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Abstract

Archeological glass has attracted significant attention in recent years. Its archaeometric
study has proven to provide remarkable insights into technological development and
relationships among ancient cultures. Thus, ancient glass remains have been recovered
from oblivion, and their preservation has become a priority. An extraordinarily well-
contextualized collection of ancient glass beads, comprising over 1200 pieces, has been
recovered from the archeological site of Pintia (Padilla de Duero, Valladolid, Spain). A
large fraction of this collection appears to be well preserved. However, recent detailed
studies on its most relevant piece, a Phoenician glass pendant, evidenced the presence of
carbonatation processes. Accordingly, an extensive analysis of the preservation state of
this collection was required to safeguard it for future generations. Thus, 64 representative
samples from this collection, including diverse chronologies, morphologies, and colors,
were analyzed by micro-FTIR spectroscopy at the IRIS beamline of the BESSY-II synchrotron
(Berlin, Germany), yielding ATR and reflectance spectra. This work, the first micro-FTIR
spectroscopy study of a large set of pre-Roman glass beads, provided evidence about
the preservation of the glass structure of these pieces, as well as about the presence of
crystalline weathering products.
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contexts, and archaeometric analysis to address this issue [6]. However, a common limita-
tion encountered in such studies, necessarily non-invasive, could be the preservation state
of the glass remains (e.g., loss of integrity, color, glassy nature, opaque weathering, pitting,
etc.) [7]. In fact, ancient glasses tend to be unstable due to their original compositions, even
raising questions about the sustainability of the environmental control required for their
preservation in heritage institutions [8]. Therefore, addressing the weathering of ancient
glass collections is a key step, on the one hand, to ensure the quality of the data obtained
from their study and, on the other hand, to evaluate their preservation requirements for
future generations.

Among other Protohistory glass collections, the pre-Roman glass bead collection
recovered at the archeological site of Pintia (Padilla de Duero, Valladolid, Spain) stands out
for its singularity [9,10]. Over 1200 glass pieces have been recovered from a site far from
any coast accessible to the Phoenicians, in the westernmost territory of the Mediterranean,
the Iberian Peninsula. Moreover, this collection presents significant variability in shape and
color [11], including some exquisite polychrome beads, such as the outstanding Phoenician
pendant recently studied in a previous work [12]. From a visual perspective, this collection
appears to be in relatively good condition. However, noticeable dealkalinization and the
presence of crystalline weathering products have been reported in a few pieces in previous
works [12,13]. Therefore, a larger study focusing on the potential weathering of the glass
pieces of this collection seems necessary to ensure their preservation.

Typical glass weathering phenomena include de-alkalinization (i.e., leaching of light
elements such as Na or Mg from the surface, being replaced by hydrogen ions from
solution), breakdown of Si-O-5i bonds of the glass surface in the presence of aqueous
medium to form silanol groups (-5i-OH), and the precipitation of crystalline weathering
products on the glass surface [14-16]. From a morphological perspective, dealkalinization
and the breakdown of Si-O-5i bonds are associated with cracks on the glass surface, the
detachment of small layers of corroded glass, and, frequently, an irisation effect, typically
due to light interference within the layers of corroded glass [7,17].

The study of glass weathering is usually addressed through elemental composition anal-
ysis (e.g., XRE, SEM-EDS, PIXE/PIGE) and scanning electron microscopy (SEM) to evaluate
the leaching of light elements and the presence of surface alterations (e.g., cracks, detachment,
etc.) [7,13,16]. However, other techniques, such as vibrational spectroscopy, have also been
employed to study the evolution of the glass network, the presence of crystalline weathering
products, and the formation of silanol groups [17,18]. Regarding the glass network, vibrational
spectroscopy techniques are essential to deepen the study of materials without long-range
order. Although Raman spectroscopy is widely employed with that aim [13,19,20], FTIR
spectroscopy has also been proposed as an alternative [15,18,21-23]. By means of FTIR
spectroscopy, it is possible to study the stretching (at about 1000 cm ') and bending vi-
brations (at about 500 cm 1) of Si-O-Si units [18,22], even carrying out deconvolution of
the obtained spectra, as in Raman spectroscopy studies of ancient glasses [13,19,20]. In
fact, a micro-FTIR spectroscopy study of glass beads, combined with deconvolution of the
stretching and bending bands of the Si-O-5i network, has shown that the approach is sensi-
tive to the depolymerization of the glass [22]. Moreover, specific FTIR spectroscopy setups,
such as reflectance FTIR spectroscopy or diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS), allow non-invasive analysis of archeological pieces and have been
successfully used to monitor corrosion mechanisms in glass, as well as to study standard
glasses and historical glass tesserae [15,18].

