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Abstract An ultraportable hyperspectral camera operating in the Vis—NIR range (400-1000 nm) was used in this study for the non-
invasive analysis of a selection of Italian maiolica wares and sherds from the Museo Nazionale del Bargello in Florence, Italy. The
studied objects included authentic archaeological sherds, nineteenth-century forgeries, and ceramics of uncertain origin. The primary
aim of this study was to evaluate the efficacy of hyperspectral imaging (HSI) spectroscopy combined with multivariate analysis
for examining highly refractive and three-dimensional glazed ceramic artefacts within the constraints of a museum environment,
including imperfect lighting conditions. Two data processing pipelines were tested: one based on principal component analysis
(PCA) with score plots and the other on spectral angle mapper (SAM) classification obtained through the ENVI Spectral Hourglass
Wizard (ENVI-SHW). The analyses enabled the discrimination between original parts and/or restored parts and additions. Among
others, a complex assemblage of original sherds, restored parts, and non-ceramic parts was observed in a Renaissance pastiche vase.
Furthermore, the method enabled the identification of the various chromophores providing clues on the artistic colour palette. In
particular, the identification of chromium in the blue and green glazes of two objects of uncertain chronology suggested that they
were not made before the nineteenth century. The acquisition of a larger and more detailed database of HSI data on maiolica glazes
is strongly encouraged to improve the applicability of this method in authenticity, art-historical and archaeological studies.

1 Introduction

The collections of glazed ceramics held in museums represent an immense source of information about the socio-cultural context in
which they were produced, providing clues on the manufacturing techniques, the artistic taste, and the trade connections. Moreover,
each object has an individual history that includes uses, re-contextualization and restoration. It is not always possible to keep track of
all these trajectories, and often, the only source for reconstructing the histories of objects is the study of their material characteristics.
When analysing these objects, non-invasive and portable techniques are frequently the preferred methods and, sometimes, the only
viable ones. This approach helps safeguard the object’s integrity and enables in situ, repeatable analyses, making it possible to study
fragile objects with minimal handling.

In these perspectives, Vis—NIR hyperspectral imaging (HSI) spectroscopy (400-1000 nm) presents several advantages since: (i)
it allows performing non-invasive and contactless analysis; (ii) highly portable cameras are available; (iii) there are no health and
safety constraints, such as those linked to ionising radiation; (iv) the acquisition of data is fast and easy, thus allowing the screening
of large areas and a high number of objects [1]. For decorated surfaces, HSI enables the characterisation and the mapping of artistic
materials and the localisation of differences in polychromatic patterns. For each pixel in the acquired image, reflectance spectra at
different wavelengths are recorded. However, the acquisition of an extensive hyperspectral data cube requires multivariate analysis
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for data reduction and extraction of relevant information. An increasing number of data processing routines have been developed and
employed to enhance data visualisation and classification while reducing computation time [2-5]. Reflectance imaging spectroscopy
has been extensively used to analyse a wide range of polychromatic objects, including mural [6, 7] and canvas [8, 9] paintings,
textiles [10, 11], manuscripts [12, 13], prints [14, 15] and historical glasses [16, 17], with a general preference for artefacts having flat
surfaces [18], since this aspect facilitates the acquisition and treatment of the images. In particular, the portable Specim IQ camera
has proven to be effective in recent cultural heritage applications within art history and archaeology in the field and in museums
[1, 2, 19]. However, only a few applications of HSI on glazed pottery have been reported in the literature and, to the author’s
knowledge, none of them concerns Italian maiolica. For example, Beauvoit et al. applied HSI on polychrome glazed ceramics from
the Vieillard & Co factory in France [20], while Sciuto et al. studied Iznik ceramic tiles [1]. Infrared false-colour (IRFC) photography
has been used in maiolica studies [21], while fibre optics reflectance spectroscopy (FORS) in the UV-Vis and Vis-SWIR range have
been implemented in the investigation of enamels [22], ceramic materials [23, 24], mosaic tesserae [25], and ceramic tiles with a
lead-based glaze [26]. In this study, we propose the use of an ultraportable HSI camera (Specim IQ) operating in the Vis—NIR range
(400-1000 nm) for the study of a selection of Italian maiolica wares and sherds of the Museo Nazionale del Bargello in Florence,
Italy.

Maiolica is an Italian word indicating earthenware materials coated with tin-opacified and coloured glazes [27]. This type of
pottery developed during the Middle Ages and the Renaissance, becoming an iconic artistic production of these periods in Italy.
After about two centuries of decline, maiolica had a revival period in the second half of the nineteenth century, when the previous
productions started to be collected, restored, copied, and forged [28—31]. This extensive production makes authentication studies
essential for understanding the social and economic context in which the copies were produced. An interpretation of maiolica
collections as objects revealing the origin and diffusion of different types of production necessarily uses a scientific approach, which
is essential for the description of the biographies of individual objects and entire collections [32]. Furthermore, the outcome of
scientific investigations is important in technical art history studies and in planning conservation and preservation treatments.

