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In this research, a comprehensive multi-technique analysis, including synchrotron-based X-ray micro-
computed tomography, is used to visualize the microstructure of alteration in a very particular Roman
glass fragment, in which millennia of corrosion history have not significantly impacted the integrity of
the fragment itself. This exceptionally rare occurrence has allowed for the maximization of meaningful
data acquisition, by examining the alteration structures from the macro to the nanoscale. This study
elucidates the intricate mechanisms underlying glass corrosion when in contact with soil, providing
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quantitative data and phase correlations in the alteration structures. These findings validate and refine
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1. Introduction

Glass corrosion is a fascinating and complex process that
occurs when environmental factors react with the surface of
glass, leading to changes in its appearance and properties over
time. This corrosion can result in both constructive and
destructive surface defects, which create visually distinct (and
sometimes aesthetically pleasing) marks on silicate glass."?
The alterations are often manifested as iridescence and a loss
of the glass’ original clarity, which are caused by construction
defects like the formation of a thick alteration patina on the
surface.* In some instances, destructive defects like micro-
and meso-pits may also appear, which can be further exacer-
bated by biological activity.® This occurs when the material
degrades in conditions where it is not shielded from environ-
mental elements or external influences.”

Glass plays a pivotal role in numerous technological appli-
cations. Understanding the ageing process in glass samples
with a known initial composition can unveil mechanisms that
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existing predictive corrosion models.

are not only technologically significant but also relevant to
modern society. In the literature, studies on glass alteration
from various fields have shown that constructive defects may
develop on a glass surface as a silica-rich gel layer®® or in a
multi-layered lamellar structure.’®** This lamellar structure is
explained as the trace left behind by the advancing alteration
front, propagating from the surface towards the inner bulk
areas of unaltered glass.">'® Experiments aimed at reproducing
the lamellar multi-layer structure of altered glass'®'” have
provided significant evidence for this model, especially in
nuclear waste glass studies. However, defining conditions to
model the mechanism of lamellar multi-layer formation within
experiments of realistic duration remains a challenge. More-
over, the formation mechanism of this layered structure, as well
as the relationship between cracks, secondary crystal phases,
and lamellae distribution, are still under study."

The presence of laminated, altered glass surfaces on archae-
ological objects has only been observed in a few works.***%*?
With the exception of rare examples (mainly relating to objects
that have aged in protected conditions, like those that were part of
undisturbed funerary archaeological contexts, for instance),'® pre-
served multiple layers of alteration patina in archaeological glass
are primarily found in limited areas of an object.”® These areas
have been normally safeguarded from external mechanical factors,
thus preventing the detachment of alteration products due to their
brittle nature. These specimens are highly valuable both from the
perspective of archaeology and material science, as they provide
direct evidence of the structure of the alteration patina that has
remarkably endured over extremely long periods of time. However,
characterising these complex and heterogeneous samples in a
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non-invasive manner, across large areas, and with sufficient con-
trast and spatial resolution to visualise their structural and physi-
cochemical heterogeneity'* remains challenging.

This work analyses the exceptionally preserved multi-layer
patina formed on a fragment of archaeological glass (I sec.
B.C - I sec. A.D.) found in the archaeologically rich surround-
ings of ancient Aquileia (northeast Italy). The study of the
laminated structure has provided new insight into the temporal
progression of glass alteration. The combination of surface and
3D analytical techniques has enabled access to the structure
and composition of the altered layer on the sample surface.
Synchrotron radiation-based X-ray computed microtomography
(SX-pCT) with phase contrast has offered direct evidence of the
3D structure of the alteration patina within a 1 cm-long pit on
the surface of Roman glass, which could not be obtained
through surface techniques alone. Although the origin of the
studied pit remained unclear, the organisation of the corrosion
products filling its volume yields valuable insight into the
mechanisms of alteration that the glass has undergone over
the centuries, as well as the reorganisation of the corrosion
products in the alteration layers. It represents one example of
those limited areas of samples where the alteration patina was
safeguarded from external mechanical factors and endured
over time. The preservation of the exceptionally thick stack of
corrosion layers is attributed to the depth of the pit itself, which
shielded the patina from external stresses and prevented
detachment, thus maintaining it in a perfectly uncompromised
state for centuries or even millennia. Phase contrast SX-uCT is
confirmed as a breakthrough tool that can visualise the altera-
tion history of ancient glass without damaging precious samples.