In addition, FTIR spectroscopy is a technique capable of identifying crystalline weath-
ering products in the corrosion layers [17]. Also, FTIR spectroscopy is helpful for studying
the presence of hydroxyl bonds in the 2500-3800 cm ™! range, and is employed to evaluate
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the effectiveness of water cleaning in mitigating the degradation of heritage glass [23].
Moreover, the capability of FTIR spectroscopic imaging to produce hyperspectral maps
with high lateral resolution has been highlighted as a powerful tool for the study of cultural
heritage [24,25]. Therefore, FTIR spectroscopy, particularly in reflectance mode, is a suitable
technique for studying glass weathering on archeological objects. However, it should be
noted that the study of actual heritage materials by FTIR spectroscopy, using reflectance
modes (either specular or diffuse), is often complicated by distortions in the resulting
spectra [25,26]. These distortions usually arise from the detection of specular reflectance
when working with diffuse reflectance, and vice versa, when the surfaces of the studied
materials are not homogeneous and smooth [26].

Herein, the first completely non-invasive micro-FTIR reflectance spectroscopy study
of a large set of pre-Roman glass beads is presented. The study was performed on 64 glass
pieces recovered from the archeological site of Pintia (Padilla de Duero, Valladolid, Spain),
aiming to evaluate the capability of this non-invasive approach to assess the preservation
state of this glass collection.

2. Materials and Methods
2.1. Samples

Sixty-four glass pieces, comprising mainly glass beads and two glass chips, were
selected for this study (Table 1 and Figure 1). All these archeological pieces were recovered
from the archeological site of Pintia (Padilla de Duero, Valladolid, Spain), inhabited by
the Vaccaei and dating to the fourth to first centuries BC [27-29]. Most of the pieces were
found at the necropolis of “Las Ruedas”, including pieces recovered in a closed context
(e.g., tombs), as well as in a secondary position (indicated as “sec. pos.” in Table 1). In
contrast, a few pieces were recovered from the city of “Las Quintanas”. The selection
of studied pieces was intended to encompass a diverse range of preservation states and
to be representative of the colors and shapes found in the ancient glass recovered from
Pintia. Accordingly, blue hues and toroidal shapes are predominant, but other complex
shapes and colors are included in this selection (Table 1 and Figure 1). The surfaces of these
samples exhibit diverse degrees of preservation, ranging from smooth, well-preserved
surfaces to pitted or even iridescent surfaces (Figure S1, see Supplementary Materials).
As precious archeological remains, these samples cannot be subjected to any physical or
chemical treatment, nor to any damage during their study, regardless of the difficulties
encountered in their analysis.

Table 1. Context and description of the studied glass beads found in the necropolis of “Las Ruedas”
or the city of “Las Quintanas” of the archeological site of Pintia (Padilla de Duero, Valladolid, Spain).
Typological classification is based on the work of Sanz-Minguez et al. [11].

Inventory Beads Provenance Context Shape Typology Preservation Color
2870 1 Las Ruedas Tomb 5 bead simple toroidal full blue
2902 1 Las Ruedas Tomb 11 bead simple toroidal full blue
2903 1 Las Ruedas Tomb 11 bead simple toroidal full blue
2913 1 Las Ruedas Tomb 11 bead annular toroidal fluted full blue
2915 1 Las Ruedas Tomb 11 bead - full blue
2933 1 Las Ruedas Tomb 12 bead simple toroidal full blue
2954 1 Las Ruedas Tomb 17 bead annular toroidal full blue
4647 1 Las Ruedas sec. pos. bead simple toroidal full blue
4650 1 Las Ruedas sec. pos. bead simple toroidal fragment blue
4662 1 Las Ruedas sec. pos. bead  annular toroidal with eyes full polychrome
4663 7 Las Ruedas sec. pos. bead annular toroidal, some of full polychrome

them with eyes
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Table 1. Cont.

Inventory Beads Provenance Context Shape Typology Preservation Color
4706 1 Las Ruedas sec. pos. bead simple toroidal full blue
4710 1 Las Ruedas sec. pos. bead annular toroidal double full blue
4721 1 Las Ruedas sec. pos. bead bitroncoconic full green
4723 1 Las Ruedas sec. pos. bead annular toroidal full brown
4737 1 Las Ruedas sec. pos. bead spheroidal with eyes full polychrome
4740 1 Las Ruedas sec. pos. bead barrel fragment polychrome
4758 1 Las Ruedas sec. pos. bead simple toroidal full brown
4858 1 Las Ruedas sec. pos. bead cylindrical full polychrome
4859 1 Las Ruedas sec. pos. bead pendant fragment blue
4967 1 Las Ruedas sec. pos. bead  annular toroidal with eyes full polychrome
4975 1 Las Ruedas unknown bead bitroncoconic full blue
5020 1 Las Ruedas unknown bead simple toroidal full brown
5192 1 Las Ruedas unknown bead square full blue

. . blue with
5197 1 Las Ruedas unknown bead simple toroidal full .

