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Abstract

Archaeological glasses with prolonged exposure to biogeochemical processes in the environment can be used to understand glass alteration,
which is important for the safe disposal of vitrified nuclear waste. Samples of mafic and felsic glasses with different chemistries, formed from
melting amphibolitic and granitoid rocks, were obtained from Broborg, a Swedish Iron Age hillfort. Glasses were excavated from the top of
the hillfort wall and from the wall interior. A detailed microscopic, spectroscopic, and diffraction study of surficial textures and chemistries
were conducted on these glasses. Felsic glass chemistry was uniform, with a smooth surface showing limited chemical alteration (<150 nm),
irrespective of the position in the wall. Mafic glass was heterogeneous, with pyroxene, spinel, feldspar, and quartz crystals in the glassy
matrix. Mafic glass surfaces in contact with topsoil were rougher than those within the wall and had carbon-rich material consistent with
microbial colonization. Limited evidence for chemical or physical alteration of mafic glass was found; the thin melt film that coated all exposed
surfaces remained intact, despite exposure to hydraulically unsaturated conditions, topsoil, and associated microbiome for over 1,500 years.
This supports the assumption that aluminosilicate nuclear waste glasses will have a high chemical durability in near-surface disposal facilities.

Key words: alteration, late Iron Age glass, low activity radioactive waste glass

Introduction

Glasses, minerals, and metals will start to alter when exposed
to aqueous environments. The rate at which a material alters is
largely a function of chemical composition, temperature, solu-
tion chemistry, and several other variables (White & Brantley,
2003; Verney-Carron et al., 2008; Pierce et al., 2010;
Verney-Carron et al., 2010a, 2010b; Weaver et al., 2016;
Neeway et al., 2018; McCloy et al., 2019). Understanding
the effects of these variables on the durability of glass exposed
to natural environments may: (i) allow the service lifetime of
industrial materials to be extended; (ii) provide better methods
for conserving cultural heritage materials; and (iii) increase
public acceptance of vitrified nuclear waste disposal. Here, an-
thropogenic glass present in the vitrified wall (a structure or
wall cemented together by a melting of rock into glass) of
the ~#1500-year-old Broborg hillfort (a defensible place sur-
rounded by, in this case, a ridge or wall) in Sweden is presented
as an example of a glass that can be used to better understand

the behavior of glass that has been exposed to the natural en-
vironment (Sjoblom et al., 2016; Weaver et al., 2016; Weaver
etal., 2018). Beyond knowledge of the age of the vitrified hill-
fort, the temperature, rainfall, and groundwater chemistry at
the site for the lifetime of the hillfort are relatively well under-
stood. A primary focus of studying the archaeological remains
at Broborg is to provide a basis for understanding key proc-
esses that occur at the interface between glasses of different
chemistries and the natural environment, by examining the
thickness, morphology, and compositional variation of the
surficial layer on the analog glass in a relatively well-
understood environment (Macquet & Thomassin, 1992).
The Broborg hillfort has been the subject of several studies.
The hillfort was likely abandoned a few hundred years after it
had been constructed and has remained relatively undisturbed
(Sjoblom et al., 2022). The local soil chemistry was influenced
by the heating of the surrounding gneissic granite during the
vitrification. A recent excavation measured topsoil average
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pH to be 6.5, which was over a unit less than the value (pH 8)
measured for the red gravel fines overlaying the vitrified region
of the wall. The hillfort and surrounding area have been ex-
posed to acid rain towards the end of the 20th century. The
present annual precipitation at Broborg is 572 mm and the
average annual temperature is 5°C. There have been some cli-
mate changes, i.e., certain variations in rainfall and tempera-
ture (Nava-Farias et al., 2021; Plymale et al., 2021; Sjoblom
et al., 2022). Thus, Broborg hillfort glasses offer the potential
to study glass alteration behavior in a near-surface environ-
ment, under the generally temperate conditions at Broborg.

Knowledge of the environment is especially relevant to nu-
clear waste glass isolation where disposal environments will
be selected that will minimize, to the best extent possible,
the degradation of the nuclear waste glass and thus limit the
release of radionuclides into the near-field environment.

The issue of nuclear waste glass disposal is relevant in many
countries that have selected vitrification as the preferred meth-
od of waste immobilization (Vernaz & Brueziére, 2014). To
supplement this research, analog archeological glass samples
that have altered in natural environments for even longer
time periods, but considerably lower temperatures, have
been used to gain insight into the probability of the alteration
mechanisms proposed in glass alteration models (Ewing &
Roed, 1987; Crovisier et al., 1988; Macquet & Thomassin,
1992; Murphy, 2000; Rani et al., 2010; Verney-Carron
et al., 20104, 2010b; Michelin et al., 2013; Sjoblom et al.,
2013; Sjoblom et al., 2016; Weaver et al., 2018), specifically
in regards to thermodynamic and kinetic assumptions that
have been developed from short-term laboratory experiments
(Miller et al. 1994).

At present, the largest waste vitrification project in the
world is the Waste Treatment and Immobilization Plant
(WTP) at the U.S. Department of Energy (DOE) Hanford
Site, in Washington State (USA), where 56 million gallons
(2.1 x 10 L) of liquid radioactive and chemical waste will
be immobilized in glass (Goel et al., 2019). The high-level
waste glass is to be disposed of in a geologic repository, and
the low-activity waste (LAW) glass will be disposed in the
near-surface Integrated Disposal Facility (IDF) at the
Hanford Site (DOE, 2017).

Before the LAW glass can be disposed at the Hanford Site
IDF, it must be demonstrated that the disposal can be done
safely, namely, that radionuclide release will meet regulatory
limits (DOE, 2017). Contact between the LAW glass and
groundwater is the most effective pathway by which radionu-
clides can be released from the glass into the environment
(Birkholzer et al., 2012). For this reason, models have been de-
veloped that capture important processes in complex glass-
water interactions and estimate the extent of glass alteration
over hundreds to thousands of years (McGrail et al., 2001;
Grambow, 2006; Frugier et al., 2008; Verney-Carron et al.,
2010a, 2010b; Vienna et al., 2013; Neeway et al., 2016;
Frugier et al., 2018; Rieke et al., 2018). These long-term mod-
els are constructed with consideration of predominant glass al-
teration mechanisms that are observed from controlled
laboratory experiments performed over days to several years,
and often at temperatures near 90°C, so additional under-
standing of glass alteration at lower temperatures and longer
duration, such as Broborg hillfort samples, are useful. The
Broborg hillfort site serves as an environmental analog for
the IDF because the glass has been altered near to the
Earth’s surface in both cases. The 30-year average annual
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precipitation at the Hanford site is 180 mm (Hoitink et al.,
2005), and the average annual temperature at the depth of
the IDF is 15-17°C (Freedman et al., 2015), compared to an
average annual precipitation of 572 mm and an average an-
nual temperature of 5°C at Broborg. Given the role water
plays in accelerating alteration, Broborg should represent a
conservative estimate of the expected alteration of LAW glass
disposed in the semi-arid environment of the Hanford site IDF
(Sjoblom et al., 2013).