Our observations led us to interpret the multi-layer patina
inside the pit as the result of a series of processes, including
solubilisation and reprecipitation of glass constituents, trans-
port of solutes from the environment, and slow allomorphic
reorganisation of the secondary phases within the alteration
layers. The loss of transparency and clarity of the original glass
is likely due to a long-range organisation of the alteration
products, creating a discontinuity with the original structure.
The colour effects due to the growth of alteration products may
be explained by light diffraction from overlapping silica-based
layers with varying degrees of porosity.

2. Experimental

2.1. Material

The analysed sample (Italian National Inventory number:
581681 — Museo Archeologico Nazionale di Aquileia) was col-
lected in 2012 in the vicinity of Aquileia (Italy), during archae-
ological field-walking survey activities. It is a highly degraded
dark green glass fragment that was discovered on the topsoil of
an agricultural field near the Grado lagoon. Additional infor-
mation about the archaeological and geological context, can be
found in the ESL{

In a previous study,”® the sample was identified as a frag-
ment of a Roman glass object using laser ablation - inductively
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coupled plasma - mass spectroscopy (LA-ICP-MS). This analysis
revealed that the unaltered core of the glass had a silica-soda-
lime high-magnesium (HMG) composition. The presence of a
high concentration of Fe, as indicated by the analysis, sug-
gested that the original colour of the glass was dark green. It is
likely that Fe-rich sand and plant ashes were added to the glass
batch as a reducing agent to achieve this colour. The same
study also reported on the composition and the distribution of
elements within the alteration patina of the sample, which was
correlated to the specific soil composition in the area where it
was found.

2.2. Methods

2.2.1. Ultra-microtomy thin sample preparation. The ana-
lysed sample comes from an area of the glass fragment where
the surface patina is thicker. The fragment was embedded in
epoxy resin (epoxy resin and slow cure hardener PELCO, Ted
Pella) and thin sections were prepared using the same protocol
employed by Beltran et al.>' Thin sections with thicknesses of
3.5 um and 100 nm were cut using an ultramicrotome (Leica
EM UC6) equipped with a 45° diamond knife (Diatome Histo,
Leica, HI 7177). Subsequently, the 3.5 um thin section was
placed on pellets made with KBr (Sigma Aldrich, 221864-M
FT-IR grade), to facilitate manipulation, while the 100 um one
was directly deposited on a TEM copper grid to perform TEM
analysis.

2.2.2. Electron microscopy analysis. Scanning electron
microscopy (SEM) was carried out on a ZEISS GeminiSEM 560
operated at 1 kV. Scanning transmission electron microscopy
(STEM) imaging was performed using a high-angle annular
dark field (HAADF) detector in a ThermoFisher Spectra300
operated at 300 kV. STEM coupled with energy-dispersive
X-ray spectroscopy (STEM-EDXS) maps were acquired using a
Dual-X detector setup, with a total collection angle of 1.7 sr,
using Velox and processed within the same software.

2.2.3. Micro-Raman spectroscopy analysis. Raman spectra
were acquired using a Thermo Scientific™ DXR3 Raman Micro-
scope. The measurements were performed within the range of
100-1600 cm ™' with a 785 nm laser and a 50x objective lens.
Each spectrum was collected with a laser power level of
30.0 mW and a spectrograph aperture of 50 pm pinhole,
obtaining a 0.7 pm spot size. The analysis was performed with
an acquisition time of 60 s and 5 accumulations and was
applied a polynomial (order 4) for fluorescence correction.
The spectra were processed by polynomial smoothing using
OriginPro2020.

2.2.4. Laboratory micro-computed tomography analysis.
Overview scans were conducted as part of a national OpenAlr
project at the University of Torino. The scans were carried out
using an instrument installed at the Physics Department
(Dipartimento di Fisica), specifically designed for the analysis
of works of art of various sizes, shapes, and materials. The X-ray
source used for the scans was a Microfocus L8121-03 by
Hamamatsu. The images were acquired with a Teledyne Dalsa
detector (Shad-o-Box 6K HS), with 2304 x 2940 pixels matrix
corresponding to a 11.4 x 14.6 cm?” active area. Each pixel has
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49.5 x 49.5 um?® lateral size and is generated by a caesium
direct contact scintillator, a photodiode and a CMOS transistor.
Newport’s URS50BPP turntable is placed on a tripod that allows
movements in 3 directions and inclination adjustment.