pearly striations

5205 1 Las Ruedas unknown bead annular toroidal fluted full green
5212 1 Las Ruedas unknown bead simple toroidal fluted full blue
5218 1 Las Ruedas Tomb 247a bead simple toroidal full blue
5237 1 Las Ruedas Tomb 247a bead annular toroidal full blue
5241 1 Las Ruedas Tomb 247a bead annular toroidal full blue
5243 1 Las Ruedas Tomb 247a bead simple toroidal full blue
5257 1 Las Ruedas Tomb 247a bead annular toroidal full blue
5263 1 Las Ruedas Tomb 247a bead annular toroidal full blue
5266 1 Las Ruedas Tomb 247a bead annular toroidal full blue
5268 1 Las Ruedas Tomb 247a bead annular toroidal full blue
5281 1 Las Ruedas Tomb 247a bead annular toroidal full blue
5292 16 Las Ruedas Tomb 247a bead annular toroidal fragment blue
5294 1 Las Ruedas unknown bead simple toroidal full blue
5296 1 Las Ruedas sec. pos. bead annular toroidal fluted full blue
5298 1 Las Ruedas Tomb 184 bead annular toroidal full green
5299 1 Las Ruedas Tomb 184 bead annular toroidal full blue
5300 1 Las Ruedas Tomb 127b bead simple toroidal full blue
5301 1 Las Ruedas Tomb 127b bead annular toroidal full yellow
5302 1 Las Ruedas Tomb 128 bead annular toroidal full green
5303 1 Las Ruedas Tomb 128 bead annular toroidal full green
5304 1 Las Ruedas Tomb 287a bead barrel full pearly
5306 1 Las Ruedas Tomb 287a bead barrel full pearly
5309 1 Las Ruedas Tomb 287a bead barrel full pearly
5313 1 Las Ruedas Tomb 287a bead barrel full pearly
5317 1 Las Ruedas Tomb 144 bead annular toroidal full blue
5318 1 Las Ruedas Tomb 144 bead annular toroidal full blue
5319 1 Las Ruedas Tomb 144 bead annular toroidal full blue
5320 1 Las Ruedas Tomb 144 bead annular toroidal full blue
5321 1 Las Ruedas Tomb 144 bead annular toroidal full blue
5322 1 Las Ruedas Tomb 144 bead annular toroidal full blue
5323 1 Las Ruedas Tomb 144 bead annular toroidal full blue
5324 1 Las Ruedas Tomb 144 bead annular toroidal full blue
5325 1 Las Ruedas Tomb 144 bead annular toroidal full blue
5421 6 Las Ruedas Tomb 144 bead annular toroidal fragment blue
5424 1 Las Ruedas sec. pos. chip hemispheric full blue
5425 1 Las Quintanas sec. pos. chip hemispheric full blue
5427 1 Las Quintanas sector 1248 bead simple toroidal full green
5428 1 Las Quintanas sector 1347 bead simple toroidal with eyes full polychrome
5430 1 Las Quintanas  sector 1418-21 bead simple toroidal full white
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Figure 1. Photographs of some representative glass beads included in this study (identified by its
inventory number). The necklace was found in Tomb 247a and comprised not only glass beads
(including the beads indicated and included in this study) but also other materials [9,10].

2.2. Infrared Spectroscopy Analysis

FTIR spectroscopy was performed on these samples using a Thermo Scientific Nicolet
iN10 infrared microscope (Thermofisher, Waltham, MA, USA), located at the IRIS infrared
beamline of BESSY II (Helmholtz-Zentrum Berlin fiir Materialien und Energie research
center in Berlin, Germany). All measurements were performed in the mid-IR spectral
range (4000-650 cm~!) using a nitrogen-cooled MCT detector (Thermofisher, Waltham,
MA, USA), while the spectral resolution was set to 2 cm~!. Spectra were acquired by
averaging 256-512-sample and background (i.e., air) scans, which were adjusted for each
sample to improve the quality of the obtained spectra. Background scans for reflectance
measurements were obtained employing a gold substrate, and the microscope was purged
with dry air to minimize the atmospheric contribution. To ensure representativeness, we
introduce some changes. Our aim is to mean that in monochrome pieces, were studied at
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least three different points, and that for polychrome pieces we studied three points for each
color. Also, in all cases, two spectra were recorded by each studied point.

FTIR-ATR measurements were performed on the fragmented sample 5421 using a
slide-on MicroTip Ge ATR crystal (Thermofisher, Waltham, MA, USA) (27° opening angle
and 4 um spatial resolution). In particular, a hyperspectral map could be obtained from
this sample (covering an area of 800 x 2400 um with 200 pm steps). The employed infrared
microscope includes a built-in pressure-monitoring sensor, enabling the application of the
minimum pressure required to obtain spectra without damaging the samples. Nevertheless,
further ATR measurements on intact pieces were not made due to the potential risks of
damaging the samples.

Then, FTIR reflectance measurements (20 um spatial resolution) were performed
on the entire set of samples, yielding 582 spectra from 291 analyzed points across the
64 selected samples. Spectra treatment and analysis were performed using F. Menges’
“Spectragryph—optical spectroscopy software”, Version 1.2.17d, 2023 (http://www.
effemm?2.de/spectragryph/, accessed on 20 December 2025) and Quasar 1.9.2 [30,31].
In particular, Quasar was employed to perform unsupervised analysis (e.g., Principal
Component Analysis (PCA), Louvain Clustering, k-Means) to identify clusters of similar
spectra. A summary of the peak assignments related to spectrum interpretation can be
found in Table S1 (see Supplementary Materials).