Based on its size and strategic position overlooking a water-
way, the vitrified hillfort at Broborg is a structure built for con-
trol and defense, where the ramparts have been fortified, in
situ with a vitreous material produced from melting local am-
phibolite and granitic gneiss lithologies at temperatures on the
order of 1200°C (Kresten et al., 1993; Weaver et al., 2016;
Weaver et al., 2018; Sjoblom et al., 2022). The vitrified mater-
ial found at Broborg spans a range of silicate compositions but
falls into two distinct categories: a mafic (basalt-like) glass and
a felsic glass of “trachyte” composition based on the
total-alkali-silica (TAS) diagram (Le Bas et al.,, 1986;
Figure 9 in McCloy et al., 2021). As the amphibolite melted,
it formed the less viscous dark glass that flowed over all surfa-
ces, penetrating the space between the gneissic boulders, and
serving as a flux to initiate the melting of the gneiss, thus re-
inforcing the wall structure (Kresten & Ambrosiani, 1992).
The felsic melt was estimated to have been nearly two orders
of magnitude more viscous than the mafic melt and was
formed from inhomogeneous melting of the granitic gneiss
(McCloy etal., 2021; Vicenzi et al., 2022). Further description
of the melting of different lithologies to form the vitrified hill-
fort is provided elsewhere (McCloy et al., 2021).

The Broborg aluminosilicate glasses contain several of the
same major elements present in LAW aluminosilicate glasses,
including sodium (Na), potassium (K), silicon (Si), aluminum
(Al), iron (Fe), or elements that perform similar structural
roles within the silica glass polymeric framework, but they
are not compositionally identical. For example, the Broborg
glasses are richer in Si and Al, poorer in Na and Fe, and do
not contain boron (B), which is a significant component of
LAW glass, with a general target B,O3 mass fraction of
0.04-0.16 (Ewing & Roed, 1987; Weaver et al., 2018).
However, in neutral to alkaline conditions similar to
Broborg, B is not retained in the alteration layer and is not in-
corporated into secondary phases that form at the glass sur-
face (Scheetz et al., 1985). So, a technical basis may be made
that the Broborg aluminosilicate glasses are good analogs for
identifying surficial features formed under environmentally
relevant conditions (Alexander et al., 2015). The bulk compo-
sitions of mafic and felsic glass samples obtained from previ-
ous Broborg excavations have been confirmed by several
techniques and are shown, along with a typical LAW glass
composition, in Table 1 (Kresten & Ambrosiani, 1992;
Weaver et al., 2018; Vicenzi et al., 2022).

A previous scanning transmission electron microscopy
(STEM) combined with energy dispersive spectroscopy
(EDS) study of vitrified material excavated from Broborg in
the 1980s showed evidence for the association of a microbial
community with the surface of the glass, and revealed poten-
tial morphological and chemical alteration (Weaver et al.,
2018). Here, microscopic and spectroscopic characterization
of Broborg glasses has been conducted to determine the
thickness, morphology, and compositional variation of the
surficial layer on mafic, lower silica-containing glass and
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Table 1. Measured Composition in wt% of Felsic Glass and Mafic Glass from Broborg, Along with a Representative LAW Glass (LAWA44).

Felsic Glass Composition Mafic Glass Composition LAW Glass
Component uXRF? EPMA® SEM-EDS and #XRF' u#XRF¢ EPMA® SEM-EDS and x#XRFf LAWA448
SiO;, 67.4 61.7 63.3 49.0 51.1 55.9 44.5
AL O3 15.1 22.1 20.4 14.2 16.5 13.8 6.2
Na,O 4.7 5.8 S. 4.8 2.8 3.6 20.0
Fe,03 0.91 1.11 0.3 11.8 10.4 11.0 7.0
CaO 0.2 1.40 1.1 11.3 9.8 6.1 2.0
K;0O 8.9 5.9 7.3 2.4 1.3 2.1 0.5
MgO 1.2 0.26 0.2 2.7 6.2 3.3 2.0
MnO 0.02 0.00 0.04 0.3 0.3 0.3 0.0
P,Os 1.4 0.24 0.1 2.0 0.3 0.8 0.0
TiO, 0.2 0.12 0.1 1.6 0.9 2.0 2.0
Others® - 1.37 0.4 - 0.5 0.3 15.8°
Total® 100.0 100.0 98.5 100.0 100.0 99.8 100.0

The relative uncertainty for the major oxides (defined as > 5 wt%) is +10% of the oxide.

2Qthers include BaO, B,Os3, Cl, Cr,03, Cs,O, CoO, CuO, F, La,O3, PbO, Li,O, MoOj3;, NiO, Re, 0, SrO, SO3, SnO,, WO3, V,0s, ZnO, and ZrO,.
Values do not sum to 100.0 due to analytical uncertainties and the presence of unanalyzed elements (e.g., H and associated bound oxygen).

‘In LAWAA44, B,053=8.9 wt%, ZnO =3.0 wt% and ZrO, = 3.0 wt%, with remaining other components < 1 wt%.

dAdapted from Weaver et al. (2018).
“Adapted from Kresten & Ambrosiani (1992).
fAdapted from Vicenzi et al. (2022).
#Adapted from Pierce et al. (2004).

felsic, high silica-containing glass, after exposure to different
environmental conditions. These samples were excavated in
2017 and their location at the site and subsequent storage con-
ditions have been documented (Nava-Farias et al., 2021;
Plymale et al., 2021). Cataloging the various surficial features
that are formed under near-surface conditions in the environ-
ment over hundreds of years contributes to the understanding
of the long-term behavior of glass in the environment and pro-
vides information on how glass chemistry influences environ-
mental response.

Materials and Methods

Materials

An archaeological excavation of the Broborg hillfort in
Uppland was carried out during the summer and fall of
2017 with permission from Uppsala County Administrative
Board and funding from the U.S. Department of Energy
(DOE) Office of River Protection (Weaver et al., 2018). The
survey was a collaboration between The Archaeologists,
The National Historical Museums Uppsala, and scientists at:
the U.S. DOE Office of River Protection, Pacific Northwest
National Laboratory (PNNL), Washington State University
(WSU), and Luled University of Technology. The objectives
of this field survey were to: (i) obtain samples of vitrified ma-
terial for analysis to determine how the near-field environment
influenced long-term glass durability and (ii) provide further
insight into the anthropological and archeological interpret-
ation of the Broborg site (Englund et al., 2018; Sjoblom
et al., 2022).

Bulk sample analysis of the granitic and amphibolitic rocks
that represent the starting materials for the glass is given in
Ogenbhall et al. (2016). Samples of the two glass compositions,
mafic and felsic glasses (Table 1), were obtained from the sur-
face of the hillfort wall in contact with topsoil as well as from a
wall interior where the samples were partly protected from the
environment, for instance from extended exposure to water or
from microbial community inhabiting the topsoil. Figure 1a
shows the excavation site and the location of the samples. In

Figure 1b, a cross-section of the hillfort wall shows the wall
surface and the inner wall interior.

The samples extracted for analysis in this study were rela-
tively homogeneous regions of (i) mafic glass from the inner
wall (Sample 39, Fig. 1c, red rectangle); (ii) felsic glass from
the inner wall (Sample 40, Fig. 1d, blue rectangle); and (iii)
felsic glass in contact with topsoil (Sample 11, Fig. 1e, blue cir-
cle). A large, heterogeneous, partially vitrified sample (Sample
49), spanning both the outer and inner wall, was also exca-
vated (Fig. 1a, red circle and Supplementary Figs. 1a and
1b). The top of the sample was exposed to the environment
and the bottom of the sample was in a wall interior
(Supplementary Fig. 1c). The top of Sample 49 was subsec-
tioned to generate a smaller uniform sample of mafic glass in
contact with topsoil (Sample 49b, Fig. 1f, red circle and
Supplementary Fig. 1d). The five samples characterized in
this study are described in Table 2.