The experiments were performed using focal spot size of
&7 um, X-ray tube voltage of 90 kV and current of ~110 pA,
integration time of 3 seconds to fully exploit the approximately
16 000 grey levels of the detector. The analyses were performed
with fixed distances between source-detector, source-object,
and object-detector. The distances used were respectively
650 mm, 100 mm and 550 mm. With the chosen magnification
of x6.5, the equivalent pixel size was determined to be 7.6 um.
During the acquisition, the sample was placed in a polystyrene
support, with low attenuation effect at the energies used for the
analysis, and rotated over 360° around the vertical axis, whit
angular increments of 0.15°.

2.2.5. Synchrotron radiation micro-computed tomography
analysis. For the SX-pCT analysis, no specific sample prepara-
tion was necessary. The sample was directly placed in a custom
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sample holder made with polyurethane foam to scan the area
that best represented the typical corrosion-induced degrada-
tion of the glass (as shown in Fig. 1).

SX-uCT was performed at SYRMEP (Synchrotron Radiation
MEdical Physics) beamline of Elettra Sincrotrone Trieste
S.C.p.A., Italy.”> The experiment was carried out in parallel
beam geometry using polychromatic X-ray beam (white/pink
beam) filtered with 1.5 mm of Si and 3.5 mm of Al. Thus, a
mean energy of 26.9 keV was achieved. Phase-contrast was
obtained with free space propagation setting the sample-to-
detector distance equal to 150 mm. The scan was accomplished
collecting 1800 projections (i.e. sample radiographies) over 180
degrees. In addition, 20 flat fields (i.e. background images) and
20 dark-fields (i.e. dark images) were collected before and after
each scan. The images were acquired with 2 s exposure time
using ORCA Flash 4.0 Hamamatsu sCMOS detector (2048 X
2048 pixels, physical pixel size 6.5 pm) with a 17 pm thick GGG
scintillator screen. The detector, equipped of a zoom system,
enabled to collect images with an effective pixel size of 2 x 2 pm

Fig. 1
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(a) Analysed archaeological sample with its characteristic L shape and (b) detail of the multi-layered alteration patina on surface of the sample

captured by OM. (c) 3D rendering obtained from a large field of view laboratory X-ray computer tomography (CT) scan of the sample reported in front,
lateral view, and top view from left to right. Different pits with different extensions are visible. Layered formations are visible in the 3D renderings of SX-
nCT scans of (d) a second pit surrounded by the surface patina, and (e) the major longitudinal pit. The phase-contrast SX-uCT slice in (f) shows a portion
of the sample covered with multi-layer surface patina and a pit containing altered glass layered structure adjacent to it. In (g), the high-resolution (1 pm
3 voxel size) phase-contrast SX-uCT slice shows the interior of the main U-shaped alteration pit. The alteration front and the direction of progression are
shown as a red continuous line and arrows, respectively. (f) and (g) are selected SX-uCT slices from scans (d) and (e) of the imaged surface layers and pits,
respectively.
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or 1 x 1 um for some higher resolution details. The high-
resolution scan of the alteration pit comprised four vertical
scans with an overlap of approx. 100 pm allowing further 3D
image registration and stitching. Four high-resolution scans
were stitched together to extend the investigated volume of
interest, which is approximately 7.9 mm x 2.0 mm x 2.0 mm.
Four videos of 3D renderings of the investigated volume are
available on Zenodo at the following link: https://doi.org/10.
5281/zenodo.8169072. Tomographic reconstructions were com-
puted using the open-source software SYRMEP Tomo-Project.”?
Phase retrieval was obtained using Paganin’s method>* and a
delta/beta ratio between 50 and 100 depending on scan.

2.2.6. Processing of synchrotron X-ray microtomography
images. Single slice and volume renderings were created with
Image] and Dragonfly, respectively. The visualisation of eigenvec-
tors of secondary grains was obtained using Paraview. Binary
masks of the different phases composing the alteration pit were
computed with Python and modified manually using Dragonfly as
described in the ESI.} Data analysis and statistics were computed
in Python and Jupyter. For the calculation of particle properties of
secondary grains, the spam Python package was used.”> The
image processing Python pipeline is open-source and available
on the Zenodo link: https://doi.org/10.5281/zenodo.8143120.

3. Results and discussion
3.1. Evidence of multilayer patina at macroscale

The shimmery patina covering the surface of the investigated
sample has revealed the presence of products deriving from the
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Fig. 2
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3 which leads to an

natural deterioration of silicate glass,"
extraordinary and pronounced colour variation.

