the present study. 
The historical context of the Mălăiești fort leads to a precise 
dating (101 – 118 A.D.) of the object, placing it in the same 
time frame with the referenced vessels. 

The opportunity of documenting the vessel, through a 
multi-analytical integrated approach right after its discovery 
was a great advantage for its characterization, especially for 
studying the corrosion and overall conservation state. 

The X-ray imaging emphasized the content of the 
vessel after the first exposure, ruling out the possibility of 
other objects being hidden in the soil inside the vessel, useful 
for the first mechanical cleaning of the vessel. The second 
exposure, after the cleaning, was helpful in identifying 
traces specific for the manufacturing process (such as the 
hammering process for the base), along with the assessment 
of the vessel’s state of degradation – wall thickness, integrity 
and heterogeneity.

Fig. 6. a) Regions of Interest (ROI); b) spectra corresponding to the ROIs; c-f) LSU algorithm abundance maps for the selected areas: mauve 
(c), dark (d), shiny (e), light green (f); g-h) RGB combinations: Red – dark, Green – light green, Blue – mauve (g); Red – mauve, Green – shiny, 
Blue – dark (h).
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3D digitization is an important stage in both 
structural and visual documentation of any artefact. 
From the 3D digitized model were extracted precise 
measurements regarding wall thickness all across the vessel 
surface (ranging between 1.77 and 2.37 mm), decoration 
and other small detail sizes, shape profiles and, finally, it was 
the direct reference for the virtual 3D reconstruction. The 
virtual reconstruction aimed at an ideal shape and form of 
the vessel, as it is supposed to have been when it was anew. 
The only loop preserved on the edge of vessel indicated 
that it probably had a handle, but with no clues regarding 
the shape and the construction technique. Therefore, the 
reconstruction did not include any handle hypothesis. The 
PBR texturing was used in order to give a real-life look with 
real metal properties (the way it interacts with light). The 
color chosen was estimated in accordance with the results of 
the XRF characterization, which indicated a Cu-Sn alloy (97 
wt% for Cu, 1.18 wt% for Sn).

The resulted 3D model can be viewed in an online web 
browser53, but it can also be used in a physical exhibition 
along with the original object, in digital form (animation, 
interactive 3D model) or in physical form (digital prints, 
3D print). Such renderings, based on and associated with 
accurate analytical data, can be useful in enriching the 
museum display of objects and could be well received by 
the public, which could gain a more realistic perception on 
how the object would have originally looked like. The virtual 
reconstruction has uses beyond the online edutainment 
sphere, as it can bring added value for a better understanding 
of the typology and the use of the vessel. 

The X-ray diffraction analysis, along with the 
spectroscopic characterization, indicated the presence of 
several degradation compounds of the main elements, such 
as brochantite, malachite, cerussite, cuprite, atacamite, 
cassiterite, covellite, tenorite, pyromorphite and libethenite. 
Some of these compounds can give indications about the 
features of the surrounding soil: the phosphates, in the lack 
of any other specific indicators, point towards agricultural 
practices, copper oxide might suggest the presence of 
groundwater sources, while brochantite infers a low-sulfur 
content in the soil, which is consistent with soil leaching 
as a result of precipitation or how much water is running 
through the soil profile, either from groundwater sources 
or from watering of the crops. Infrared spectroscopy 
highlighted the presence of typical soil components, such as 
quartz, aluminosilicate minerals (kaolinite) and iron oxides, 
without any traces of organic materials. All of these together 
indicate a specific fingerprint left upon the object by the 
characteristic features of the burial area, where the soil was 
cultivated, fertilized, and frequently watered.

LIBS stratigraphical analysis allowed a high accuracy 
comparison between the surface corrosion layers and the 
bulk, with higher Cu concentration towards the interior, 
as compared to the outside of the samples. An important 
aspect was the detection of higher Sn and Pb concentration 
in the first spectra for the measurements performed on the 
silvery areas on the interior of the base. 
53  ANGHELUTA et alii 2022.

Since neither the FTIR nor the GC-MS (inconclusive 
data, not included in this paper) performed on the soil taken 
from inside of the vessel yielded any traces of organics, 
there is no assumption as to what it may have contained. 
However, the discovery of tin coating on the inside of the 
vessel narrows down its possible uses, indicating that it was 
most probably used for storage of food or liquids, but not for 
cooking, nor in contact with direct fire or extreme heat.

Knowing the precise dating of the archaeological site, 
and thus of the object, and also the results of this integrated 
multi-analytical approach, the object can become a reference 
for future studies regarding bronze artifacts found in similar 
forts, not only from the Dacian territory but also from the 
neighboring region.
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