Methods

The protocol for sample analysis was outlined in Weaver et al.
(2018). The internal microstructure of the samples prior to
sectioning was analyzed by XCT. The samples were scanned
with a Nikon XTH 320/225 kV high-resolution microfocus
tomography scanner (Nikon Metrology, Brighton, MI, USA)
using an X-ray energy of 95 kV and 165 pA of source current
for optimum image quality and contrast. The samples were ro-
tated during the scans with momentary pauses to collect each
projection (shuttling mode) to minimize ring artifacts. For
each sample, a total of 3,142 projections were collected over
360° with 708 ms exposure time and four frames per projec-
tion. Image pixel resolution was 3.36 um (voxel size of
38 um?). The images were reconstructed to obtain a three-
dimensional dataset with CT Pro 3D (Metris XT 2.2, Nikon
Metrology).

To gain a better understanding of the relative altering effects
of the two environments on the different glass compositions
(Table 1), the samples described in Figure 1 and
Supplementary Figure 1 and Table 2 were examined by elec-
tron microscopy. Subsamples of Sample 49 (Supplementary
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Fig. 1. (a) Excavation site map adapted with permission from Englund et al. (2018) showing the sampling locations within the excavation trench (large red
rectangles) with samples from the inner wall (smaller bolded blue and red rectangles) and from the topsoil (small bolded blue and red circles) for both felsic
glass (blue, left circle and right rectangle) and mafic glass (red, right circle and left rectangle). The numbers in the upper right and bottom left are the
coordinates of the survey area (coordination system: Swerefgg TM, the Swedish national coordinate system). (b) A cross-section of the wall, with meter
rule for scale, showing the wall surface and interior (blue box shows a void in the wall interior from which samples were collected). Photographs of (¢) the
mafic glass from wall interior, (d) felsic glass from wall interior, (e) felsic glass in contact with topsoil, and (f) mafic glass in contact with topsoil.

Fig. 1¢) from the region in contact with topsoil and from the
side with the wall interior were cut and prepared for SEM
by first mounting in epoxy and then polishing with diamond
paste and nonaqueous lubricants, including colloidal silica.
Polishing was performed on a lapidary wheel until the surface
roughness was ~1-10 p#m, then on a vibratory polisher to give
a final submicron surface finish (surface roughness ~0.02—
0.05 #m) suitable for imaging. The Sample 49 cross-sections
from both the topsoil and wall interior were imaged with a
JEOL 7001F SEM to examine the altered glass layer on the
scale of tens to hundreds of micrometers. The chemistry of
the alteration layer at the surface was examined using a
10 kV SEM beam and a Bruker Xflash 6 60 X-ray detector

Table 2. Identification and Description of Samples Examined in this Study
(Mafic Glass Samples Are Shaded).

Soil Contact Samples Wall Interior Samples

Mafic glass from melted wall
interior (Sample 39)

Felsic glass from melted wall
interior (Sample 40)

Bottom surface of mafic glass from
melted wall in wall interior
(Sample 49)

Mafic glass in contact with topsoil
(Sample 49B)

Felsic glass in contact with topsoil
(Sample 11)

Top surface of mafic glass from
melted wall in contact with
topsoil (Sample 49)

with a spectral resolution of 129 eV. X-ray spectra were proc-
essed using Bruker Espirit v2.1 software. Electron backscatter
diffraction (EBSD) patterns were generated by a 30 kV elec-
tron beam with 29 nA of beam current and were collected
and processed using a Bruker Quantax EBSD e-Flash HD de-
tector and Esprit v2.1 software. Simultaneous EBSD and EDS
were collected. As there is some latent shift between the initial
image collection and the map collect, the EDS and EBSD map
images were manually adjusted after collection to account for
this drift.

Subsamples of mafic glass in contact with topsoil (Sample
49, Supplementary Fig. 1) and of felsic glass in contact with
topsoil (Sample 11, Fig. 1e) were analyzed with a Rigaku D/
Max Rapid I #-XRD instrument with an image plate detector.
X-rays were produced with a MicroMax 007HF generator fit-
ted with a rotating Cr anode (A =0.22897 nm) and focused on
the specimen through a 300 #m diameter collimator. The 2DP,
Rigaku 2D Data Processing Software (Ver. 1.0, Rigaku, 2007)
was used to integrate the diffraction rings captured by the de-
tector. The analysis of diffraction data was carried out with
JADE 8.5 from Materials Data Inc., and the PDF4+database
from the Inorganic Crystal Structure Database (ICSD).

To measure the relative thickness of the surficial layer in the
two environments, five locations on each of the samples were
examined by SEM at a field of view of 2400 #m or 240 um.
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Specific locations were chosen that were representative of the
mafic glass and were examined for the depth of the surficial
layer. For each SEM scan examined, surficial features with
the minimum and maximum thickness were measured and re-
corded. The thickness of the surficial layer at three additional
random areas was measured and recorded, then all five meas-
urements were averaged together to obtain the mean average.

To determine hydration in the surficial layers of cross-
sectioned mafic glass examined by SEM, ToF-SIMS measure-
ments were performed at Environmental Molecular Sciences
Laboratory (EMSL), located at Pacific Northwest National
Laboratory. A TOF.SIMSS5 instrument (IONTOF GmbH,
Miinster, Germany) was used with a 25.0 keV Bi+beam as
the analysis beam to collect secondary ion images. To remove
surface contamination and control H background (Zhu et al.,
2012; Zhang et al., 2019), a 2.0 keV Cs + (about 125 nA, for
negative ion imaging) or a 2.0 keV O,+ (about 350 nA, for
positive ion imaging) sputter beam was used before and during
analysis. Before data collection, the Cs+or O,+ beam was
scanned over a 700 x 700 zm” area for 300 s to remove sur-
face contaminations. During imaging data collection, an inter-
laced mode was used, in which the Bi+beam was used for
image data collection, and the Cs+or O,+ beam was used
for H background control. The Bi+beam was focused to a
400 nm diameter with a beam current of about 1.70 pA at
20 kHz frequency. The Bi+beam was scanned over a 500 x
500 #m?* (or 200 x 200 #m?) area with 256 x 256 pixels. The
Cs+ or O,+ beam was scanned over a 700 x 700 ;/tmz area,
and the Bi+beam was prealigned to the center of the Cs+ or
O,+ sputter crater. For brevity, only the positive ion results
are shown.

The small, relatively homogeneous samples (Figs. 1c-1f)
were prepared for SEM analysis by sectioning appropriately
sized pieces (<5 cm in any dimension) and then coating with
20 nm of carbon to reduce, although not completely eliminate,
electron beam charging. Samples were examined using an FEI
Dual-beam Helios Nanolab 660 FIB-SEM to analyze the mi-
cron and nanometer scale features on the surface morphology
of the glass. Imaging was performed primarily at 3 and 5 kV
using beam currents of 0.1-3.2 nA and a working distance
of 4 mm. An Everhart-Thornley secondary electron (SE) de-
tector was used in the field-free mode for SE imaging, and a
through-the-lens detector was used for SE and backscatter
electron imaging in immersion mode.