Laboratory (Fig. 1c) and synchrotron (Fig. 1d-g) pCT scans
(isotropic voxel sizes 7 um and 2 pm, respectively) confirmed
the presence of highly heterogeneous features across the entire
surface of the analysed sample, consistent with its highly
corroded state. Both constructive (i.e., multi-layered patina)
and destructive defects (i.e., pits) were observed. The multi-
layered patina was found on all sides of the object, with varying
thickness. The inner edge, in particular, exhibited a thicker and
more prominent patina, characterised by a gold-yellow colour
(Fig. 1a and d-g). The variation in thickness indicates that in
this area the patina has been less affected by the detachment
and loss of alteration products due to external mechanical
factors. Detailed observations using optical microscopy (OM)
allowed for the distinction of different colour shades, ranging
from metallic blue (where the patina is less thick) to gold-
brownish (in the inner edge where the patina is thicker) (Fig. 1a
and b).

The rendering in Fig. 1c reveals several mm-scale pits that
extend from the sample surface into the bulk material. From
the pCT 3D reconstructions, it is possible to visualise that all
pits are filled with material that exhibits a longitudinal, multi-
layered structure. This structure is oriented parallel to the
interface with the unaltered core, mirroring the arrangement
observed in the iridescent patina on the sample’s surface.
To capture high-resolution details of the alteration patina,
phase-contrast SX-uCT was performed on selected portions of
the sample. The results revealed that both the surface and the
pit-confined spaces consistently display multiple overlapping
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(a) 3D rendering showing the main pit filled with alteration layers, alternating with voids (in blue) and grains of secondary phases (in yellow). (b)

Detail view of the pit section showing the distribution of voids and secondary inclusions. (c) Volume, sphericity, and anisotropy distribution of the grains
inside the pit volume. (d) Histogram of the grain distance from a void surface: 90% of the analysed grains is located within 20 um from a void space. (e)
Void spaces and secondary grains occur at the same distances from the alteration front.
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lamellae, which embed secondary globular phases in between
(white spots in CT slices). The structure of the alteration,
characterised by alternating lamellae with void and polygonal
grains, is more extensively preserved inside the confined space
of the pits and in the internal edge of the r-shaped fragment.
These areas correspond to regions that are less exposed to
external agents. Consequently, the high-resolution, phase-
contrast SX-UCT analysis focused on a single pit of exceptional
size, the one depicted Fig. 1e.

This pit, characterised by a regular U-shaped interface
between the altered and unaltered glass, extends along the
entire scan length (Fig. 2a) and exhibits the typical multi-layer
organisation, exceptionally preserved in its entirety. Remark-
ably, the laminated layers inside the pit volume have been well
preserved, with a notably high thickness, retaining the histor-
ical record of the alteration process for centuries or even
millennia within the immobilised patina.

The investigated pit was scanned at the maximum magnifi-
cation achievable, leading to 1 um voxel size.

3.1.1. Morphology of the layers inside the pit. In the SX-
UCT slice of Fig. 1g, the different phases of the altered glass can
be distinguished by varying shades of grey, with darker shades
representing lower attenuating areas and white indicating
higher attenuating ones. The altered glass material appears
as dark grey, forming distinct layers that are separated by void
spaces, visible as black areas. The pit is surrounded by unal-
tered bulk glass, depicted in light grey, while denser elements
from secondary phases are seen as bright particles.

The primary component of the inner pit volume (80.7%)
consists of layers of alteration products that resemble bundles
of multiple thinner lamellae that faithfully replicate the geo-
metry of the alteration front. In Fig. 1g, three macroscopic
layers can be observed within the altered glass material (dark
grey), with void spaces (black) separating them. Layer 1 corre-
sponds to the layer in contact with the unaltered bulk, while
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layer 3 is the one closest to the centre of the pit. The thickness
of the three layers ranges between 70 and 160 pm. However, the
precise thickness of each individual thin lamella composing
the layers and the number of units in each bundle of layers
cannot be determined at the spatial resolution of the SX-uCT
acquisitions.

