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ABSTRACT

Studies on glass durability are important to our understanding of the likely long term behaviour of vitrified nuclear wastes, natural and archaeological glasses; there
has, however, been little in the way of systematic reporting of features associated with localised chemical attack on such glasses. Durability experiments performed in
water at 90 °C from 28 d to 672 d on glass monoliths of 5 different compositions: 3 basaltic compositions; an inactive version of the 25 wt% loaded UK mixture
Windscale (MW25) glass and the International Simple Glass (ISG) all yielded locally extended or vermiform alteration features. Similar features are seen on all glasses
at all dissolution times studied. The number of features and whether they were filled by alteration products or not was dependant on glass composition. The majority
of features have quite simple geometries but lesser numbers of more complex morphologies are seen. The location of these features is thought to be most probably
linked to residual damage arising from the monolith production providing sites for locally accelerated dissolution. Despite being sites of localised accelerated
dissolution the impact of these features on the total surface area is calculated to be limited. Hence the surface area term used to calculate normalised mass losses and

normalised loss rates will not be greatly in error as a result of these features.

1. Introduction

Significant work has been conducted over the last few decades on the
corrosion of glasses in the context of nuclear waste disposal (see, for
example, [1]). Despite the extensive nature of this work and the occa-
sional reported observation of localised attack on laboratory samples
[2-4] there has been relatively little in the way of systematic reporting
of features associated with localised more accelerated attack on the glass
surface for nuclear waste glasses, although such features have been re-
ported on the surface of archaeological glasses [5,6]. The characteristic
micrometre scale features generated via this process may influence
overall dissolution rates, for example, by affecting exposed surface areas
[4,7], and localised attack and gel layer formation may potentially be
coupled [8] as the former provides the elements to form the latter. As
part of a larger programme of glass durability testing we have identified
a range of these features in multiple glasses and they are considered in
detail in this paper.

2. Background
Localised attack during the corrosion of glasses has been previously

been categorised in the literature as resulting in pitted surfaces and/or
more extended features. While the extended features are of primary

* Corresponding author.
E-mail address: r.hand@sheffield.ac.uk (R.J. Hand).

concern in this work both types of feature are reviewed below.
2.1. Pits and pitting

Pitting is frequently observed on altered archaeological glasses [5,6,
9,101, natural glasses [11-13] as well as technical glasses dissolved in
the laboratory [3,4,7]. In natural glasses these features have been sug-
gested as arising from attack by micro-organisms [14,15] although the
evidence for this has been disputed [16], as such features can arise from
abiotic dissolution mechanisms [17] controlled by simple diffusive
processes [15].

Pits associated with glass dissolution typically occur on the glass
below alteration layers, if present [7,4]. Pits are approximately hemi-
spherical, with diameters < 10 pm [4,8]; although they may be elon-
gated with lengths up to 100 pm [8]. Pitting abundance appears to
increase with dissolution duration and aggressiveness (e.g. high tem-
perature/pH extremes [7,8]). Pitting prevalence may also be positively
correlated with surface precipitate abundance [7], with pits potentially
forming preferentially around these precipitates.

Many mechanisms of pit formation have been proposed. Initially it
was thought that pits form due to either mechanical removal or disso-
lution of individual spheres (‘globules’) in the glass structure [11]. More
commonly, analogies to the metallurgical theory of ‘pitting corrosion’
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are drawn, where selective attack begins at a scratch, lattice defect, or
compositional heterogeneity [18]. This generates a cavity with a ge-
ometry that slows diffusion to and from the defect site, accelerating its
further dissolution/deepening as a highly aggressive local chemistry
develops at its tip [18]; in the case of silicate and borosilicate glasses this
would be a highly alkaline environment [7,19].