3. Results and Discussion

Fragmented sample 5421 (Figure 1 and Table 1), corresponding to a common blue
annular toroidal glass bead recovered in a closed context from tomb 144, was selected to be
studied by FTIR-ATR. The surface of this sample shows some pitting, with the pits showing
a different color (brownish instead of blue) due to glass alteration or the presence of dirt
(Figure Sla, see Supplementary Materials). A 5- x 13-point FTIR-ATR map was constructed
on the surface of the sample with steps of 200 pm (Figure 2a). The obtained spectra can be
classified into three main groups (Figure 2). Only a small area covered by the hyperspectral
map shows a glass signal (represented by red areas in the 2D map in Figure 2a, with a
corresponding spectrum shown in red in Figure 2b). The rest of the map reveals a well-
defined complex spectrum (blue areas in Figure 2). The representative spectrum taken
from a spot from the blue areas (in blue in Figure 2b) is characterized by a main sharp peak
at 1730 cm ™!, corresponding to the stretching vibrations of C=0 bonds. Also, it presents
another intense sharp peak at 1160 cm ™! and a less intense peak at 1060 cm ™!, related,
respectively, to the stretching vibrations of C-O-C and C-O in polysaccharides. Moreover,
bands at 2960, 2930, 2870, and 2860 cm ! are related to the stretching vibrations of CH; and
CHj; groups, while bands at 1460 and 1450 cm ™! are usually associated with aliphatic CH,
and CHj deformations [32-35]. Accordingly, these spectra can be related to the organic
matter that may be present in soil and adhere to the glass surface.

The spectrum taken from one of the few red spots in the hyperspectral map (Figure 2a)
shows a nearly clean glass spectrum (represented in red in Figure 2b). In particular, the
main signal of the spectrum corresponds to the broad band associated with the stretching
vibrations (from about 900 to 1250 cm™!) of Si-O-Si units [18,22]. Also, the presence of
hydroxyl bonds in the range of 3000-3800 cm ™! is detected, which could be related to glass
degradation (i.e., formation of -Si-OH) [23] or to the residual presence of dirt, indicated by
the low-intensity peaks around 2900, 1730, and 1160 cm 1.

Finally, transition regions between these two main signals clearly present a mixed
signal combining both glass and organic matter/soil spectra (in green in Figure 2). These
first results provide some perspective on what could be expected to be found in the study
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Figure 2. A micrograph of the surface of sample 5421 and a hyperspectral map indicating the
prevalence of the glass signal (red) or soil remains (blue) according to the obtained FTIR-ATR
spectra (a). The hyperspectral map is produced by integrating the area under the C=O bonds’
stretching vibration absorption band (i.e., red represents low absorption intensity and blue high
absorption intensity within that spectral region). Representative FTIR-ATR spectra from the red,
green, and blue regions of the hyperspectral map (b).

However, the use of a completely non-invasive approach for the extensive study of the
collection, e.g., FTIR spectroscopy in reflectance mode, introduces an additional complexity
to this work. In general, reflectance FTIR spectroscopy setups are designed primarily to
collect specular or diffuse reflectance. This study employs an optical geometry that oper-
ates with an angle of incidence and emergence of almost 0°; thus, it is designed to collect
specular reflections. Specular reflectance is governed by Fresnel’s equation and, therefore,
depends only on the material parameters, namely the refractive index and the absorption
index (1 and k, respectively). Depending on n and k, compounds under study provide
rather complex and strongly distorted spectra with derivative bands for weaker absorption
sites and may show the Reststrahlen effect. The latter will lead to inverted bands [25,26,36].
Moreover, on samples with potentially layered and/or rough surfaces, such as these glass
beads, diffuse reflection will also be collected. The combination of both effects is the
primary source of spectral distortion [26,37]. Accordingly, interpreting FTIR reflectance
spectroscopy on heterogeneous rough/multilayer samples poses several challenges, some-
times requiring identification of compounds based on distortions (e.g., inverted bands)
rather than the absorption bands conventionally identified by absorption/transmission
FTIR spectroscopy [26].

Therefore, taking advantage of the FTIR-ATR results from sample 5421, a comparison
between ATR and reflectance FTIR spectra was carried out to facilitate the interpretation
of the reflectance spectra (Figure 3a). Reflectance spectra of this glass bead show almost
undistorted absorption features at higher wavenumbers, indicating the presence of hy-
droxyl bonds (3000-3800 cm 1) and the stretching vibrations of CH; and CHj3 (2960, 2930,
2870, 2860 cm™1). Also, a sharp absorption peak at 1730 cm ™! is observed in some re-
flectance spectra, indicative of C=O bonds. At lower wavenumbers, where contributions
from diverse compounds overlap, reflectance spectra show clear signs of distortion. Al-
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though in particular cases the aliphatic CH; and CHj deformations can be identified (1460
and 1450 cm ™!, see Figure 3a), in general, the distortions and Reststrahlen effect in that
range will hinder further identification. Therefore, the identification of organic matter
in reflectance spectra would generally be limited to high wavenumbers. Regarding the
presence of glass, the studied areas entirely covered by soil remains show no clear signal
corresponding to Si-O-Si units (1250-900 cm™ 1) (Figure 3a). However, other spots evidence
a strong Reststrahlen effect in that range, whose presence in these spectra could be related
to the signal from glass (Figure 3a).