3.1.2. Distribution of the cracks and voids inside the pit.
Cracks or void spaces are oriented parallel to the lamination
direction. Locally, individual cracks also expand perpendicular
to the layer plane, connecting two or more adjacent lamination
structures. The extension of voids or cracks does not seem to
correlate with the depth from the sample surface. This observa-
tion is consistent with literature reports that describe variables
spacing between each lamination sub-unit*® and attribute it to
the non-linear evolution of the structure. Several studies on
nuclear waste glass®*¢7>® have documented crack networks that
expand both perpendicular and parallel to the lamination plans,
similar to our observation (Fig. 2b). These cracks are believed to
act as preferential channel for the migration of fluids from the
environment to the deeper glass core. Additionally, the crack
network likely influences the movement of the alteration front
towards the inner part of the unaltered glass during the altera-
tion process. These cracks serve as channels for the exchange of
glass constituents (modifier ions of the glass network) and
hydrogen ions from the environmental aqueous solution."”*®

3.1.3. Distribution and nature of the secondary phases.
Phase-contrast SX-uCT scans provided the opportunity to exam-
ine the 3D distribution, shape, and arrangement of secondary
phases inside the pit volume. A total of 77574 individual
particles were identified and segmented based on their high
grey level in the reconstructed images. They were then labelled
in 3D within the analysed pit region (details of the particle
analysis can be found in the ESIT).

The particles identified as secondary phases within the pit
region have a volume of 1.4 + 4.3 x 10" ° mm?® (min: 1 um?

Fig. 3 3D orientation of secondary crystalline phases. (a) Orientation distribution plot of the grain principal axis. (b) 3D rendering of one secondary phase
grain, with principal axis (eigenvector) shown in green. (c)—(e) Orthogonal sections through the analysed pit; principal axes of secondary grains shown as
line overlay coloured according to their orientation with respect to the image X-axis. Tick bars: 500 um.
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max: 0.7 mm®), a sphericity of 0.88 + 0.08, and a broad
anisotropy distribution (DA: 0.70 + 0.18), as reported in
Fig. 2c. Studying the distance between secondary grains and
voids within the pit region reveals that secondary phases
have grown adjacent to air spaces between layers of the pit
(Fig. 2d and e). This confirms that the polyhedral phases are
located at the interface between each layer of corrosion products
and empty space, as observed for the patina on surface (Fig. 1f).
In these inter-layer spaces, the polyhedral objects find the best
condition to grow with the minimal energy requirements.

Once reconstructed in 3D (Fig. 3b), the external shape of
secondary grains shows a clear axis of symmetry and appears
rhomboidal when looked perpendicular to this axis. Further-
more, the orientation of individual secondary grains can be
quantified in 3D on SX-puCT images thanks to their anisotropic
shape (Fig. 3). This reveals that dense, secondary alteration
objects have an axis of symmetry which is preferentially
oriented along the lamination direction of the patina, whereas
they grow with a more isotropic shape in the layer plane.

3.2. Evidence at the microscale of the preserved alteration
patina on surface and within the major corrosion pit

Examples of altered silicate glass, as reported in the literature,
indicate that the multi-layer patina on the surface consists of a
random arrangement of amorphous silica nanoparticles (NPs)
with a varying level of packing density.'*'®'” The initial surface
state of the glass significantly influences the formation of the
alteration layer.>® Additionally, other than silica, crystalline and
amorphous phases are frequently detected in the spaces
between silica-rich layers. The formation of these phases is a
consequence of adventitious elements diffusing from the
environment and interacting with the dissolved elements of
the altered glass surface."*>°

To gain a more comprehensive understanding of the struc-
ture and chemical properties of the alternating layers observed
by SX-uCT analysis, a combination of surface and subsurface
analytical techniques was employed. The techniques offered
valuable insight into the composition, morphology, and defects
within the material, including the grains of secondary phases
detected with SX-uCT and OM analyses (Fig. S1, ESIt). SEM and
STEM analysis of debris of surface patina confirmed that each
block of superimposed layers is in fact formed by multiple
thinner lamellae of aggregated NPs with alternating packing
density (Fig. S2, ESIt). SEM analysis showed the presence of
aggregated packed NPs within the stacked lamellae as well as
the thickness of each lamella unit composing the alteration
layers observed with SX-uCT analysis both on the surface and
within pits (Fig. 1f and g). The Experimental section provides a
detailed description of the ultramicrotomy procedure that
enabled to prepare the 3.5 pm (for SEM) and 100 nm-thin (for
STEM) samples used for the study in cross-section of the
surface patina.

Bundles of multiple lamellae of slightly varying thickness (of
about 200-300 nm) are stacked, producing the distinct thicker
layers (70-160 um-thick) detected with the SX-pCT analysis.
STEM analysis confirmed the presence of aggregated NPs
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building the internal structure of the lamellae and showed that
they have an amorphous nature (Fig. S2b, ESIf). These high-
resolution observations complement those by SX-uCT, where
the detection limit is driven by the coarser voxel size of 1 um.
Additionally, the stacks of multiple lamellae with varied thick-
ness may also explain the wide range of colour shades macro-
scopically visible on the sample surface (Fig. 1b), as the local
optical properties interact with incoming light.