In these perspectives, this study aimed to explore the potential of HSI in the characterisation of Italian maiolica, with a focus
on the discrimination of parts with different compositions within the same object, including restorations and integrations, and the
identification of pigments and dyes used over the centuries. The extensive maiolica collection at the Museo Nazionale del Bargello in
Florence, Italy, founded in 1865, was a rich resource for the analysis of a wide range of artefacts, from original archaeological sherds
to nineteenth-century forgeries. The hyperspectral images were acquired directly in situ. Challenges, such as shadows and scattering
effects, were posed by the complex three-dimensional artefacts with highly reflective surfaces. Therefore, another objective of
this research was to evaluate appropriate and effective data processing methods to elaborate hyperspectral images of exceptionally
reflective surfaces acquired under conditions that diverge from those typically encountered in conventional laboratory settings. To
achieve this, two different pipelines were followed independently, and the outcomes were compared. Ultimately, this will contribute
to the characterisation of valuable works of art housed in museum collections.

2 Materials and methods
2.1 Maiolica wares and sherds

The maiolica wares and sherds that were analysed by HSI in this study belong to the collection of the Museo Nazionale del Bargello
collection in Florence, Italy. The artefacts are shown in Fig. 1 and described in Table 1. These artefacts have been divided into
three different groups, namely (a) Italian maiolica made between the thirteenth and the sixteenth century; (b) copies and forgeries
of Italian maiolica made between the nineteenth and the twentieth century; and (c) maiolica of uncertain dating and authenticity.

The samples belonging to the first two groups (a and b) were investigated in a previous analytical study [33] using various analytical
techniques (see Table 1), while samples from group (c) were not analysed before. More in detail, group (a) consists of 4 sherds from
archaeological excavations (samples A_AUT1, B_AUT3, C_AUT2, B_AUT4) and a lustred tile (581 M). All the samples of group
(a) were investigated by X-ray fluorescence spectroscopy (XRF), which allowed the characterisation of the elemental composition
of the glaze and the colouring materials. In addition to this, thermoluminescence analysis (TL) confirmed the authenticity of the
lustred tile (C_AUT2), while micro-samples taken from the archaeological sherds were analysed by scanning electron microscopy
coupled with energy-dispersive X-ray spectrometry (SEM—-EDS) to characterise their composition and layer structure. The pastiche
vase with the faces of two men in relief (520 M) comprises original Renaissance parts of the sixteenth century (called ‘original
parts’ hereafter) and parts manufactured around the end of the nineteenth century to reconstruct the whole object (called ‘modern
parts’ hereafter). Original and modern parts are kept together by non-ceramics (plaster) joints. The original Renaissance parts of
the pastiche vase were classified in group (a), while the ‘modern’ parts were classified in group (b) (Table 1). In this latter group, a
pharmacy jar adorned with blue decorations (583 M) was previously identified as a forgery through stylistic observations [30], XRF
results, and a TL authentication test [33]. Finally, group (c) comprises three wares of uncertain authenticity, identified as possible
forgeries by the museum curator due to stylistic and historical considerations: a plate with peacock-eye decoration (1897 M), a
leopard figurine (1838C), and a bowl with a deer (376 M). Note that plate with peacock-eye decoration 1897 M and pastiche vase
520 M appear to be made of different parts assembled together probably with painted plaster integrations (see Fig. 1).
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Fig. 1 Maiolica wares and sherds of the Museo Nazionale del Bargello (Italy) analysed in this study. Group a: authentic Italian maiolica made between
the thirteenth and sixteenth centuries. Group b: maiolica made between the nineteenth and twentieth centuries. Group c¢: wares of uncertain dating and
authenticity

2.2 VIS-NIR HSI image acquisition

HSI measurements were performed using the Specim IQ push-broom hyperspectral camera (SPECIM Spectral Imaging Ltd., Oulu,
Finland), which covers the visible light and near-infrared (Vis—NIR) spectral range from 400 to 1000 nm, with 204 spectral bands
across the entire wavelength range. The spectral resolution (FWHM) is 7 nm, with an acquisition step of 3.5 nm. The resolution of
the resulting image is 512 x 512 pixels. The ultraportable camera, characterised by a light weight of 1.3 kg and compact dimensions
(207 x 91 x 126 mm), allowed an effortless international transport to the museum, unlike other transportable instruments that may
require more specialised logistics. Its capacity to operate effectively at short distances and real-time data acquisition, processing and
visualisation control further accentuated its suitability for the analysis. The hyperspectral images were acquired directly inside the
museum and under diffuse halogen lighting provided by one single lamp of 300 W. The camera was positioned on a photographic
tripod, and the analyses were conducted at a working distance of approximately 0.30 m or less as a function of the object size. The
integration time for the analysis was 32 ms. A white Spectralon® standard was employed for HSI data calibration to ensure data
accuracy and reliability.

2.3 Image processing

Infrared false-colour (IRFC) images were generated using the ENVI software by substituting an infrared band for the red channel
and selecting two other bands in the visible range for the green and blue channels (R — 900 nm; G — 650 nm; B — 550 nm). Two
different data processing methods were then applied; principal component analysis (PCA) with score plots and ENVI’s "hourglass
paradigm’ followed by spectral angle mapper (SAM) classification. In order to observe any possible difference in the results obtained
with the two pipelines, they were run independently and then compared. The aim was to assess their effectiveness in studying glazed
ceramic samples, which often involve challenges such as light scattering and shadows. Notably, SAM’s insensitivity to spectral
intensity can be advantageous for analysing hyperspectral images acquired with non-uniform illumination. In contrast, variations in
spectral intensity caused by scattering phenomena and shadow zones might significantly limit PCA’s ability to analyse such parts
of the images [7]. Nevertheless, the PCA images achieved through the score plot might be helpful for screening and identifying
outliers, anomalies, or features that SAM may not detect [7, 34].