——5421_ATR 2
——5421_ATR_1
—— 5421_Reflectance_2
—— 5421_Reflectance_1
[7]
=
c
=]
o
£
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S
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=] ——4663_6_3
> M\w
©
e} R
[
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/M
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3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

(b)

Figure 3. Representative FTIR ATR and reflectance spectra obtained from sample 5421 (a). Examples
of reflectance spectra as obtained and transformed with the Kramers—Kronig (KK) transformation (b).

If this assessment of the potential distortions and challenges of the interpretation of
the obtained reflectance spectra is extended to other glass beads, it is possible to realize that
these main features will be generally found (Figure 3b). On the one hand, the presence of
glass would be related to the Reststrahlen effect in the range of 1250-900 cm ™. In contrast,
the presence of organic matter and hydroxyl bonds would be easily identified at higher
wavenumbers, non-affected by this strong Reststrahlen effect (Figure 3b). In addition,
derivative or inverse bands are obtained even for the higher wavenumbers in some spectra
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(Figure 3b). In summary, as expected, the obtained reflectance spectra from the glass beads
are strongly affected by the aforementioned distortions.

The challenges in identifying compounds arising from reflectance spectral distortion
can sometimes be eased by applying mathematical transformations provided by the spec-
trometer software to the obtained spectra. Specifically, the Kramers—Kronig (KK) and
Kubelka-Munk (KM) transformations are employed to correct distortions induced by spec-
ular and diffuse reflectance, respectively [38,39]. However, no transformation has been
developed to address both effects simultaneously, which are often combined in cultural
heritage objects such as these glass beads [38]. Moreover, the results from the KK transfor-
mation can vary depending on the software used to calculate it and are not recommended
for heterogeneous samples [40,41]. Nevertheless, the KK transformation was tentatively
applied to a selection of reflectance spectra (Figure 3b). It was found that the KK trans-
formation was able to correct the derivative or inverted bands at high wavenumbers, and
even in some cases retrieve features related to Si-O-Si units (1250-900 cm 1) (Figure 3b).
However, in general, the KK transformation failed to correct the substantial and diverse
distortions found on the obtained spectra. Therefore, there is no other option but to work
directly with the obtained FTIR reflectance spectra.

The first variable within this glass bead collection that can be addressed is their poly-
chromy. Ancient glass’s composition is known to be a key factor in its stability [16,17,23],
whereas the composition of glasses with different colors can be expected to differ. For instance,
the composition of the glasses in sample 4662 (Figure 1) was studied by SEM-EDS in a
previous work [13], which revealed clear differences. The glasses of the polychrome bead
from sample 4662 show SiO, contents ranging from about 71.5% (blue) to 58.3% (yellow),
K,O contents from 1.9% (white) to 3.7% (yellow), Sb,O3 from 0.0% (blue) to 5.6% (white),
and the presence of 14.6% of PbO, only on the yellow glass [13].

However, the study of this glass bead collection suggested no significant differences
with respect to the color of the glass. The study of sample 4663, presenting the highest
color variability of this collection (Figure 4), evidenced that it is possible to find areas where
the glass signal (i.e., Reststrahlen band 1250-900 cm~!) dominates the spectra, whereas
other areas present strong signals from hydroxyl bonds and organic matter (Figure 4).
Accordingly, it seems that the exact composition of these glasses has not been a key factor
in the weathering processes identified by this technique. Further consideration of the
potential color influence on the weathered glass spectra was attempted by means of PCA
(Figure S2, see Supplementary Materials). Five principal components, accounting for 84%
of the variability in the obtained results, were considered. Biplots considering each possible
pair of principal components confirm that glass color does not relate to the obtained spectra
from these glass beads (Figure S2, see Supplementary Materials). However, the scarce
number of results corresponding to colors other than blue should be noted (i.e., only
yellow could present some significance). Therefore, due caution should be considered
regarding this result, as it may reflect only the prevalence of glass surface alterations rather
than the potential influence of the chromophores, requiring further work to fully address
this hypothesis.

As color does not appear to affect the results, further spectral clustering and analysis
can be performed on the data regardless of glass color.