Confirmation about the correlation between the Fe-rich
aggregates found in the surface patina and inside the pits, as
well as the bright particles observed with SX-uCT, was obtained
through STEM coupled with energy-dispersive X-ray spectro-
scopy (STEM-EDXS) and micro-Raman analyses (Fig. S3, ESIt).

The SX-uCT reconstructions had already demonstrated the
presence of polyhedral inclusions of comparable size and shape
both between the lamellae of the surface patina, and within the
confined space inside the pits (Fig. 2f and g). OM observations
of the thin section and the surface patina debris corroborated
the results of the SX-uCT. In the plane containing the lamina-
tion direction, the cross-section of secondary phases showed a
rhomboidal shape, with the major axis aligned with the direc-
tion of lamination (Fig. 4a). When sectioned along a plane
parallel to the alteration front, the same objects presented a
more regular circular shape (Fig. 4b). However, a minority of
particles developed with a random orientation. These results
align with the observations previously made on the 3D recon-
structions obtained from SX-uCT scans on grains located within
the main pit (Fig. 3b).

STEM images collected in specific areas of the patina thin
section, where secondary phase grains were previously selected
using OM (Fig. 4a), provided additional information on the
nature of these secondary phases. Electron diffraction analysis
(ED) performed in situ during the STEM observation confirmed
the amorphous nature of the polyhedral inclusions, while
chemical analysis confirmed the prevalence of Fe in their
composition (Fig. 4c and d). Unexpectedly, the polyhedral
grains were found to be homogeneous in phase with the silica
layers and devoid of any signature of crystallinity. They were
identified as Fe-rich inclusions embedded in the amorphous
silica lamellae. The fast phase transformation of the iron
compound under the influence of the laser, obtained during
the Raman analysis of the grains inside the pit (reported in
ESIY), confirmed the presence of a low degree of crystallinity in
the analysed material®® and the transformation from amor-
phous to crystalline phase of the analysed particles.

3.3. Insight into glass alteration mechanisms

The thorough analysis of the tomographic images has enabled
us to identify a correlation between the volume of particles and
their distribution within the alteration layer. As illustrated in
Fig. 5, larger particles (depicted in yellow) tend to concentrate
in the outer layers of the patina, while smaller particles
(depicted in purple) dominate the deeper layers near the
boundary with unaltered glass. By combining the insights
gained from the tomographic, microstructural, and chemical
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Fig. 4 OM images of polyhedral grains of the surface patina (a) in cross
section from the ultramicrotome thin sample, and (b) parallel to the
surface from a fragment of surface patina. (c) HAADF STEM image of an
area of patina cross-section containing a polyhedral grain oriented in the
direction of lamination. (d) Chemical distribution of Fe (yellow) and Si (blue)
of the area reported in c. (e) HAADF STEM image of an area of an area of
patina cross-section containing a polyhedral grain oriented along a dif-
ferent principal axis. (f) Overlay of Fe (yellow), Si (blue) chemical distribu-
tion and HAADF image of the area in e.

analysis, three distinct stages in the formation of this long-term
alteration patina have emerged (Fig. 6).

3.3.1. Stage 1: formation of the hydrated layer. The primary
mechanism identified for initiating the degradation of glass, as
determined in existing studies, is the reaction between the
pristine glass network and water from the environment, either
under saturated®*'?* (relative humidity RH > 100%) or
unsaturated®* > (RH < 100%) humidity conditions. Two rate-
limiting mechanisms for the formation of the alteration layer
are currently discussed in the literature. The first mechanism
involves the ion exchange between alkalis from the glass net-
work and positively charged species from the water.’"*® The
second mechanism involves the congruent dissolution of the
glass network in a nanometre-thick film of water at the glass
surface.'>*® For glass compositions containing silica, soda and
lime that become corroded in burial conditions, the dissolution
of the silicate network is believed to be the rate-limiting step.’”

This journal is © the Owner Societies 2024

Fig. 5 Statistical analysis of the Fe-based (bright, X-ray opaque) particles
distribution inside the pit in function of their volume in voxels. Colour
ranges from purple for smaller to yellow for larger particles. Within layers
adjacent to unaltered glass, almost no particle is captured at the 3D image
resolution of SX-pCT. This is likely because the small size of the particles in
these strata makes them undetectable by the tomographic scans.