The acquired data cube was explored through Principal Components Analysis (PCA), an unsupervised dimensionality reduction
method that is largely used in the analysis of hyperspectral datasets [7, 35, 36]. Raw spectral data were processed using Prediktera’s
Evince software, which automatically calculates PCA on registered hyperspectral images. It is noteworthy that PCA models neces-
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Table 1 Maiolica wares and sherds of the Museo Nazionale del Bargello analysed in this study

Inv.N. Description

Date of production

Place of production

Colours

Previous analysis [33]

Group (a)—thirteenth—sixteenth century

A_AUTI1  Sherd of archaic maiolica Late 13th—14th cent  Orvieto (Italy) Green, brown XRF, SEM-EDS
B_AUT3 Sherd with flowers 15th cent., 2nd half ~ Area of Florence (Italy) Blue, brown, white XRF, SEM-EDS
B_AUT4  Sherd of pharmacy jar 15th cent., 2nd half ~ Deruta (Italy) Blue, orange, aqua, white, XRF, SEM-EDS
brown
C_AUT2 Sherd with lustre decorations  16th cent Deruta (Italy) Lustre, blue, white XRF, SEM-EDS
581 M Tile with lustred decorations 15th—16th cent Gubbio or Valencia (Spain) Lustre, blue, white XRF, TL
520 M Pastiche vase with faces in 16th cent Central Italy Blue, orange, brown, green, XRF
relief—Renaissance parts white
Group (b)—nineteenth—twentieth century
520 M Pastiche vase with faces in 19th-20th cent Central Italy (before 1934) Blue, yellow, brown, green, XRF
relief—19th-20th-century white/pink
parts
582 M Pharmacy jar with dog 19th—20th cent Central Italy, possibly Blue, orange, green, white XRF, TL
Faenza
Group (c)—Uncertain authenticity
1897 M Dish with peacock-eye Unknown Unknown Blue, orange, white None
decoration (with restored
rim)
1838 C Leopard figurine Unknown Unknown Blue, yellow, white None
376 M Bowl with deer Unknown Unknown Green, brown, yellow, white None

Previous analyses were performed by Manca et al. [33]. XRF = X-ray fluorescence spectroscopy. TL = Thermoluminescence analysis. SEM-EDS =
Scanning electron microscopy coupled with energy-dispersive spectroscopy

sitate normalisation and cleaning prior to cluster analysis [37]. Pareto scaling [38] was performed on PCA models to pre-process
the data in order to reduce the influence of higher values and facilitate cluster identification. This approach is common and has been
proven to be one of the finest normalisations applied to explore hyperspectral datasets [39]. The score plot, which is a density graph
generated by PCA, was used to find clusters characterised by similar spectral signatures. Each dot on the score plot represents a
hyperspectral image pixel grouped based on the intensity of the detected variables’ values [40]. Image cleaning operations were
necessary to improve the interpretation of the initial unreadable models. These procedures were done manually on the PCA itself
by selecting and deleting clusters related to portions of the images that were considered irrelevant. This step involved the removal
of the background in the hyperspectral image (not relevant for the scope of this study). In the first PCA model, the clustering made
it possible to identify and remove outliers due to light reflection and scattering effects. Reflections from external light on the glaze
were particularly problematic as they contained no information about the objects’ composition and introduced bias in the reading
of the PCA models. The image cleaning steps are presented in Online Resource 1. After excluding irrelevant data, the models were
reconstructed. The choice of the principal components (PCs) was guided by the ease of recognising high-density clusters associated
with distinct pigments in specific regions of the score plot. Different PCs were considered in the score plot to detect the clusters. The
resulting PCs were visualised as pseudo-colour images representing the compositional variation as expressed in the corresponding
loading lines [40]. The effect of shadows, which created some challenges, was mitigated by deleting the corresponding pixels in
the image (through the same image-cleaning protocol described above), although this resulted in gaps in the RGB and false-colour
models.

Hyperspectral imaging data were also analysed using ENVI’s Spectral Hourglass Wizard (ENVI-SHW) to identify, extract, and
map the key image components. Following an initial step of noise reduction through the application of the Savitzky—Golay smoothing
filter (13-point window size), SAM (spectral angle mapping) supervised image classification was performed using ENVI 5.0 + IDL
software to gain additional insights into the spatial distribution of materials within the dataset. The processing flow implements the
minimum noise fraction (MNF) technique to reduce noise and enhance data quality, followed by the isolation of ’spectrally pure’
pixels through the Pixel Purity Index (PPI). The n-D Visualizer (a 3D scatter plot) was employed to manually identify the clusters
defining the dataset’s purest pixels (endmembers). Once the endmembers were extracted, the SAM mapping method visualised their
distribution in the image. This algorithm calculates, for each pixel (in radians), the angle between the image’s reflectance spectrum
and the chosen endmember. A smaller angle indicates a higher spectral similarity. Therefore, pixels were assigned to a specific
endmember when the angle was less than or equal to a user-defined tolerance angle. The histogram threshold was manually adjusted
for each case to ensure a close match between the spectral characteristics of the identified spatial pixels and the target endmember.
The tolerance angle was calculated by averaging the spectra of all pixels assigned to that specific endmember. An acceptable value for
the angle was reached when this average closely aligned with the spectral characteristics of the endmember. As a result, the tolerance
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angle varied for the hyperspectral cube, ranging from 0.07 to 0.15 radians. Only endmembers representative of the chromophores
were selected and investigated. The spectra of the endmembers have been all presented as relative absorbance log(1/R).