Given the large volume of data, nearly 600 spectra, unsupervised learning algorithms
were employed to group the spectra into clusters with equivalent features. First, a Louvain
Clustering algorithm implemented in the Quasar software 1.9.2 [30,31] was performed. This
algorithm automatically determines the optimal number of clusters to segment the data, thereby
avoiding researcher bias in this step. The algorithm identified nine main clusters (Figure 5).
Although the spectra within each cluster shared some main features, the resulting clusters
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remained too diverse to identify common features (Figure S3, see Supplementary Materials).
Therefore, each cluster was processed using the k-Means clustering algorithm, implemented
in Quasar [30,31]. In this case, the number of clusters was selected to achieve sub-clusters
that share all the main features and exhibit narrow dispersion. This objective was achieved
by identifying five sub-clusters for cluster 1 (G1); four for cluster 3 (G3); three for clusters 2,
3,5, and 6 (G2, G3, G5, and G6, respectively); and two for clusters 7, 8, and 9 (G7, G8, and
G9, respectively) (Figures 5 and S3, see Supplementary Materials).
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Figure 4. FTIR reflectance spectra obtained from sample 4663 (IV BC), composed of 7 merged glass
beads. Reflectance spectra showed the presence of well-preserved glass areas and soil remains, but
not of crystalline weathering products (e.g., sulphates or carbonates).
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Figure 5. Average FTIR reflectance spectra corresponding to each sub-cluster from clusters G1, G3,
G5, and G9 (a), and G2, G4, G6, G7, and G8 (b).
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Accordingly, 26 representative sub-clusters were identified (Figure 5 and Table 2). The
relative relevance of each cluster ranges from 7.6% (G9) to 15.5% (G1) (Table 2). Moreover,
a visual inspection of the sub-clusters” average spectra evidences that the obtained data
range approximately from spectra such as those of sub-cluster G1-C5 to those of sub-cluster
G7-C2 (which correspond to clean, relatively well-preserved glass (G1-C5) and soil remains
(G7-C2), as explained later). Therefore, each cluster and sub-cluster would probably
correspond to different step of weathering or degree of presence of soil remains instead
of the presence of quite different compounds. This interpretation agrees with the PCA,
where no apparent clustering but a rather progressive evolution was evidenced (Figure 52,
see Supplementary Materials).

Table 2. Spectral cluster and sub-cluster distribution.

Cluster Spectra % Cluster  Sub-Cluster Spectra % Within Cluster
C1 14 15.6
C2 16 17.8
Gl 90 15.5 C3 8 8.9
C4 4 44
C5 48 53.3
C1 16 20.0
G2 80 13.7 C2 46 57.5
C3 18 225
C1 20 26.3
G3 76 13.1 2 50 65.8
C3 6 7.9
C1 24 40.0
G4 60 10.3 c2 26 433
C3 10 16.7
C1 16 24.2
G5 66 11.3 C2 46 69.7
C3 4 6.1
C1 38 594
G6 64 11.0 2 18 28.1
C3 8 12.5
C1 48 88.9
G7 54 9.3 C2 6 11
C1 26 54.2
8 48 82 &) 2 458
C1 8 18.2
&9 44 76 C2 36 81.8

Because the spectra of each sub-cluster shared their main features, it was possible to
analyze each sub-cluster by studying its average spectrum (i.e., nearly 600 spectra were
reduced to 26 representative average spectra). The Reststrahlen band previously associated
with the glass signal (i.e., Reststrahlen band at about 1250-900 cm~!) appears on almost
all the sub-clusters, except for sub-clusters G2-C1, G2-C2, G4-C3, and G7-C2 (Figure 5).
Therefore, glass is identified in 86.6% of the studied points, with only 13.4% showing severe
weathering or soil-crust remnants hindering glass detection. Of the studied glass pieces,
only one, sample 5425, showed no glass detection at any of the studied points (Table S1,
see Supplementary Materials). Accordingly, it was possible to detect the presence of the
glass network in the surface of 98.4% of the studied samples, even on samples showing
noticeable weathering, such as samples 4723 and 5020 and the pearly beads (e.g., 5304,
5306, 5309, and 5313) (Figures 1 and S1, see Supplementary Materials). Cluster G1 presents
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Arbitrary units

spectra with almost only the glass signal, with weak features corresponding to -CH, /-CHjz
groups (as derivative or reverse peaks at 2846 and 2914 cm ') and -OH groups (as a tongue
between 3200 and 3750 cm 1) (Figure 5). Sub-cluster G9-C2 also shares these characteristics
(Figure 5), accounting for 21.6% of measured points with FTIR reflectance spectra that
could be associated with glass showing scarce weathering. No sample presents, in all its
studied areas, only spectra corresponding to cluster G1 and sub-cluster G9-C2, but 33 of the
studied samples (i.e., 51.6%) contain areas with this good degree of preservation (Table S2,
see Supplementary Materials). It can be highlighted that in some of the visually more
degraded samples, those showing a brown or pearly aspect (i.e., 4723, 4758, 5020, 5304,
5306, 5309, and 5313), it is possible to find well-preserved glass in some spots (in particular
in samples 4723 and 5020).

The rest of the clusters and sub-clusters share a strong distortion of the spectra in the
range 1300-1650 cm~!, probably corresponding to the presence of organic matter or a soil
remains crust, that hinders any attempt to identify compounds within this wavenumber
range. The spectral distortions observed between 1650 and 900 cm~! pose a challenge
for identifying the main bands associated with crystalline weathering products, such as
carbonates and sulphates. However, as previous works stated [26], other minor bands
and overtones can be used to identify these compounds in similar scenarios. No sign of
sulphates was found in this study, but a few samples evidenced the presence of carbon-
ates, weathering products already reported in a remarkable piece of this ancient glass
collection [12].