Regions from the exposed glass surface as well as cracks in
the glass were prepared as cross-sectional samples for STEM
with the FEI Dual-beam Helios Nanolab 660 FIB-SEM.
Extracted lamellae for STEM analysis typically extend to
10-15 pm below the surface. Accordingly, all sites selected
for FIB-STEM lift-out and examination were taken from rela-
tively flat regions of the specimens. These lift-out regions were
first coated by a 300 nm layer of platinum (Pt) using the elec-
tron beam and then 3 #m of C using the gallium (Ga) ion beam
to protect the uppermost surface during ion milling. The thin
foils were then removed from the surface by a standard lift-out
procedure using a 30 keV Ga ion beam, attached with Pt to a
copper (Cu) transmission electron microscopy (TEM) half-
grid, and thinned to electron transparency using progressively
lower ion beam energies ending with final thinning at 5 keV
and a final polish at 2 keV. The selected regions were exam-
ined by an aberration-corrected JEOL-ARM 200CF micro-
scope operating at an accelerating voltage of 200 kV with a
convergence semi-angle of 27.5 mrad and an inner collection

angle of 68 mrad. STEM-EDS mapping was also performed
using a JEOL Centurio EDS detector setup, with a 0.1-1 nm
probe size, 0.12-1 nA probe current, and 5-15 min total ac-
quisition time. The cross-sections were imaged by TEM prior
to STEM-EDS, since STEM-EDS resulted in beam damage to
these beam-sensitive samples. TEM analysis was performed
using the FEI Titan 80-300 operated at 300 kV. The micro-
scope is equipped with CEOS aberration corrector for the
probe-forming lens, which enables subangstrom image reso-
lution in STEM mode. Selected area electron diffraction
(SAED) was collected in high-resolution TEM (HRTEM)
mode. Simulations of electron diffraction patterns for com-
parison  were conducted using  SingleCrystal by
CrystalMaker Software. Compositional analysis was per-
formed with an EDX Si(Li) EDS detector. When performing
EDS mapping analysis, the electron dose rate impinging on
the sample was minimized by subpixel scanning, and artificial-
ly defocusing the probe to reduce electron density until no sig-
nificant damage was observed on the sample.

Results and Discussion

Surficial Examination of Felsic and Mafic Glass
Samples

To compare the extent of alteration that occurred on glasses
from the melted wall interior and from the top surface of the
wall in contact with topsoil, felsic and mafic glass samples
from both regions were examined. #-XRD analysis of the felsic
glass (Supplementary Fig. 2) confirmed it to be amorphous,
with a large background and only one broad peak that corre-
sponds to the most intense quartz peak (101). #z-XRD analysis
of mafic glass (Supplementary Fig. 3) confirmed that it had a
significant amorphous component with an elevated back-
ground and broad diffraction peaks. The crystalline phases
present in the mafic glass were identified as spinel, quartz, feld-
spar, and pyroxene.

Felsic Glass from the Melted Wall Interior

Felsic glass from the wall interior (Sample 40) is visible as a
sheen on the surface of the sample and occasionally contains
bubbles or vesicles (Fig. 1d). The vesicles in the material are
fragile and several broken bubble-like features are present
near the surface. These vesicles, or voids, were formed as a re-
sult of volatiles released during the melting (McCloy et al.,
2021). Figure 2 shows that the felsic glass is smooth and sur-
rounded by rougher regions. SEM-EDS (Fig. 2¢) of the bubble
of felsic glass shows the smooth regions are richer in Si, Al, and
Na, consistent with the composition of felsic glass (Table 1).
Quantification of the EDS maps comparing the smooth,
Si-rich regions to the rough, C-rich regions is shown in the ta-
ble in Figure 2. The largest difference between the two regions
apart from the substantial increase in C is a reduction of Si, Al,
and K and an increase in Ca, Mg, Ti, and Fe, as detailed in the
table in Figure 2.

Cross-sections were extracted by FIB for STEM analysis, ex-
posing the interior void of a felsic glass bubble (Fig. 2a).
STEM imaging and EDS (Fig. 3) showed that the cross-section
was relatively uniform but contained inclusions EDS of the in-
clusions showed they had two compositions, one containing
C, K, N, and O and the other containing S, K, and O (EDS spec-
trum shown in Supplementary Fig. 4a). Attempts to characterize
the phase of the particles by selected area diffraction (SAED),
showed the general matrix of the glass was amorphous, in
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region region
Fe,03 2.74% 22.69%
Na,O 5.66% 6.53%
MgO 0.53% 3.99%
Al;03 15.67% 15.31%
Si0; 64.73% 38.60%
K20 7.15% 3.39%
Cao 2.87% 6.53%
TiO, 0.66% 2.96%
Total 100% 100%

Fig. 2. SEM images (a—c) felsic glass (Sample 40) from the wall interior. FIB milling in (a) expose the void inside a glass bubble. A higher resolution image
of the square in (¢) is shown in (b). Net counts EDS maps (scale bar =100 pym) corresponding to (c) are shown. Table (bottom) shows the wt% of oxides for
the Si-rich region and the C-rich region with relative uncertainty +10%.

.
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Fig. 3. STEM-HAADF images showing (a) a thinned window (thicker part has more counts due to more material) in the mostly uniform Sample 40, felsic
glass from the wall interior, with net count EDS maps of the area including the little the inclusions and (b) an Na streak from the surface below the Ptand C
capping layers and net count EDS maps of the elements.
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agreement with the #-XRD. SAED of the S-containing particle
was consistent with potassium sulfate (K,SO4) (Supplementary
Figs. 4b-4d) (Ojima et al., 1995). K,SO4 has been found to be
present in a variety of wood ashes (Misra et al., 1993;
Karkanas, 2021), so it is possible a particle from the ash was em-
bedded in the glass during melting. As these features were not
present at the glass surface, it is unlikely that they were formed
through alteration. Chemical alteration of the felsic glass is local-
ized to the surface, with a thin layer (100-150 nm) enriched in
Na, Mg, and Fe (Supplementary Fig. 5b). A few streaks rich in
Na within a micrometer of the surface (Fig. 3b) and a small
Ca-rich region embedded at the surface (Supplementary Fig.
5a) were found. As shown by the overlay of Na and Pt in
Figure 3b, the Na-enriched feature was exposed at the glass sur-
face, therefore had the potential to be formed through alteration.

Felsic Glass from the Top Surface of the Wall in Contact with
Topsoil
Felsic glass regions that were in contact with the topsoil
(Sample 11, Fig. 1e), were similar to those from the wall inter-
ior. These shiny, relatively smooth but pitted regions were sur-
rounded by rougher, dendritic regions, possible representative
of quench crystallization expressed at the surface. The large
swathes of relatively smooth but pitted regions contained
many cracks and small patches of rough material (Fig. 4).
Higher magnification images of the edges of the rough area
show additional textures, including more extensive pitting,
scale-like features, and dendrite-like growth (Figs. 4c, 4e, 4f).
The pitting occurred as a gradient, with the largest amount
near the rough area.