3 Results

The two multivariate analyses tested on the HSIimages acquired from the maiolica wares successfully identified repairs, integrations,
and restoration parts, when present, and identified the related colouring agents. The spectral characteristics and the identified
chromophores for each artefact are summarised in Table 2. When available, XRF data from [33] have also been reported in the table
for direct comparison. The images obtained by the PCA with score plots are provided in Online Resource 1, while those obtained
by the ENVI-hourglass paradigm coupled with SAM classification are available in Online Resource 2.

3.1 Investigation of maiolica presenting historical restorations
3.1.1 Dish with peacock-eye decoration (1897 M)

The spectral signatures achieved with both the data-processing pipelines allowed to identify the presence of two fully reconstructed
parts in the dish with peacock-eye decoration: one in the northern sector of the plate and a smaller one comprising white and orange
colours (almost unnoticeable by the naked eye) in the south-eastern sector of the object (Fig. 2). Figure 2a illustrates an example
of the absorbance profiles for two white coloured areas (those from the main plate on the left and those from the restored parts on
the right) processed by PCA. The extracted endmembers of the white hues appear black in the score plots, and their spatial locations
are superimposed in red onto the RGB images to illustrate their distribution. The spectral distinctions obtained in the orange and blue
areas further validate the existence of the two restored sections. These results are consistent with the SAM classification, as depicted
in the false-colour image in Fig. 2b, where the spatial distributions of the spectral signatures of all colours are shown. White, orange,
and blue colours represent endmembers from the main dish, while grey, orange, and light blue indicate the endmembers from the
restored part. Absorbance spectra corresponding to each endmember are also provided using the same colour scheme.

Based on the curator’s examination of the object, the two integrations evidenced in the HSI images might be made of gypsum
plaster. However, this assumption cannot be confirmed since gypsum absorbs in the infrared range. Nevertheless, it is interesting
to note that the spectra of all three colours of the two integrations exhibit a consistent absorbance peak at around 710 nm. This
absorbance peak, potentially attributed to the Fe2*/Ti** IVCT transition [41, 42], suggests that the two integrations were done using
the same material.

Both spectra of the orange hues exhibit a main absorbance at around 450 nm. Despite the main absorbance appearing shifted
from what is usually observed in lead antimoniate pigment (~440 nm), the observation of a slight shoulder visible at 670 nm might
suggest the presence of this pigment in the orange main dish [43]. However, a definitive attribution of the pigment cannot be made
in orange areas, and further elemental analysis is required to certainly determine its composition. The spectrum associated with the
white restored rim shows an absorbance of around 440 nm, which might be caused by the presence of Fe*. The white dish spectrum,
instead, exhibits a non-attributed peak at around 410 nm. Cobalt oxide has been identified as the primary chromophore for both blue
regions, although the two absorbance spectra show some differences. In the blue_dish spectrum, the three characteristic absorption
bands of Co?* in tetrahedral coordination (* A»(F) — *T; (P)) are identified at around 530 nm, 595 nm, and 645 nm [22, 44, 45]. The
blue_restored rim spectrum, on the other hand, exhibits a broad absorption band from 590 to 655 nm, which could be attributed to a
combination of cobalt and chromium oxides. The proximity between the absorption peaks of Co?* (595 nm and 645 nm) and Cr>*
(650 nm) could have caused an overlap, which added complexity to their investigation and interpretation. Finally, in both the blue
areas the presence of iron oxide has been suggested. Both spectra show the absorbance characteristic of ferric cations (~440 nm), and
the blue restored area also displayed a visible absorbance peak at 900 nm that might be attributed to the dd, spin-allowed T,—>°E
transitions of the Fe?* jons in an octahedral site [46].