During this stage, the silicate glass undergoes congruent dis-
solution while amorphous silica aggregates of varying sizes
precipitate simultaneously. The ion exchange proceeds rapidly
at low pH levels (such as those found in the soil where the
fragment was excavated - ESIt). However, the rate of ion
exchange slows down as pH increases due to the local rise in
OH™ concentration, creating a first surface layer consisting of
hydrated silica species (Fig. 6a).

The mineral and chemical composition of the clay-rich soil
that surrounded the analysed fragment during the alteration
process played a key role in determining the composition of the
first alteration layer. The presence of Fe in the original glass
composition, combined with the mineral content of the soil,
possibly led to a high availability of Fe ions for the nucleation of
secondary Fe-based phases at the interface between glass and
water (Fig. 6b). In alkaline environments, silicic solutions may
form silica particles rather than a homogenous gel, depending
on the silica saturation conditions determined by the glass
composition at the surface.**® We could hypothesize that
during this initial stage (Stage 1), amorphous silica NPs and
the other hydrated species precipitated from the water film,
coexisting in the first hydrated layer while maintaining a high
degree of freedom to reorganise into a more ordered and dense
structure.

3.3.2. Stage 2: reorganisation of the aggregated silica NPs
in laminated layers. As the alteration of the studied glass
progressed, the solubility of different phases in the alteration
layer has likely been is influenced by the concentration of ions
in the surrounding environment, resulting in the precipitation
of various compounds. Local fluctuations in pH, ion mobility
and ion concentrations are believed to have impacted the
dynamics and kinetics of the formation of the altered layer,
ultimately determining the morphological evolution of the
lamination structures.>® Previous studies have demonstrated
that a reduction in the dissolution rate at high pH levels results
in a decrease in the porosity of the densely packed silica NPs,
leading to variations in the porosity of the lamellae and the
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appearance of lamellae bundles.** While it was previously
believed that the appearance of laminated layers was solely
due to seasonal variations in formation conditions,*' subse-
quent studies have demonstrated that glass corroded under
steady laboratory conditions can develop a discrete lamellar
structure similar to naturally aged glass.'®**** The formation
of this layered pattern has been associated to fluctuation-
triggered organisational processes involving the dynamics
between species in each alteration step. Some research has
also drawn comparison between the layered structure of altered
glass zones to those of Liesegang bands,**** which arise from
periodic precipitation phenomena of diffusion and reaction
processes occurring in the wake of a moving reaction front.***

During this second stage of glass alteration, progression
occurred inward from the surface, as illustrated in Fig. 6.
Chemical elements dissolved from the surrounding environ-
ment and came into contact with the glass, primarily interact-
ing with the pre-altered surface, thus leading to the
development of secondary phases atop it.*

9704 | Phys. Chem. Chem. Phys., 2024, 26, 9697-9707

In the literature, the formation of the layered structure is
described as a recurring process involving the formation and
precipitation of silica nanoparticles at the interface between the
unaltered glass and inner alteration layer. Simultaneously,
secondary phases with varying degrees of crystallinity may
precipitate on the surface of each newly formed silica layer.”®
In the studied sample, these dissolution and reprecipitation
cycles have occurred repeatedly over an extended period, leading
to the formation of multiple stacked layers. Embedding grains of
Ferich secondary phases distributed within the interlayer
spaces. Observing Fig. 6, the nucleation and growth of such
Fe-rich grains seem to have been influenced by their distance
from the surface. This was possibly due to the decreasing
availability of Fe species with depth, as they primarily interacted
with the more superficial layers, thus contributing to the growth
of the pre-nucleated grains.

In Fig. 2a and b, smaller grains of secondary phases are
visible in the layers close to the pristine glass boundary,
while their size increases as we approach the surface layers.
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The size-depth dependence of these secondary phases can be
explained by two parallel factors. On one side, the diffusion of
Fe ions from the outside to the internal layers may have
contributed to the formation of larger particles in the layers
closer to the external environment, where the concentration of
adventitious elements was higher. On the other hand, the
grains progressively increased in size over time. In this sce-
nario, if we assume that the nucleation of secondary phases
coincided with the formation of the gel layer of amorphous
silica NPs, we can determine the order of formation of different
stacking layers based on the particles size. Deeper layer may
have formed more recently compared to surface layers, where
the secondary particles exhibit the largest size.