Further from the rough areas, the surface was smoother, and
a FIB cross-section was extracted (Fig. 5a) to examine features
below the surface. STEM bright field (BF) and high-angle

annular dark-field (HAADF) imaging of the cross-section
(Fig. 5b) showed that the felsic glass was uniform with few fea-
tures, even at the surface. The only observable features were
identified as small inclusions of sodium chloride (NaCl) near
the surface and extending to a few um below the surface
(Figs. 5S¢, 5d; full net counts maps in Supplementary Fig. 6).
NaCl aerosols have the potential to accelerate glass alteration
by inducing the loss of the surface hydrogen bonds and the
opening of the network (Palomar et al., 2017). However, the
cross-section (Fig. 5¢) showed very little evidence for alteration
at the surface, with the only difference in chemistry being a thin
(<100 nm) Na-containing layer, similar to the felsic glass from
the wall interior. The cracks on the surface of the felsic glass of-
fer the potential to accumulate water. Therefore, to examine
how prolonged exposure to water might alter the glass, a re-
gion in the vicinity of a crack was extracted. The crack was
filled with porous particles, some of which were Si-rich, sug-
gesting degradation of the amorphous silica network under
aqueous conditions (Supplementary Fig. 7).

Mafic Glass from the Melted Wall Interior

XCT was used to examine the three-dimensional microstruc-
ture of mafic glass that had flowed down inside the wall inter-
ior to form a drip (Sample 39). Cross-sections of the
reconstruction are shown in Supplementary Figure 8. The
once molten material shows high X-ray absorption contrast
with respect to the material it is attached to. This contrast is
most likely due to Fe enrichment in the mafic glass, which
was formed from Fe-rich amphibolite, (Table 1) relative to
the granitic rock to which it is attached. The lower part of
the drip is uniform with only a few vesicles and fragments of
entrained less-dense material (darker than the surrounding
matrix). Towards the top of the drip, the sample becomes
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Fig. 4. SEM images of the surface of Sample 11, felsic glass from the topsoil, showing the pitted regions near by rough regions (a,d) and some of the
features at the edge of the smooth glass (b,c,e) with arrows showing pitting in (f).
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less X-ray absorbing/dense near the region of attachment sug-
gesting more Fe-rich material at the base. There were many
bubbles in the upper part of the drip, some of them quite large
(~1 mm diameter).

The surface of the lower part of the mafic glass drip was
first examined optically to identify the regions of mafic glass.
The surface topography was then characterized by SEM
(Fig. 6). The sample surface was textured, with varying de-
grees of roughness (Figs. 6a—6¢). The roughness was charac-
terized by elevated linear features (Fig. 6d), periodic ridges
(Fig. 6¢), and dendrites (Fig. 6f) surrounded by smoother re-
gions all likely related to rapid crystallization of the melt dur-
ing cooling after the vitrification event. Given the similar
scale of the features in Figures 6e and 6f, it is possible they
are different orientations of the same type of dendritic
feature.

EDS maps of select regions are shown in Figure 7. Some re-
gions had large cracks which were filled with silicon (Si)-rich
material (Fig. 7a). Other regions appeared to show delamin-
ation of a flat and smooth layer at the glass surface, exposing
a relatively flat surface with pitting and channeling beneath
(Fig. 7b). The channels (Fig. 7b) had a higher aluminum (Al)
content than the surrounding material, suggesting that the for-
mation mechanism was driven by chemistry, but the pits were
not chemically different from the matrix, suggesting a physical

= |
Pt/C Capping layer

250 nm

250 nm
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formation mechanism. The exposed region beneath the
delaminated layer was Si poor and relatively rich in Fe
(Fig. 7b). The crystalline periodic ridged regions (Fig. 7a)
were relatively Si poor compared to the rougher surficial ma-
terial. Other regions (Supplementary Fig. 9) were covered in
C-rich material, likely organic matter, which prevented the
characterization of the glass underneath.

Cross-sections of mafic glass not in contact with soil were
extracted for further examination by STEM and EDS analysis
(Fig. 8; full net counts EDS maps in Supplementary Fig. 10).
The cross-sections were heterogeneous, with two main glassy
phases: (i) a mafic Fe-, Mg-, and Ca-rich phase and (ii) a felsic
Al-, K-, and Na-rich phase. These two phases intertwined in a
variety of microstructural morphologies. Small (%150 nm in
diameter) nickel (Ni)-and chromium (Cr)-containing inclu-
sions were observed (Supplementary Fig. 11). The phosphor-
ous (P)- and Ca-rich phase in Figure 8¢ could be Ca
phosphate, as apatite is present in the Broborg protolith and
there is evidence it survives the vitrification event as rounded
grains that have been partly resorbed (Vicenzi et al., 2022).

The region extracted in Figure 8a was uniform at the sur-
face, apart from some dendritic features (like those in
Fig. 6f) which likely formed during crystallization as the vit-
rified material cooled from the molten state. However, there
were multiple crystalline and amorphous phases below the

layer

pyC Cappingd

Fig. 5. SEM image (a) of an area extracted from Sample 11, felsic glass exposed to topsoil. BF STEM image (b) of the cross-section showing a smooth
sample. STEM images and atomic% EDS maps with EDS spectra of inclusions near the surface (¢) and towards the middle of the lift-out (d). The direction

of the sample surface is indicated by the white arrows in (c) and (d).

€20z Asenuer ¢ uo Jasn Aieiqi [Bo1Uyo9] TNNd Ag | 2ZE869/2E028Z0/21WoIW/SE01 "0 | /I0p/3]|01iB-90UBAP./WEW/WOo dNo-olWwapese//:sdny Wwolj papeojumoq


http://academic.oup.com/mam/article-lookup/doi/10.1093/micmic/ozac032#supplementary-data
http://academic.oup.com/mam/article-lookup/doi/10.1093/micmic/ozac032#supplementary-data
http://academic.oup.com/mam/article-lookup/doi/10.1093/micmic/ozac032#supplementary-data

Bethany E. Matthews et al. 9

©  Smooth
regions

' ‘Rough
-regions

i ‘Rough
- _regions

L

Dendrites

Fig. 6. SEM images showing the surface of Sample 39, mafic glass not in contact with soil, where it is rough (a,b) with streaks (d), ridges (e), and
dendrite-like features (c,f).

thin surface layer of mafic glass. Si and oxygen (O) contents ~ between the two phases. Ca-containing spherical features
were similar in both phases, but the mafic glass phase con-  were present in the Fe-poor phase and Ni-Cr and P-rich in-
tained more Mg, Fe, Ca, K, and titanium (Ti). clusions form in the regions between the two main phases.

Cross-sections of other regions showed similar layering ~ There was no chemical or physical variation at the surface

Fig. 7. SEM images (left) of the surface of Sample 39, mafic glass not in contact with soil, showing the generally rough surface with a filled crack (a) and a
region where portions have delaminated (b) and corresponding net counts EDS maps (right). The scale bars for the EDS maps were 10 ym for (a) and 5 ym
for (b).
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Fig. 8. STEM images of two areas (a,b) extracted from Sample 39. (a) shows the lamella for the top set of atomic% EDS maps (scale bar is 2 um). (c)
corresponds the box in (b) and to the images for the bottom set of atomic% EDS maps of higher concentration elements with the EDS spectrum selected
for on of the P-rich areas in (¢) (scale bar is 0.2 ym). The direction of the sample surface is indicated by the white arrows in (a,b), and (c).

of the glass that would suggest an alteration layer in the
smooth regions selected for cross-sectional examination.