3.1.2 Pastiche vase with faces in relief (520 M)

Due to the complexity of the object, two hyperspectral images (named HSI_479 and HSI_480) have been acquired to compre-
hensively examine the vase (Fig. 3). As in the previous object (sample 1897 M), the two data treatments provided equivalent results,
aiding in the differentiation and the characterisation of the complex combination of original parts, modern parts, and non-ceramic
restoration materials. The object enclosed green, blue, orange, and white—pink areas, which are discussed in detail below. IRFC
reflectography improved the recognition of the different parts of the object, as demonstrated by the example of the green sherd of
the young, beardless man (IRFC image, HSI_479 in Fig. 3), where three sections can be observed. The upper part of the shirt, which
displays a blue-reddish hue, belongs to the same sherd as the neck, classified by the curator as modern. Instead, the two sides of
the clothing, which have a darker blue hue, have been previously attributed to original sherds. Finally, the middle part that joins the
modern and the original sections is made of non-ceramic material and appears light red in the IRFC image. HSI spectroscopy revealed
spectral signatures of distinct materials and colouring agents for these three areas. The examination of the spectra extracted from the
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Table 2 Spectral characteristics
and chromophores identified in
each artefact by hyperspectral
imaging spectroscopy
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Object Colour XREF results [33] HSI Results (Chromophores &
(Chromophores) Spectral Characteristics)
A_AUT1  Green Cu Cu2* (broad absorption
700-900 nm) Fe’* (440 nm)
Brown Mn Mn3* (broad spectral
band ~490 nm)
B_AUT3  Blue Co, Fe Co%* (530 nm, 595 nm,
654 nm) Fe3* (440 nm)
Brown Mn Mn3* (broad spectral
band ~490 nm)
B_AUT4  Blue Co, As Co?t (530 nm, 595 nm,
650 nm) Fe3* (420 nm,
440 nm)
Orange Pb, Sb, Fe PbySbyO7 (440 nm, 670 nm)
PbO (590 nm) Fe3* (535 nm)
Green (aqua) Cu Cu2+ (broad absorption
700-900 nm) Fe’* (425 nm)
Brown Mn Mn3* (broad spectral
band ~490 nm)
C_AUT2 Blue Co, Bi, Fe Co?t (530 nm, 595 nm,
650 nm) Cu* (broad
absorption 700-900 nm)
Lustre Ag, Cu SPR of silver (443 nm)
581 M Blue Co, Mn, Fe Co?* (530 nm, 593 nm,
650 nm) Fe3* (420 nm,
440 nm)
Lustre Cu SPR of silver (440 nm)
520M Blue_ORIG (HSI_479 and nd Co?t (530 nm, 597 nm,
HSI_480) 650 nm) Fe3* (440 nm)
Blue_MOD (HSI_480) Co, Zn Co?t (530 nm, 595 nm,
653 nm)
Blue_NC (HSI_480) nd Co+ (broad
absorbance ~ 595 nm)
FeZ*/Ti** (710 nm)
Orange_ORIG Sb, Fe, Cu PbySbyO7 (450 nm and
(HSI_479/HSI_480) 670 nm)
Orange_MOD (HSI_480) Sb, Fe, Cu PbySbrO7 (450 nm and
670 nm)
Green_ORIG (HSI_479) Cu, Fe, Sb Cuzt (broad absorption
700-900 nm) Fe>* (440 nm)
Green_MOD (HSI_479) Cu, Fe, Co Co?t (530, 595 nm, 650 nm)
Fe3* (440 nm)
Green_NC nd Co?* (530 nm, broad
(HSI_479/HSI_480) absorbance 573 -640 nm)
Fe3* (440 nm) Fe*/Ti**
(710 nm)
White/pink_ORIG nd Mn2* (430 nm) Cu?* (broad
(HIS_479/HIS_480) absorption 700-900 nm)
White/pink_MOD (HSI_479) nd MnZ* (435 nm)
White/pink_NC (HSI_479) nd Fe2*/Ti** (710 nm)
Brown_ORIG (HSI__480) Mn Mn3* (broad spectral
band ~490 nm)
Brown_MOD (HSI_479) Mn, Co Mn3+ (broad spectral
band ~490 nm)
582 M Blue Co, Cr, Zn, Mn, Fe Co?t (530 nm, 595 nm,

656 nm) Fe3* (438 nm) Cr3+
(450 nm)
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Table 2 continued Object Colour XREF results [33] HSI Results (Chromophores &
(Chromophores) Spectral Characteristics)
Green Cu Cu?* (broad absorption
700-900 nm)
Orange Sb, Fe PbySbrO7 (440 nm, 670 nm)
PbO (590 nm) Fe3*
attributable to a-Fe, O3
(535 nm)
1897 M White - 410 nm
White_RIM - Fe3* (440 nm) Fe2*/Ti*+
(710 nm)
Orange - PbySbrO7 (447 nm, 670 nm)
Orange_RIM - FeZ*/Ti*" (710 nm)
Blue - Co?* (530 nm, 595 nm,
645 nm) Fe3* (440 nm)
Blue_RIM - FeZ* (900 nm) Fe3* (440 nm)

Co2*/ Cr3* (broad abs.
590-655 nm) Fe?*/Ti**

(710 nm)
1838C Blue - Co2* (530 nm, 595 nm,
655 nm) Fe3* (438 nm) Cr>*
(450 nm)
Yellow - Pb,Sby 07 (440 nm, 670 nm)
PbO (590 nm)
376 M Green - Cu2* (broad absorption

+
XRF data from [33] have also 700-900 nm) Cr™" (436 nm)

been reported when available. nd Yellow - PbO (443 nm, 590 nm)
= not detected; — = not analysed; Brown _ Mn3* (broad spectral
ORIG = original; MOD = band ~490 nm)