2.2. Extended or “vermiform” features

Extended tube-like or “vermiform” features have been observed by a
range of authors (see, for example, [10,16,20-22]). When viewed in
cross section, the features in question are curvilinear in nature with
cross-sectional diameters of the order of micrometres; originating on the
glass surface (noting that the original glass surface may no longer be
present) and penetrating down into the bulk glass a distance of a few to
tens of micrometres, before terminating in a rounded fashion. These
features may be hollow or filled and, as shown in Fig. 1, can be distin-
guished from fractures given their smoothly curved non-angularity and
rounded (high radius) termination.

Features of this type have been given a range of names in the liter-
ature including asperities [20], channels [21], chemiturbation channels
[10], curved-branched irregular micropits [22], etch planes [16],
grooves [20], longish structures [23], putative endolithic microborings
[24], troughs [21], tubular structures [25], tunnels [26,27], and
wormholes [28]. Given the features may be hollow or filled we use the
term “vermiform” to describe them in the following.

As well as the vermiform features two types of cracks can be
observed in Fig. 1. Namely ones containing alteration layers and very
narrow cracks that do not contain alteration layers. In both cases the
cracks have sharp terminations. The cracks that do not contain alter-
ation layers are believed to have formed post-test during sample
sectioning and/or dehydration in the electron microscope vacuum.

The origin of vermiform features is widely debated. Given the fea-
tures resemblance to biologically formed structures, their biogenicity is
often claimed, with colonising microbes able to form features with these
morphologies by continuously excreting substances like acids, chelating
agents and enzymes which dissolve the glass [15]. Why microorganisms
evolved to do this is debated, with the main theories [29] including
reasons of nutrient acquisition or protection (from physical extremes,
predatory grazing, substrate detachment, or the potential for
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mineralisation). A number of criteria have been suggested to evaluate
whether a biological origin is possible, including the geo-
logical/experimental context, the morphology of the feature and any
geochemical evidence. Whilst some authors only consider biotic gener-
ation mechanisms [16,30], others state that such features have never
been recreated in laboratory experiments, even via biological mecha-
nisms [31-33].

Abiotic formation mechanisms typically postulate that vermiform
features result from preferential dissolution of a precursor feature. The
precursor feature may be structural, morphological, chemical or a
combination of these. Both pits and more extended features could
potentially result from preferential dissolution at micro-heterogeneities
such as alkali-rich areas [8,34-36] or phase-separated components; an
extreme example being the acid removal of the sodium borate rich phase
from Vycor glass (see, for example, [37]). The modifier-rich percolation
channels postulated in the modified random network model of glass
structure [38], and which have been inferred in some high level waste
glasses [39,40] also provide potential sites for preferential ion exchange
resulting in a localised pH increase and accelerated attack. In addition to
possible percolation channels, all glasses inherently contain more highly
strained bonds due to their amorphous nature and variable bond angles
that could act as potential sites for chemical attack. Preferential disso-
lution around physically damaged sites is also possible, with stress
corrosion assisted growth of cracks being well known (see, for example,
[41,42]); stress corrosion assisted fracture has been postulated to occur
during the leaching of glass powders [43]. Surface roughness has also
been shown to influence the development of alteration layers [20] and
pit coalescence has been suggested as a cause of more extended features
[44]. In addition, pre-existing contamination (e.g. dirt, finger grease etc.)
may also provide preferential sites for corrosion [45,46], however
adequate sample washing should prevent this in laboratory experiments.

Aside from formation via dissolution [16], other potential abiotic
causes include burial metamorphism of organic matter or un/misi-
dentified ambient inclusion trails (AITs) formed as mineral inclusions
forcibly migrate through a material with enough force and energy to
erode a hollow tubular structure [31,47]. These can often be excluded
where the diagnostic features (a terminal crystal and longitudinal striae)
are missing [23,48]. None of these mechanisms are relevant to
laboratory-dissolved crystal-free glasses. Similarly, although some au-
thors [49] have interpreted morphologically similar features to be

Fig. 1. Scanning electron microscope image illustrating differences between vermiform features and dissolved fractures in a monolith cross-section of the inter-
national simple glass (ISG) after 672 d dissolution at 90 °C in ultra-high quality water. Micrograph from current work — full experimental details are given below.
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microcracks [33]; cracks can be distinguished on the basis of either their
sharp pointed terminations or their extension from one side of the
sample to the other.