In particular, sub-clusters G2-C1 and G2-C2, as well as a few spectra from G4-C3
(four spectra) and G8-C1 (four spectra), present signs of the presence of calcium carbonate,
such as a derivative peak at 877 cm ™!, a peak at 1794 cm~!, and a peak at 2514 cm ™!
(Figures 5 and 6) [26]. Overall, 12.0% of the studied points showed the presence of calcium
carbonate, accounting for 21 samples (32.8% of the analyzed samples), although none of
them showed carbonate at all the studied points.

-OH -CH, caCO, Reststrahlen * -OH -CH, *: Kaolinite

-CH; effect -CH, 3621 and

3695 cm™'
2
c
=]
-
©
=
o
[
<

Reststrahlen
effect
T T T T T T T T T T T T T T T T T T T T T T
3500 3000 2500 2000 1500 1000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™) Wavenumber (cm™)
(a) (b)

Figure 6. Representative FTIR reflectance spectra of samples containing calcium carbonate as a
weathering product (a) and kaolinite (b). Peaks and regions corresponding to calcium carbonate
and kaolinite, as well as the Reststrahlen effect and the presence of -CH; /-CHj and -OH groups, are
indicated (see Table S1, Supplementary Materials).
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The presence of organic matter, identified from the stretching vibrations of -CH; and
-CH3 (2960, 2930, 2870, 2860 cm 1), is noticeable in most of the sub-clusters. In some cases,
these peaks appear distorted as reverse or derivative signals (Figure 5). Strong peaks
corresponding to these functional groups are found in sub-clusters G6-C1 (corresponding
to 6.5% of the studied points), whereas medium peaks appear in clusters G2, G4, G5, and
G8, as well as sub-clusters G6-C2 and G9-C1 (about 48.1% of the studied points). Weak
signals appear in sub-clusters G1-C1, G1-C4, G1-C5, G3-C2, G3-C3, G6-C3, and G7-C2
(23.4% of the studied points), being almost negligible on sub-clusters G1-C2, G1-C3, and
G9-C2 (10.4% of the studied points). A particular scenario is found in sub-cluster G7-C2,
representing only 1.0% of the studied points, which, in addition to a strong signal from
CH, and CHj groups, seems to present the Reststrahlen effect up to 1800 cm~?, potentially
related to a notable presence of soil remains, as suggested in the study of sample 5421
(Figure 3).

Another common feature is the tongue corresponding to -OH groups (Figure 5). A
strong signal is found on clusters G2, G3, G4, G7, and GS8, as well as on sub-clusters G6-C1
and G6-C2, accounting for 64.3% of the studied points. A medium-intensity signal can
be observed in cluster G5 and sub-clusters G6-C3 and G9-C1, corresponding to 14.1% of
the studied points. As previously stated, a weak signal from -OH groups corresponds
to the relatively well-preserved glass identified in cluster G1 and sub-cluster G9-C2. It
can be noticed that the relative intensities corresponding to -CH, /-CH3 and -OH groups
are not directly related. In fact, sub-clusters such as G3-C2, G3-C3, and G7-C1 exhibit a
strong -OH signal, while a weak -CH, /-CH3 signal is observed (Figure 5). This behavior
suggests that the detected -OH signal would be mainly related to glass degradation (i.e.,
formation of -Si-OH) [23], which will be affecting, to a greater or lesser extent, areas of all
the studied samples. The formation of these bonds results from the breakage of Si-O-5i
bonds in the presence of high humidity, which can also promote the dealkalinization of the
glass surface, another degradation phenomenon previously documented in samples from
this collection [13]. It should be noted that the relative intensities at high wavenumbers in
the reflectance spectra are typically exaggerated compared to those in the equivalent ATR
spectra. (Figure 3). Also, it should be remembered that half of the studied samples also
showed relatively well-preserved areas. Moreover, as the primary degradation mechanism
identified is the formation of -Si-OH, with a lower incidence of crystalline weathering
compounds, their preservation in controlled, low-humidity conditions should prevent
further degradation over medium- to long-term time scales.

Finally, spectra corresponding to cluster G2 and sub-cluster G4-C2 evidence the pres-
ence of kaolinite by peaks at 3621 and 3695 cm 1 [32,42,43], related to the composition of
the soil remains found on the surface of these samples. This feature appears in 18.2% of the
studied points, finding kaolinite in 30 samples (46.9% of the analyzed samples). Taking
into account that the necropolis is located on a sedimentary plain, the presence of clays in
the soil remains is expectable. Moreover, the presence of clays could also contribute to the
detected -OH signal, meaning a lower extent of glass degradation, although further work
would be necessary to address that possibility.

As a final remark, it can be highlighted that a few of the studied glass beads were
previously studied by Raman spectroscopy and SEM-EDS [13]. These techniques only
provided visual evidence of the presence of organic matter or -OH groups (i.e., SEM
micrographs showed the presence of organic residues and surface cracks [13], which could
be related to degradation mechanisms, such as the formation of -5i-OH [7,17]). However, no
evidence at all was provided regarding the presence of calcium carbonate, nor of kaolinite,
which have been found in samples 5326, 5299, 5301, and 5302 (referred to in our previous
work as samples 1, 9, 11, and 12). Thus, micro-FTIR reflectance spectroscopy proved to be
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more sensitive to the presence of these compounds on the surface of ancient glass. On the
contrary, detailed information about inorganic pigments or the glass network, typically
provided by the combination of Raman spectroscopy and SEM-EDS or XRF [12,13] was
not retrieved by this technique. Accordingly, this work demonstrates the complementary
capabilities and suitability of non-invasive micro-FTIR reflectance spectroscopy for the
study of ancient glass.