modern; NC = non-ceramic

green area of the original sherds comprising the two sides of the shirt (HSI_479_green_ORIG) suggests a copper-based colour. The
chromophore identification is based on a broad absorbance band between 750 and 900 nm, attributed to the 2Eg — 2T2g transition of
the Cu?* octahedral complex [47]. This band is a consequence of the transition being split into sub-bands, mainly due to distortions
in the site along the z-axis. It arises from the overlap and combination of two resulting electronic transitions, 2B, = 2A1g and 2B g
— 2Eg, resulting in a broad and asymmetric band [48]. Furthermore, the ferric cation absorbance has been observed (~440 nm);
even if iron oxide has not been considered the primary chromophore, it may have contributed to the green/yellow hue [49]. The
XRF analysis conducted on the pastiche agrees with these findings since it identified copper and iron, in addition to trace amounts
of antimony, which were not highlighted by HIS. Absorption peaks characteristic of iron and cobalt oxides have been detected in the
spectrum of the modern green sherd (HSI_479_green_MOD); the latter is most likely the cause of the reddish hue observed for this
area in the IRFC [20]. The elemental analysis confirmed the presence of these metal oxides, revealing also the presence of copper,
non-detected by HSI, potentially due to its presence at trace levels. The spectra of the non-ceramic green integration collected in
both HSI images (HSI_479_green_NC and HSI_480_green_NC) are equivalent. Moreover, they feature a similar composition to
green_MOD, consisting of iron and cobalt oxides. This latter is suggested by the broad absorption range at 573—-640 nm and the
peak detected at 532 nm in HSI_480_green_NC. Noteworthy is the 710 nm absorbance peak, already observed in the non-ceramic
integrations of sample 1897 M, which has been associated with iron and titanium (elements confirmed by XRF data). The differ-
ences in chemical compositions between these green regions provide compelling evidence that the different sherds composing the
object are indeed made of distinct materials and chromophores, which confirms that this is an assemblage of parts made in different
moments, as previously reported. It is possible that the ceramists who produced the modern sherds added cobalt oxide in addition to
copper oxides to match the original green hue. The majority of the faces of the two characters come from the same original sherd.
Both white/pink_ORIG spectra (HSI_479 for the beardless man and HSI_480 for the bearded man) appear similar. Despite the noise
of the spectra, an absorbance peak around 430 nm, particularly visible in the HSI_480_ORIG spectrum, suggests the presence of
manganous cations. Additionally, a broad absorbance at around 900 nm, especially noticeable in the HSI_479_ORIG spectrum,
indicates the presence of cupric cations, potentially explaining the bluish appearance of the faces in the IRFC image. This hue is also
observable in the facial fragment attached to the young man’s hair (IRFC HSI_479); this similarity, together with the correspondence
of their spectral features, confirms that they are matching original sherds. The spectrum representing the neck of the young man in
the modern sherd (HSI_479_white/pink _MOD) only shows an absorbance peak at 435 nm, which, despite being slightly shifted,
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can be associated with Mn?*. Finally, the non-ceramic material used to join original and modern sherds, represented as grey in the
SAM classification (HSI_479_white/pink_NC), is characterised by the absorbance peak attributable to Fe?*/Ti** IVCT transition.

In the VIS and IRFC images of HSI_480, it is possible to discriminate a sherd in the middle, comprising blue and orange
shades. This sherd has been characterised as modern. Despite their distinct visual appearance, especially in the IRFC image (more
reddish hue), the spectral properties of these colours closely resemble those of the original sherds, suggesting the use of similar
colouring agents. Regarding the blue areas, cobalt oxide has been detected in both original and modern sherds. Precisely, the triplet
characteristic of Co?* is visible in the spectra of the upper part near the bearded man (HSI_480_blue_ORIG), the hairband of the
young man (HSI_479_blue_ORIG) and the modern sherd in the middle (HSI_480_blue_MOD). An absorbance attributable to ferric
cations (440 nm) in the HSI_480_blue_ORIG spectrum might suggest the trace presence of iron in the original blue recipe. XRF
analysis confirmed the presence of cobalt in the blue of the original sherds but not in the modern one. The spectrum of the blue area of
the non-ceramic material used to join the sherds (HSI_480_blue_NC), alongside the consistently present peak at 710 nm (Fez+/ Ti4+),
shows a broad absorbance at around 595 nm, which might suggest the presence of cobalt oxide in trace amounts. The analysis also
determined the use of a similar colouring agent for the orange colouration in the original and modern sherds. Specifically, similar
absorbance features have been observed from the orange upper part near the bearded man (HSI_480_orange_ORIG), the hair of
the young man (HSI_479_orange_ORIG), and the modern sherd in the middle (HSI_480_orange_MOD). Similarly to the orange
spectrum of the sample 1897 M, all spectra display a prominent absorbance peak around 450 nm and a minor shoulder at 670 nm,
which might be attributed to a lead antimoniate pigment. This interpretation was supported by the Sb content determined through
XREF. The elemental analysis also detected Fe, whose absorbance signal was not observed. Iron could explain the orange hue, which
aligns with other studies on Italian maiolica [24, 50].

Finally, purple-brown linear decorations are visible in the pastiche vase in both HSI_479 and HSI_480 images. The spectrum
collected from HSI_479 belongs to the modern sherd with the young man’s neck (purple/brown_MOD), while the spectrum from
HSI_480 belongs to an original sherd located on the right of the lower sherd (purple/brown_ORIG). As the orange and blue hues, the
original and modern brown colourations appear to be obtained using the same colouring agent: manganese oxide. Both absorbance
spectra show a broad band at around 490 nm, characteristic of the d-d electronic transition of the manganese ion Mn>* [22]. Previous
elemental analysis [33] corroborated the presence of consistent chromophores for orange, blue and brown areas in the original and
the modern sherds (Table 2). However, it is crucial to note that XRF indicated a significant difference between original and modern
pieces, the latter having a notably higher concentration of zinc. This was not discernible from HSI data.

3.2 Identification of the colouring agents

The study then moved to the characterisation of the chromophores in all the other studied items, with the results summarised in
Table 2. The objective was to understand the colour palette and determine the authenticity of the objects of unknown origin that had
not been examined before.