Mafic Glass from the Top Surface of the Wall in Contact with
Topsoil

Optical examination of mafic glass in contact with topsoil
(Sample 49b), revealed a much rougher surface (on a micron to
millimeter scale) than the mafic glass extracted from the wall in-
terior (Sample 39). This was confirmed by SEM imaging (Fig. 9
and Supplementary Fig. 12). Figures 9a—9c shows the mafic glass
in contact with topsoil was covered with particles and C-rich fea-
tures. The C-rich areas of the surface showed morphologies rep-
resentative of fungal hyphae and the remnants of testate amoeba
assemblages (Figs. 9d-9f). Other surface features, such as cracks
and periodic crystalline phases (not shown), were similar to those
on mafic glass from the wall interior.

A relatively flat region with a surficial crack was selected for
cross-sectional analysis (Fig. 10; full maps with net counts in
Supplementary Fig. 13). Due to high porosity, particularly
around the crack region, the samples did not thin evenly, result-
ing in curtaining and over-thinning of some regions. The ex-
tracted crack region was filled with electron beam-assisted Pt
and C to help protect the region during thinning. Despite these
artifacts from the FIB, several alteration features were observed.
The glass was highly porous beneath C-rich areas on the surface
that could represent evidence of microbial colonization or other
forms of alteration (Fig. 10d). This region had a partially delami-
nated layer that was enriched in Si. EDS line scans of the region
(not shown) indicated the space below the layer is rich in C,

particularly in a deeper pit in the lower surface where there
was also a small, concentrated region of Na. Given that this re-
gion was localized to an area of ~#1 um, and was below a layer
of glassy material, it was hypothesized that these features are
not related to C-rich material in the general topsoil and may be
due to microbial activity. In addition to the delamination, a re-
gion of porous glass ran ~0.3 um below the surface. This poros-
ity ran the length of the cross-section but extended deeper below
the surface (1 #m) and porosity was greater near the crack. Fe
was enriched at the edge of the crack, and Fe-rich material
formed a bridge across the crack. A central circular feature was
embedded in the side wall of the crack (Fig. 10b), with higher
concentrations of O, Na, and K than the surrounding glass.
Small inclusions, mostly circular, were also present as Fe-S and
Ca- and Na-rich regions (Supplementary Fig. 14).
Additionally, Ga lined the edge of the crack between the glass
and the C deposited by the electron beam to protect the region
during milling. This artifact was present because a Ga source
was used for the FIB process, and Ga is deposited in crevices
and cracks due to back-sputter. Typically, this artifact would
be removed during low kV milling but given the fragile nature
of this sample, minimal milling was used and not all of the Ga
was removed.

A cross-section of mafic glass in contact with soil (Sample
49b) was extracted from the relatively flat region
(Supplementary Fig. 15). The surface of the sample was rough
and porous, with porosity extending to a depth of 1 #m. There
were many nanosized cracks running below the surface, some
of which were filled with C and Fe-rich material (not shown).
There were also small bubbles, or voids, often found in the
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Fig. 11. Excavated Sample 49 with SEM of (a) the surface in contact with soil and (b) the surface not in contact with soil. Scale bars are 10 um for the

left-hand images and 1 ym for the center and right-hand images.

shape of rings, which located around 5 pum below the
surface (Supplementary Figs. 15b-15¢). Given the depth
of the rings below the surface, it is possible that they re-
present cross-sections of bubbles that were formed during
the melting and cooling of the mafic glass. More bubbles
are likely to exist deeper beneath the surface, but regions
extracted with the FIB-SEM only extend 10-20 #m below
the surface.

200 prm

50 pm

Additional Nanoscale Characterization of the
Surficial Layer on Mafic Glass

The surficial analysis in the section “Surficial Examination of
Felsic and Mafic Glass Samples” revealed minimal alteration
on the felsic glass surface, so subsequent surface characterization
was only conducted on mafic glass. A sample of mafic glass that
extended from the top surface of the wall into the wall interior
(Sample 49, Supplementary Fig. 1¢) was excavated as described

Fig. 12. Excavated Sample 49 with SEM (a and b) and EDS (¢) of the surface in contact with soil (scale bar for EDS maps is 50 um). Image (b) is a
magnification of the area in the circle in image (a). PX, pyroxene; FD, feldspar; MT, magnetite; QZ, quartz.
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Oxide Wt% from EDS

Surface Mafic

glass glass
Fe,03 5.15% 19.78%
Na,O0 0.48% 0.72%
MgO 1.31% 7.06%
Al;03 5.89% 8.44%
SiO; 79.53% 37.74%
K20 0.85% 0.82%
Cao 5.94% 23.15%

TiO, 0.29% 2.3%
Total 100% 100%

Fig. 13. Excavated Sample 49 with SEM of the surface (a) in contact with soil and (b) not in contact with soil and associated EDS (scale bar for EDS maps is

10 pm). The table showing the wt% of oxides measured by EDS in the surface melt (green or left cross) and the mafic glass (red or right cross).

in the methods. Polished cross-sections were extracted from the
region that had been in contact with topsoil and from the region
that had been in the wall interior. The samples were analyzed by
SEM and EDS (Fig. 11) to understand the thickness, morph-
ology, and compositional variation of the surficial layer in the
presence and absence of contact with topsoil. The surface of
mafic glass in contact with soil is shown in Figure 11a, and
the surface of mafic glass without soil contact is shown in
Figure 11b. Backscattered electron images in Figure 11 show a
higher average atomic number (Z) region close to the surface
of the sample, corresponding to enrichment principally in Fe
and Ca, with a discontinuous, thin outer layer of lower Z, en-
riched in Al and Si at the soil interface (Figs. 12 and 13 and
Supplementary Fig. 16). This surficial layer is interpreted to
be a thin melt film formed during a secondary amphibolite
melt event during which the molten mafic glass, which is
two orders of magnitude less viscous than the felsic glass
(Vicenzi et al., 2022), flowed over the previously melted
mafic and felsic material to cover all available surfaces in a
thin melt film (see Fig. 1f). The thin melt film can also be
seen in Figure 7b as a surficial layer with differing chemistry
to the bulk mafic glass beneath.

The thickness of the melt film was measured from SEM im-
ages of cross-sections perpendicular to the mafic glass surface
at six locations in the sample with soil contact and three loca-
tions in the sample without soil contact. At each measurement

location, an average was calculated by taking the mean of the
minimum and maximum depths and three randomly selected
areas (Supplementary Table 1). Thicker regions of the melt
film exhibited greater surface roughness in comparison with
the thinner regions. The thickness of the melt film was in the
range of 0.5-80 #m, where regions in contact with the topsoil
(max thickness 80.7 #m) were generally two times thicker than
the max thickness of regions not in contact with the topsoil
(max thickness 10.7 #m). Given the coating is interpreted to
have formed as a result of the glass melting process, rather
than as a result of glass alteration, the difference in thickness
of the melt film on the mafic glass in contact with topsoil may
be due to factors other than the nature of the contacting
environment, e.g., the surface tension and flow rate of the
melt film.