3.3.3. Stage 3: patina homogenisation and ageing. Over the
long term, after the formation of multiple alteration layers, the
constituent lamellae are known to undergo a morphological
reorganisation to minimise the energy of the structure.*® This
reorganisation leads to a gradual reduction in the porosity of
the alteration layer and its subsequent densification. Even-
tually, cracks may develop both parallel and perpendicular to
the direction of alteration due to residual internal stresses
within the layers and their inherent fragility. This phenomenon
was observed in the studied alteration patina, as demonstrated
in Fig. 1f and 2b, and further illustrated in Fig. 6e for better
visualization. These cracks may have contributed to the diffu-
sion of elements from the external solution®® and the progres-
sion of the corrosion process inward.

Furthermore, our study suggests that secondary grains also
undergo structural reorganisation over more extended periods
(Fig. 6d and f). While the presence of Fe-rich amorphous phases
in the altered layers has been previously observed in glass
corroded underground, our study unveiled a distinctive orga-
nisation of these phases within the nanostructured silica
lamellae, which has never been described before. In the case
of nuclear glass altered in an anoxic clayey environment, the
presence of amorphous Fe-rich phases was reported as distinct
nanophases entrapped within the porous gel network. These
were attributed to the diffusion of dissolved Fe through the
porous network of the silica gel and the subsequent co-
precipitation of nanosized Fe-silicate entrapped within the
porous silica gel layer.>*

This observation aligns with similar findings of amorphous
structures in alteration layers formed on Fe-rich basaltic glass
under aerated conditions,’* as well as in presence of microbial
species from the environment. It has been demonstrated that
microorganisms indeed have an impact on glass alteration,””
and one of their effects may be the conversion of both native
and newly formed crystalline Fe oxides into an amorphous
form.>> However, as observed in TEM analysis (Fig. 4), the
amorphous Fe-rich particles found in our sample are today
completely homogenised within the lamellae of packed silica
NPs, while maintaining a polygonal shape that may reflect the
one of the minerals originally formed and grown during the
alteration process (Fig. 6f).

Given the amorphous atomic structure of silica NPs, which
restricts dislocation movement and renders the material
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brittle,** it can be inferred that the reorganisation of Fe-rich
grains occurred through solid-state diffusion of Fe ions within
the structure of silica NPs, thereby resulting in a reorganisation
of the packing order of the NPs. The solid-state interdiffusion of
Fe in silica NPs can be interpreted as a Kirkendall effect,>
where Fe has a higher diffusion coefficient compared to Si NPs.
This effect is facilitated by the extended duration given for the
transformation, which takes place under conditions of quasi-
equilibrium and slow kinetics.

4. Conclusions

The analysis of this archaeological glass sample that has
undergone alteration for multiple centuries offers a rare oppor-
tunity to observe exceptionally preserved alteration symptoms
that cannot be replicated in laboratory-based experiments.

The characteristic alteration pattern observed, with multiple
stacking lamellae composed of silica NPs, aligns with previous
studies of naturally and experimentally corroded silica glass.
However, the long-range ordered distribution of the Fe-based
secondary phase within the lamellae is unprecedented and the
examination of their structure and morphology has allowed for
a better understanding of the successive stages of formation
and evolution involved in the glass alteration process.
Moreover, the presence of amorphous secondary phases within
the alteration layers, as observed in the literature, may be
hypothesized to contribute to the slowing down the diffusion
rate of water and solutes through the layers.

The use of SX-uCT is demonstrated to be a powerful method
to visualise microscale structural features over macroscopical
distances. By combining insights from SR-uCT and microstruc-
tural analyses, a comprehensive view of the intricate processes
underlying the formation of the observed structure over
extended periods has been achieved. This has led to the
identification of three distinct stages in the formation mecha-
nism, shedding new light on the underlying dynamics of this
long-term alteration process.

The obtained results highlight the contribution of this
multi-technique analysis in deciphering the mechanisms of
silicate glass alteration. The preservation of the multi-layer
structure of the alteration further strengthens the interest in
studying ancient samples to assist in the development of long-
term models of alteration, not limited to glass samples. Various
avenues can be explored to identify the molecular nature of the
alteration products, including the iron-based secondary phase,
by employing different non-invasive spectroscopic techniques.
These techniques will be crucial to identify minor spectral
features in the complex silica-based compound, thereby dee-
pening our understanding of the specific mechanisms of
formation and reorganisation within the altered patina.
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