3.2.1 Blues

The spectroscopic study revealed the use of cobalt as the primary colouring agent for the blue hue of all the maiolica artefacts,
including original samples (B_AUT3, C_AUT2, B_AUT4, 581 M), forgeries (582 M), and objects of uncertain authenticity (1838
C). In Fig. 4, all the spectra show the typical Co?t triplet at around 530 nm, 595 nm and 650 nm. In the artefacts 582 M, B_AUT3,
and 1838C, a sharp peak around 440 nm, attributed to Fe3*, has been observed. Furthermore, in the tile with lustred decoration
(581 M) and in the sample B_AUT4, an additional peak at 420 nm, also ascribed to trivalent iron, was highlighted [47, 51]. A
broader absorbance around 800 nm in the spectrum of C_AUT?2, attributable to Cu?* transitions, suggests the presence of copper
oxide. Since ancient times, copper and cobalt ores have been widely used in the blue colouration of glasses and ceramics. Co-doped
glasses exhibit hues with an intense blue, which can be toned down by adding copper oxide (CuO).

Interestingly, samples 1838C and 582 M show a significant peak at approximately 450 nm, attributed to Cr3* transitions
(4A2g—>4T1 (F)) [20, 52]. The presence of chromium, responsible for the greenish hue and previously confirmed through XRF
on the jar (582 M), supports the modern origin of these objects since chromium emerged as a prominent ceramic dye particularly
after 1802. Although the presence of chromium in some mediaeval green enamels has been attributed to the use of chromium-bearing
Bohemian garnet [53], its presence in these maiolica strongly suggests their nineteenth-century origin.

3.2.2 Yellows, oranges and lustres

The yellow and orange hues in samples C_AUT2 and 581 M are identified as lustres, characterised by a peak at around 443 nm,
indicative of the surface plasmon resonance (SPR) band of silver absorption [23] (Fig. 5). Lustre is a refined decorative technique
used in maiolica, which involves the application on the glaze of a thin metallic film mainly composed of silver and copper. This
meticulous process produces iridescent reflections in various colours, ranging from bright yellow to orange and red, depending on
particle dimensions and/or the percentage of copper and silver [50]. Comparison with XRF analysis (Table 2) reveals the presence
of both copper and silver colloidal metal particles. The exclusive detection of silver absorption is not unexpected: in a system
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Fig. 4 Absorbance spectra of blue
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Fig. 5 Absorbance spectra of (left) yellow regions in original samples (C_AUT2) and objects of uncertain authenticity (1838C, 376 M), and (right) orange
regions in original samples (B_AUT4, 581 M) and forgeries (582 M)

containing both copper and silver nanoparticles, the SPR characteristics observed by HSI may primarily reflect the properties of the
silver nanoparticles if they predominate in number or exhibit distinctive SPR behaviour due to their size or shape. While copper
nanoparticles may contribute to the overall optical response of the system, they may not exhibit strong SPR characteristics within
the spectral range of interest.

The yellow and orange hues in samples 1838C, B_AUT4, and 582 M are ascribed to the lead antimoniate pigment (Pb,Sby07)
thanks to the distinctive absorption peaks at around 440 nm and 670 nm. The shoulder at 590 nm might be assigned to PbO [43]
suggesting the co-presence of the two compounds. The slight peak at 535 nm in the samples B_AUT4 and 582 M might be due
to the six coordinated Fe3* of crystalline hematite (a-Fe,O3) [43]. XRF analysis performed on these two samples confirmed the
presence of lead, antimony, and iron. Finally, the presence of only two bands at 443 nm and 590 nm in the yellow shades of sample
376 M might suggest the use of a yellow pigment containing lead (potentially PbO).

3.2.3 Greens

All samples displaying green colouring exhibit broad absorbance with a maximum of around 800 nm, characteristic of Cu’* (Fig. 6,
left). While 582 M (forgery) appears to have only copper as a chromophore, B_AUT4 and A_AUT1 (original sherds) show peaks
attributable to Fe3* (425 nm and 440 nm). The greenish-blue appearance observed in sample 376 M, whose origin is uncertain,
might be characterised by a combination of chromium and copper oxides. This suggestion is prompted by the sharp absorbance peak
at 436 nm, possibly the Cr3*+ peak, typically at 450 nm, but shifted to a shorter wavelength in the presence of copper. The presence
of chromium oxide would imply a potential modern (post-nineteenth century) origin for the dish with deer decoration (376 M).
However, further analysis is required to substantiate this hypothesis.
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Fig. 6 Absorbance spectra of (left) green regions in original samples (B_AUT4, A_AUT1), forgeries (582 M), and objects of uncertain authenticity (376 M);
(right) brown regions in original samples (B_AUT4, B_AUT3, A_AUT1), and objects of uncertain authenticity (376 M)

3.2.4 Purple-browns

The purple-brown colourations observed in samples B_AUT4, B_AUT3, A_AUTI, and 376 M can be attributed to manganese-
based pigments. These pigments exhibit a broad absorbance band at approximately 490 nm, a characteristic feature of Mn>* ions
(Fig. 6, right). In glazes, where manganese is a colouring agent, Mn** and Mn3* ions coexist, and their equilibrium determines the
resulting colour. The electronic transitions of Mn?* ions have low probabilities due to spin and parity restrictions, resulting in weak
absorption and a yellowish or minimally coloured appearance. On the other hand, the manganic ion Mn>* in octahedral coordination
allows for spin-allowed d-d transitions, leading to strong absorption in the visible range, typically at 470-520 nm. This spectral band
displays broad asymmetry due to energy level splitting caused by the Jahn—Teller distortion [49]. Moreover, atmospheric conditions
during firing influence manganese’s behaviour. In highly oxidising atmospheres, manganese primarily exists as Mn>*, resulting in
a purple colouration, as in the case of the objects analysed in this study. Conversely, the manganese would predominantly appear as
Mn?* in a reducing atmosphere, yielding a lighter yellow—brown colour.