SEM images show the heterogeneity of the mafic glass, with
pyroxene, spinel, feldspar, and quartz crystals (as identified by
XRD) within the glassy matrix (Figs. 12 and 13). Higher mag-
nification images of the melt film at the surface of the mafic
glass reveal different textures at the film and mafic glass inter-
face in the two sample types (with soil contact and without soil
contact). A thicker, more fibrous film region and a less defined
interface appears on the surface in contact with soil, and a
thinner layer containing particulates with a sharp interface de-
velops on the surface not in contact with soil (Fig. 11).
Corresponding higher magnification SEM-EDS (Fig. 13)
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Fig. 14. Excavated mafic glass (Sample 49) with SEM (a and b) and corresponding positive ion ToF-SIMS of the surface in contact with soil (@) and not in
contact with soil (b). The large C-rich regions correspond to the epoxy the sample was mounted in. A thin dotted line has been added to show the boundary

between the hydrated region and the mafic glass film.

confirms that the melt film on the surface is rich in Al and Si,
and that the surface in contact with the melt film consists of a
continuous layer of a phase rich in Ca, Fe, and Mg. The table
in Figure 13 shows the comparative wt% of oxides measured
by EDS in the mafic glass and surface melt in regions similar to
that shown in Figure 13b. To determine if the surficial layer
was hydrated, the samples in contact with soil and not in con-
tact with soil were analyzed by ToF-SIMS. Positive secondary
ion maps (Fig. 14) show the mafic glass film and the surface
layer. The map showing H indicates the cracks in the glass
and the surface is hydrated and is strongly associated with
the Al map above the mafic glass (boundary of H shown by
the white dotted line) in both samples. It is concluded that a
thin film on the surface of the mafic glass has become hy-
drated, i.e., water has diffused into it. Glasses containing low-
er amounts of SiO,, such as those analyzed by ToF-SIMS, are
generally more susceptible to alteration than those containing
higher amounts of SiO,. However, even though these glasses
have been exposed to hydraulically unsaturated conditions
in the presence of soil and its associated microbiome for
over 1,500 years, no chemical or physical alteration beyond
hydration was observed.

EBSD analysis was used to identify the crystalline phases in
the bulk and at the surface of the polished cross-sections of mafic
glass in contact with soil (Sample 49, Fig. 15). Figure 15a shows
the fore-scattered signal, and Figure 15b shows the pattern qual-
ity map, where the lighter (higher intensity grayscale) regions re-
present high-quality Kikuchi pattern detection that corresponds
to crystalline regions, and the darker regions represent amorph-
ous or nanocrystalline material. The crystalline regions that
were large and consistent enough to map are shown in
Figure 15c. The phases are color coded [Fig. 15¢: quartz
(pink), microcline feldspar (olive), titanomagnetite (red), and
two clinopyroxenes, hedenbergite (bright green) and diopside
(orange)]. A single scan EDS map was collected simultaneously
to correlate the chemistry with the EBSD (Fig. 15d).

Diopside (CaMgSi»Og) and hedenbergite (CaFe? +Si,Og)
form a complete solid solution series (Deer et al., 1997), there-
fore they have the same crystal structure and similar cell pa-
rameters. These similarities mean that EBSD phase ID
cannot differentiate between these minerals based on the
Kikuchi patterns alone, and additional data on the chemistry
from in-situ EDS collected with the EBSD map must be used
to determine which phase should be assigned to the pattern.
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Fig. 15. (a) Forescatter electron image of the region on the mafic glass (Sample 49) in contact with soil analyzed By EBSD. (b) Forescatter image giving an
indication of crystallinity. (¢) EBSD phase map with (d) corresponding simultaneously collected, drift-corrected EDS maps. In (a,b), the dashed line
indicates the surface of the sample with the rest of the image being epoxy. The table below gives EBSD phase information.

Some regions that have Mg signal but no signal from Fe can be Higher spatial resolution EBSD mapping was conducted to
assigned as diopside (orange in Fig. 15¢), but the crystals as- explore the phases present near the surface. Pyroxene along
signed as hedenbergite (bright green in Fig. 15¢) have EDSsig-  the solid solution between hedenbergite and diopside was
nal from both Mg and Fe (Fig. 15d) and likely fall on the solid ~ the most common crystalline phase at the surface (Fig. 15¢),

solution between hedenbergite and diopside. as informed by the EDS mapping (Supplementary Fig. 16).
] Soil Contact Small Soil Contact Large
No Soil Contact Surface Laver Surface Layer

{a) Met A Melt Film

Fig. 16. Top: SEM images, middle: TEM and STEM-HAADF images, and bottom: EDS maps (rotated 90° to the SEM images) for the surface of the mafic
glass (Sample 49) with no soil contact (a), with soil contact and a thin melt film (b), and with soil contact and a thick melt film (e). The dashed lines in the
SEM images indicate the area of the sample that is the melt layer, the light gray is the melt, and the black or dark gray is the epoxy.
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Pyroxene was formed during the cooling of melted amphibo-
lite rock under oxidizing conditions (McCloy et al., 2021).
The melted amphibolite is also believed to have produced
the mafic glass (Weaver et al., 2018). Pyroxene is often present
as either large, polygonal (euhedral) crystals in the bulk (see
Figs. 11-13, 15) or as thin, nongeometric (anhedral) crystal
agglomerates at the surface of the glass beneath the melt film
(see Figs. 11, 14). Given the evidence that the pyroxenes
formed during cooling, superficial crystallization was likely
promoted by heterogeneous nucleation on the melt surface.
The disparity in crystallite sizes between the large crystals in
the bulk and the thinner crystals at the surface suggests that
the surface cooled more rapidly than the bulk based on the re-
lationship of cooling rate and crystal size and morphology in
silicate crystals (Kirkpatrick, 1975). Equilibrium mineralogic-
al calculations of the Broborg amphibolite predict that spinel
is most stable at >1,200°C followed by feldspar and pyroxene
at >1,200°C, further supported by in-situ high-temperature
XRD (McCloy et al., 2021). It is hypothesized that the melt
film was the result of a second melting event. The yellow
dashed line in Figures 15a—15c indicates the suggested bound-
ary between the glass surface and the melt film. The melt film is
dark in Figure 15a, suggesting that it is amorphous or nano-
crystalline. Spot analysis EBSD patterns in this region were
not distinct and could not be definitively matched, therefore
the melt film is likely amorphous rather than nanocrystalline
(Supplementary Fig. 17). This outermost, amorphous melt
film that surrounds and overlays the pyroxene consists of Si
and Al and is enriched in alkali (Na and K).

Three FIB cross-sections of the melt film on the mafic glass
(Sample 49), both in contact and not in contact with topsoil,
were extracted from the larger polished cross-section for
TEM analysis (Fig. 16). SAED in HRTEM mode was per-
formed to determine if the melt film was completely amorph-
ous, as suggested by EBSD, or if nanoscale regions of
crystallinity, beyond the resolution of EBSD, were present.
No nanocrystalline phases were observed and the melt film
was completely amorphous in the three sections analyzed.

Analysis of the cross-section that was not in contact with
topsoil revealed a thin micrometer-scale melt film on top of
the pyroxene crystal at the surface of the mafic glass
(Fig. 16a). The melt film was formed of two layers with distinct
chemistry: (i) a layer adjacent to the pyroxene that was rich in
SiO; but depleted in Al and K and (ii) an outer layer that was
depleted in Si but enriched in Al and K with some Fe and Ca.
The thin melt film on top of a pyroxene crystal at the surface
of the mafic glass in contact with soil (Fig. 16b) was significant-
ly enriched in Al and depleted in Si, with some Fe and Ca. The
thicker (~10 #m) melt film on top of the pyroxene crystal at the
surface of the mafic glass in contact with top soil (Fig. 16¢) con-
sisted of an amorphous phase with a “ribbon-like” structure
that was highly porous and rich in Si, Al, and Ca, with a rind
on the “ribbons” that was rich in Fe and titanium (Ti). These
amorphous ribbons were surrounded by C-rich areas which
are chemically consistent with the surrounding epoxy. The
analysis of these three cross-sections highlights the variability
in texture and chemistry of the melt film and demonstrates
that the differences do not seem to be related to the nature of
the environment with which the film was in contact and are
likely due to factors related to the melt conditions, e.g., surface
tension and the flow rate of the melt film.