4. Conclusions

A representative selection of sixty-four samples with diverse characteristics (e.g., shape,
color, apparent degree of preservation) from the extensive pre-Roman glass bead collection
recovered from Pintia (Padilla de Duero, Valladolid, Spain) was successfully studied by
micro-FTIR spectroscopy. This work demonstrated that micro-FTIR in reflectance mode, a
completely non-invasive technique, can be helpful in assessing the preservation state of
ancient glass, evidencing its complementarity with other techniques widely employed in
the study of glass (e.g., Raman spectroscopy, SEM-EDS), although some limitations have
been identified.

Micro-FTIR ATR measurements performed on a fragmented sample allowed for the
identification, by comparison with the reflectance spectra of the sample, of the distortions
present on the obtained reflectance spectra as a consequence of the simultaneous detection
of specular and diffuse reflectance. Although the experimental setup was designed to
operate on specular reflectance, the roughness of the surfaces of the glass beads inevitably
introduced a diffuse component. In particular, a strong Reststrahlen effect was generally
observed between 1650 and 900 cm ™!, sometimes extending to higher wavenumbers.
However, by comparison with the ATR spectra, it was possible to relate a Reststrahlen band
commonly found between 1250 and 900 cm~! with the glass signal. Moreover, the presence
of organic matter, as evidenced by -CHj, -CHj3, and C=0 bonds, was associated with soil
remains or crusts frequently found on the surface of the glass beads. Also, the presence of
-OH groups, related both to the organic matter and to the formation of -Si-OH bonds due to
glass degradation under high humidity, was identified in both ATR and reflectance spectra.

As the distortions in the obtained spectra result from the superposition of specular and
diffuse reflectance, it was found that spectral treatment procedures such as the Kramers—
Kronig transformation do not yield suitable results. Therefore, the reflectance spectra
should be analyzed without further processing.

First, the influence of glass color on the micro-FTIR reflectance measurements was
discarded by comparing within-polychrome samples and by Principal Component Analysis
(PCA) of the almost 600 spectra obtained. However, given the small number of samples
with colors other than blue available for this analysis, further work is advisable to confirm
this conclusion.

Second, the micro-FTIR reflectance spectra dataset was clustered into nine clusters
and 26 sub-clusters to enable identification of common features. The representative spectra
from these clusters evidence that results ranging from relatively well-preserved glass to
weathered surfaces are obtained, similar to those previously obtained for polychrome
sample 4663. In 98.4% of the samples, a glass signal could be identified. Also, in a few cases,
spots of relatively well-preserved glass were found even in samples with visual signs of
heavy alteration (i.e., pitting and brownish hues). No sample was found to present a rather
good level of preservation across all the studied points, but half of the studied samples
contained well-preserved areas.

Regarding the weathering evidence, the presence of organic matter (-CH, and -CHj)
is evident on about 90% of the studied points, as well as all the studied samples, but only a
6.5% of the studied points present a strong signal corresponding to those functional groups,
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and only 1.0% of the studied points show highly distorted spectra (i.e., Reststrahlen up to
1800 cm~1) potentially related to a significant presence of C=O bonds. No sulphates are
found in any sample, but calcium carbonate is found punctually in 32.8% of the studied
samples. The identification of carbonates was based on secondary peaks and overtones, as
previously reported in the literature, since the main peaks were unusable due to spectral
distortion. Kaolinite, as part of the soil, remains common in sedimentary plains such as
those in which Pintia is located, and is clearly found in almost half of the studied samples.
Last but not least, -OH groups are identified in all the studied samples, with only about 10%
of the points showing a weak signal. These -OH groups could be related to organic matter,
the presence of kaolinite or other unidentified clays in the soil remains, or the formation
of -5i-OH groups from the degradation of 5i-O-5i bonds. The results suggest that they
could be mainly related to the first hypothesis, although further work will be necessary to
evaluate the potential influence of the presence of clays.

Accordingly, the primary degradation process identified in these samples is the forma-
tion of -5i-OH, which occurs, as well as the dealkalinization previously reported for some
of these samples, under high-humidity conditions. These are common degradation proce-
dures widely reported in ancient glass. However, the presence of relatively well-preserved
glass regions on half of the studied samples confirms the overall good state of preservation
of this exceptional glass bead collection. Moreover, identifying the formation of -Si-OH as
the main degradation mechanism, probably combined with dealkalinization, as well as the
presence of carbonatation, would help to determine the optimal preservation conditions
for this collection, ensuring its preservation for future generations.
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/ /www.mdpi.com/article/10.3390/heritage9030094 /51, Figure S1. Representative micrographs of
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G8 (h), and G9 (i). Average values (solid line) and dispersion (shadowed regions) are shown in the
graphs for each sub-cluster. Table S2: Studied glass beads showing blue or pearly hues and their
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