4 Discussion and conclusions

This study demonstrated the suitability and effectiveness of an ultraportable HSI camera in examining highly refractive and three-
dimensional glazed maiolica wares within the constraints of a museum environment, with rapid acquisition times and in a non-invasive
way. The methodology yielded valuable information for reconstructing the production techniques of the studied artefacts (e.g. the
colouring agents used for decoration), as well as the restoration and integration work carried out over time. After acquiring a
single image of the artefact, a data mining approach can be applied, and different information can be extracted. The HSI analyses
conducted on two artefacts, a dish with peacock-eye decoration (1897 M) and a pastiche vase with faces in relief (520 M), revealed
evidence of integrations and restorations by identifying distinct compositions within each object. Spectroscopic analysis confirmed
that the pastiche vase comprises five distinct sherds from two different periods. Original sherds depict, for example, the faces, hair,
and fragments of a shirt, while modern additions include the necks and chins. The use of different colouring agents enabled the
differentiation of the sherds, particularly in green regions where cobalt was identified in the modern ones, while only copper was
present in the original ones. Original white/pink sherds showed absorbance from copper in addition to manganese, unlike the modern
ones. While the HSI data did not directly indicate which sherds were modern and which were original, it validated assumptions
when combined with stylistic analysis and prior XRF compositional analysis. For instance, it aided in attributing various sherds
to the same group, as in the case of the two sherds portraying the face and hair of a beardless man. The comparison between HSI
and previous XRF results highlighted the significance of employing a comprehensive and multi-analytical approach. Hyperspectral
data offered additional and complementary insights, including the determination of the chemical compositions of the chromophores
(e.g. the valence of ions) and the characterisation of pigments such as lead antimoniate. The spectroscopic analysis, however, faced
challenges in differentiating between original and modern parts in the blue, orange, and brown areas due to the presence of similar
chromophores, whereas XRF revealed that modern parts had higher zinc concentrations. Interestingly, the presence of Co in the
original blue areas was identified by HSI but not by XRF. This is probably due to the concentration of cobalt, which is typically very
low in glasses and glazes [45, 54]. Cobalt is easily detected optically, even when present in trace amounts, thanks to its significantly
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higher linear absorption coefficient, approximately five times larger than that of other metal oxides [52, 55]. Regarding the non-
ceramic integrations introduced during restoration, both the maiolica wares (1897 M and 520 M) exhibited an absorbance peak
at 710 nm, indicative of both iron and titanium presence, consistent with the XRF findings on the pastiche 520 M. The presence
of the same peak in the integrations of both objects suggests that similar restoration materials were used even though they were
probably restored in different periods. Furthermore, the detection of chromium in the blue integration of dish 1897 M implies its
post-nineteenth-century production.

HSI spectroscopy also made it possible to identify the main colouring agents in all the samples analysed, which are those typical
of the Italian maiolica technique: cobalt in the blues, copper in the greens, manganese in the purple-browns, silver in the lustres
and lead antimonate pigments in the yellows, with the addition of iron-based pigments in the oranges (Table 2). Chromium, not
typically documented in medieval or Renaissance maiolica, was detected in the blues of pharmacy jar 582 M (a forgery) and leopard
figurine 1838C (of unknown origin), as well as in the greens of the bowl with deer 376 M (also of unknown origin). The presence of
chromium suggests a production period around or after the nineteenth century when chromium-based pigments became prevalent.
This finding is particularly significant for objects 1838C and 376 M, previously unanalysed, indicating they are likely to be modern
forgeries. On the contrary, in the case of the dish with peacock-eye decoration 1897 M (i.e. the other object with uncertain origin
analysed), it was not possible to either confirm or refute its authenticity. In some cases, the presence of additional ions and the
consequent different spectroscopic signatures led to the discernment of colours having similar appearances to the naked eye, as in
the case of the different cobalt-based blues.

Two HSI data processing methods, namely PCA with score plots and the ENVI-hourglass paradigm coupled with SAM classifi-
cation, were tested to extract optimal information under flawed lighting conditions. Despite the variations in concepts and function,
both pipelines provided equivalent results, independently leading to the identification of the same integrations and chromophores.
From a methodological point of view, the choice of approach should be guided by the study’s goals while considering the possi-
bilities and limitations of the two methods. To optimise the analysis, a suggested procedure could involve using PCA initially for
comprehensive sample screening, detecting outliers and anomalies, and then using SAM to map the different spectral elements.

The findings derived from HSI on maiolica hold significant implications for curators and museum professionals. They furnish
scientific evidence pivotal in identifying past restoration treatments and shed light on the authenticity of artefacts, especially in
cases where historical documentation is scant or previous restorations remain undocumented. Furthermore, these techniques offer
invaluable assistance to archaeologists and art historians in delineating the production methods employed in crafting maiolica, as
well as elucidating the alterations the objects underwent over time. To maximise the efficacy of this method, it is imperative to
expand the existing database of HSI absorbance spectra for coloured glazes.
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