The composition of the mafic glass is comparable to basaltic
volcanic glass with a relatively low silica content. The
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alteration of volcanic glass, including the formation of second-
ary products, has been studied extensively (Stroncik &
Schmincke, 2002; Hausrath et al., 2008; Cockell et al.,
2009), as it can have a significant impact on the chemistry of
natural waters (Stumm & Morgan, 1996). Because of their
thermodynamic instability, glasses can be more reactive than
mineral assemblages, and alteration is the consequence of
the interaction of glass with aqueous solutions. It is generally
accepted that palagonite, a heterogeneous material with high-
ly variable structural properties, is the first stable product of
mafic glass alteration in contact with water, on a timescale
of tens of thousands of years (Stroncik & Schmincke, 2002).
The abundance of alteration features is controlled by the
chemistry of the glass, with silica-rich glass, e.g., obsidian,
weathering more slowly than less silica-rich materials such
as basaltic glass (Thorseth et al., 1991). The chemistry and
crystallinity of the melt films in Figure 16 are dissimilar to
those observed for the glass-palagonite transformation at vari-
ous stages and on glasses of varied compositions (Furnes,
1975; Thorseth et al., 1991). Palagonite is a heterogeneous
substance composed of crystalline clays, zeolites, and oxides,
whereas the melt film is completely amorphous. The forma-
tion of the purely amorphous “gel-palagonite” has been docu-
mented, but this is related to Si, Al, Mg, Ca, Na, and K loss,
H,O gain, and immobile Ti and Fe behavior, whereas the
melt films in Figure 16 are enriched in Al, K, Fe, and Ca
(Stroncik & Schmincke, 2002). It is concluded that the thin
melt film on the surface of the mafic glass has been hydrated,
i.e., water has diffused into it, but no other chemical or phys-
ical alteration has occurred, even though it is relatively low in
SiO; in some cases, and after exposure to hydraulically unsat-
urated conditions in the presence of soil and its associated mi-
crobiome for over 1,500 years.

Discussion of Surficial Features

Analysis of these archeological glass samples excavated from
Broborg, a Swedish hillfort dating from 400 to 550 CE, pro-
vides a unique opportunity to understand how glass chemistry
influences the interaction of glass with the environment over
prolonged time periods. The mafic and felsic glasses examined
had different surficial textures and chemistries. The chemistry
of the felsic, high SiO, glass was uniform, consisting of one
phase with some salt inclusions. The felsic glass showed lim-
ited chemical alteration, consistent with Si-rich glasses being
more resistant to alteration (Furnes, 1975; Vienna & Crum,
2018), with a thin layer (<150 nm) enriched in Na for samples
both in contact with topsoil and within the wall interior. Na
enrichment at the surface is the opposite of what would be ex-
pected for the alteration of alkali-silicate glasses in an aqueous
solution. The initial phase of alteration usually involves the re-
placement of alkali ions in the glass by a hydronium (H;07)
ion from the solution, resulting in alkali depletion of the
near surface (Doremus, 1975; McGrail et al., 2001; Ojovan
et al., 2006). However, dominant alteration mechanisms are
different in unsaturated conditions (Ojovan et al., 2005),
and repeated wetting of the surface could result in Na leaching
and subsequent accumulation during the groundwater drying
process. The felsic glass surface did show some physical alter-
ation in the form of pitting, which is considered a possible sig-
nature of alteration by either abiotic or biotic processes
(Weaver et al., 2021). However, no evidence for microbial col-
onization was found on the surface of the felsic glass.
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Examination of cracks in the felsic glass where water could be
retained for longer periods than on the surface showed an al-
teration of a few micrometers.

The mafic, low SiO; glass was heterogeneous and had pyr-
oxene, spinel, feldspar, and quartz crystals within the glassy
matrix. The mafic glass surfaces in contact with topsoil were
rougher than those in the wall interior and, while direct obser-
vation of microbial activity was notably absent on the felsic
glass, the mafic glass surface had carbon-rich material in
morphologies consistent with microbial colonization (fungal
hyphae, etc.). From EBSD and SAED analysis, the dominant
phase at the surface of the mafic glass was pyroxene, which
crystallized during the cooling of the melt produced during
the heating of amphibolite rock, as determined by McCloy
et al. (2021). Pyroxene would have been the major silicate
mineral present in the melt at 1,200°C and may have crystal-
lized at the surface through heterogeneous nucleation, with
the other minerals, such as quartz, crystallizing at lower tem-
peratures. On top of the pyroxene, an amorphous melt film ex-
hibiting a variety of different thicknesses (<5-80 #m), textures
and chemistries coated all exposed surfaces, and it is hypothe-
sized that this melt film was the result of a secondary melting
event. The chemistry and texture of the melt film were unlike
those observed for palagonite, the first stable product of mafic
glass alteration. Thus, it is concluded that the thin melt film on
the surface of the mafic glass remained substantially unaltered,
even though it was relatively low in SiO, in some cases, and
after exposure to hydraulically unsaturated conditions in the
presence of soil and its associated microbiome for ~1,500
years.

Conclusion

Here, the various surficial features that are formed on glass
under near-surface conditions in the environment over hun-
dreds of years have been cataloged. Alteration of the glass
from Broborg did not result in the formation of phases that
could be identified as crystalline, therefore comparisons could
not be made with phases that are allowed to precipitate in the
current IDF glass dissolution model (Freedman et al., 2015).
Broborg felsic glass rich in Si, Al, and K exhibited limited alter-
ation, with some pitting and chemical alteration features on
the scale of nanometers. Broborg mafic glass rich in Fe, Mg,
and Ca showed evidence of microbial colonization in the
form of an organic-rich layer. Increased porosity of the glass
beneath this organic-rich layer was observed up to a depth
of ~1 um, as has been seen in previous studies on the micro-
biologically induced deterioration of glass (Koestler et al.
1987). Despite this alteration, the thin film that was formed
when the amphibolite melted, and molten mafic glass covered
all available surfaces, was still present. The formation of a hy-
drated amorphous Al-rich layer on the surface of the mafic
glass in contact with soil could indicate the initial stages of
the palagonitization process, which is accompanied by the mo-
bilization of elements, resulting in the enrichment of AL, K, Fe,
and Ca in this case. If the residual rate for a collection of
seventeen LAW glass alteration experiments [(5.4+9.6) X
10~* g/m?/d] is assumed (Parruzot & Crum, 2021), the aver-
age thickness of the alteration layer on these glasses would
be ~108 #m after 1,500 years. Thus, the maximum alteration
layer thickness of ~1 #m on the Broborg samples is up two or-
ders of magnitude less than the thickness measured for LAW
glasses subjected to laboratory testing. The limited alteration
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of vitrified material with aluminosilicate chemistry similar to
that of LAW glass after exposure to the mostly temperate con-
ditions at the Broborg hillfort for over 1,500 years supports
the long-term durability of LAW glass disposed in the semi-
arid climate of the IDF at Hanford.

Supplementary material

To view supplementary material for this article, please visit
https:/doi.org/10.1093/micmic/ozac032.
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