Despite there being more studies conducted on abiotic glass alter-
ation than biotic [50], the reverse appears to be the case when analysing
specific features. Further experiments are needed to explore the abiotic
explanations [24,51], and to quantify their effect on the long term
durability of glass wasteforms [10], especially as such features have
been reported to increase both dissolution rates [52] and glass surface
areas by 240% [53]. Understanding how features may be formed
abiotically is relevant to earth sciences, palaesontology, biological sci-
ences, material science [54] and even interplanetary science, given that
subaqueous basaltic glass alteration on Mars has been postulated to
involve both abiotic and biotic processes [55].

Thus to gain greater understanding of how vermiform features
develop in an abiotic context this work characterises the features
generated during accelerated monolith dissolution testing of basaltic
and analogue high level waste (HLW) glasses. Comparisons are drawn
between the features generated on each glass type, before the impact of
these features on surface areas is quantified and their potential forma-
tion mechanisms discussed.

3. Experimental
3.1. Materials

3.1.1. Basaltic glasses and MW25 glass

Three basaltic glasses based on the composition given by Techer
et al. [56], with fixed total alkaline earth contents, but with varying
quantities of magnesia and lime, were prepared from batched mixtures
of high quality glass making sand (Loch Aline; 99.5%), sodium car-
bonate (Sigma Aldrich; 99.9%), calcium carbonate (Sigma Aldrich;
99.9%), potassium carbonate (Alfa Aesar, 99%), hydrated magnesium
carbonate (Fisher, 99%), aluminium trihydroxide (Sigma Aldrich, 99%),
ammonium dihydrogen phosphate (Alfa Aesar, 98%), titanium dioxide
(Sigma Aldrich, 99.8%), strontium nitrate (Aldrich, >98%), lithium
carbonate (Alfa Aesar, 99%), iron (III) oxide (Alfa Aesar, 98%) and
manganese (II) carbonate (Alfa Aesar, 99.8%). These glasses were pre-
pared as part of a larger series examining the effect of magnesia and lime
on the durability of basaltic glasses [57].

An inactive analogue of a UK 25 wt% waste loaded MW glass

Table 1

Measured and normalised compositions (ICP-OES) in mol% of the laboratory
made basaltic glasses and MW25 glass studied here. Others for MW25 are all
present at < 1 mol% oxide level. Errors are estimated to be + 1% for major
oxides and + 5% for minor oxides.

Oxide Oxide mol% measured

0Cal00Mg 50Ca50Mg 100Ca0OMg MW25
Al,03 9.13 7.62 7.90 2.56
B,03 0.00 0.00 0.00 17.57
CaO 0.36 11.80 24.8 0.24
Fe 03 4.56 4.56 4.51 1.56
Li,O 1.81 1.81 1.78 6.93
MgO 23.44 14.13 0.00 7.83
MnO 0.16 0.16 0.15 0.00
Na,O 3.08 3.26 3.05 9.02
P,05 0.08 0.09 0.12 0.08
Si0y 55.50 54.70 55.86 50.14
SrO 0.35 0.36 0.34 0.18
ZrO, 0.00 0.00 0.00 0.67
TiO, 1.53 1.51 1.49 0.00
Others - - - 3.22
Total 100.00 100.00 100.00 100.00
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(MW25) was prepared from an alkali borosilicate base glass ‘frit’
(MWO.5Li which contains half the required lithium) and a simulated
Magnox waste ‘calcine’ (WRW17), both provided by the National Nu-
clear Laboratory. Lithium carbonate was used to bring the lithium
content up to the full required quantity.

The glasses were produced by heating the batched materials at 1450
°C (basaltic compositions) or 1050 °C (MW25) in a platinum-rhodium
crucible. Each composition was melted for a total of 5 h in an electric
furnace with 1 h to form a batch free melt followed by 4 h stirring. The
melts were cast into pre-heated iron moulds and then annealed at 670 °C
(basaltic glasses) or 500 °C (MW25) for 1 h. After annealing the glass
ingots were furnace cooled to room temperature. Following an HF digest
inductively coupled plasma-optical emission spectroscopy (ICP-OES)
was used to determine unaltered glass compositions (see Table 1).

3.1.2. International Simple Glass (ISG)

Samples were prepared from two annealed 500 g blocks (Lot
L12012601-M12042001 and Lot L12012601-M12042501) of the Inter-
national Simple Glass (ISG) [58,59] provided by the International Glass
Corrosion Working Group.

3.2. Durability testing

Durability testing was conducted using the ASTM MCC-1 [60] pro-
tocol. The glass ingots were cut into ~10x10x5 mm monoliths, pro-
gressively ground and polished using P600, P800 and P1200 grit SiC
abrasive papers and then 6, 3 and 1 pm oil based diamond suspensions.
The polished monoliths were sequentially cleaned using ultra high
quality (UHQ) water and isopropanol before drying at 90 °C for ~ 12 h.
Prepared monoliths were placed into clean Savillex 60 ml per-
fluoralkoxy (PFA) Teflon standard vessels containing a support screen
(‘basket’) of the same material. Ultra High Quality (UHQ, 18 MQ cm)
water was added in appropriate quantities to these vessels to give a
sample surface area to volume of attacking solution (SA/V) of 10 m}
the required leachant volume for each timestep was calculated based on
the average geometric surface area measured for all monoliths of a given
timestep. The sealed vessels were placed into a GenLab MINO/40 oven
at 90 + 2 °C for 28, 56, 112, 224, 461 (0Cal00Mg, 100Ca0OMg, MW25
and ISG) or 468 (50Ca50Mg), and 672 d. After testing the vessels were
removed from the oven, weighed and allowed to cool to room temper-
ature before the monolith was removed and allowed to air-dry for 24-48
h; chemical analysis of the leachates was also undertaken but is not the
focus of the work reported here and is reported elsewhere [57].

For examination, the dried monoliths were lifted from their support
screens, using soft plastic tweezers; some localised damage to alteration
layers during this process, restricted to the area in contact with tweezers,
was unavoidable. Two of the triplicate monoliths per composition/
timestep were placed into plastic sample clips before being mounted in
an epoxy based mounting resin (80% Buehler EpoxiCureTM 2 Epoxy
Resin thoroughly mixed with 20% Buehler EpoxiCureTM 2 Epoxy
Hardener). The epoxy-mounted samples were successively ground and
polished to a 1 pm finish using P600, P800 and P1200 grit SiC abrasive
papers with isopropanol as a lubricant and then 6, 3 and 1 pm oil based
diamond suspensions. For scanning electron microscopy (SEM) copper-
tape was applied to electrically connect the bottom and top of the resin-
mounted samples which were then carbon-coated using a Quorum
Q150T ES Plus.

3.3. Scanning electron microscopy

To identify localised alteration features polished cross sections of the
MCC-1 samples were characterised with a Hitachi TM3030 Plus scan-
ning electron microscope (SEM) coupled with Bruker Quantax 70 energy
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dispersive spectrometer (EDS). An accelerating voltage of 15 kV and a
beam current of 2 x 107° A was used with a working distance of 7-9
mm. EDS spectra were collected for at least ten minutes, with back-
scattered electron (BSE) images collected at the maximum available
resolution.

3.4. DNA assay

Aliquots of unacidified MCC-1 leachate aliquots leachates from 2
experiments that had yielded significant vermiform features (0Cal00Mg
basaltic glass dissolved for 461 days and ISG dissolved for 224 days)
were analysed for the presence of DNA via a Quant-iT™ PicoGreen™
dsDNA Assay test. The leachates were tested and analysed in three
forms: (1) without further processing, (2) after they had been concen-
trated and (3) after attempts were made to extract genomic DNA (gDNA)
via the EtNa protocol [61].

4. Results
4.1. Basaltic glasses

Vermiform features were observed on all basaltic glass compositions,
with no noted compositional dependencies or differences across the
different glasses. On each analysed cross section (~28 mm perimeter),
50 to 300 features were observed scattered randomly across the surface,
with no evidence of abundance consistently varying with dissolution
duration. Morphologies varied from the comparatively simple (see
Fig. 2) to the complex (see Fig. 3), with some evidence of increasing
feature complexity with dissolution duration, but no obvious correlation
with glass durability.

The simple solitary vermiform features, typically penetrating the
glass at angles of ~ 90° (Fig. 2a and c), but not always (Fig. 2b, d and e),
are the most abundant type in all basaltic glasses at all dissolution du-
rations. Solitary features were 2-60 pm in length, with a width that is
typically a factor of 2 — 4 times the thickness of the alteration layer on
the surface of the glass. These features often have relatively straight
paths (Fig. 2a and c-e) but smooth curvilinear forms are also seen
(Fig. 2b). In general, these simple vermiform features contain both a
narrow void (comparable to that which separates the glass alteration
layer from the sample elsewhere, thought to be an artefact of cross-
section preparation and SEM examination) and material resembling
the alteration layer on the glass surface. As shown in Fig. 2 they also
contain a notably distinct central zone, no more than 0.5 pm in width, of
‘bright’, higher atomic number material, in BSE images. The central
zone is too small to reliably measure via EDS however it is likely iron
rich.

More complex features can be categorised as ‘clusters’ of 5-20
closely spaced features over a small distance (Fig. 3a—c); multiple fea-
tures emanating from a single near-surface region (Fig. 3d-g); and
branching after extension into the sample (Fig. 3h-j). Other more
complex features such as the spiralling central thread were occasionally
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seen (Fig. 3k and 1).

4.2. MW25

Samples of MW25 showed a similar range of vermiform features to
the basaltic glasses, although they are coupled with a more complex
series of layers on the glass surface. Fig. 4 shows solitary simple features
that are essentially similar to those seen in Fig. 2; however, they often lie
below an outermost layer of altered material (most clearly seen in
Fig. 4c). Although they are observed at all dissolution durations and
appear unchanged with duration, these features appear less often than in
the basaltic glasses with a frequency of 10-25 per cross-sectional
perimeter (28 mm) compared to 50-300 per cross-sectional perimeter
for the basaltic glasses. They also tend to be somewhat shorter on
average, being 3-15 pm in length rather than 3-60 pm. As with the
basaltic glasses these features typically penetrate the surface at angles of
90° (Fig. 4b and c) but lower angles are also seen (Fig. 4a). Once again a
thin brighter strand can be seen down their centre although the contrast
is less marked than in basaltic glasses (compare Figs. 4 and 2). A notable
difference from the basaltic glasses is the layer of altered material
(darker in the image than the unaltered glass) that surrounds these
features.

In some cases features show more complex morphologies, for
example, branching or sudden changes in direction (Fig. 5a-d) and, in
one instance, a clustering of ~ 15 small features ~ 1 pm length was
observed over a (cross sectional) distance ~ 35 pm (Fig. 5e). Complex
features were also seen at sample corners (Fig. 5e and in one case
extended ~ 100 pm into the glass (Fig. 5f).

4.3. ISG

Comparable, but not identical, features are also observed on dis-
solved ISG samples. Fig. 6 shows single solitary features, which are again
the most abundant type of features (at 10-30 occurrences per monolith
cross section). These penetrate further into the monoliths than in MW25
but far less than in the basaltic glasses (3-40 pm compared to 3-15 pm
and 3-60 pm, respectively), again not obviously correlated with relative
durability. Unlike the equivalent features in both the basaltic glasses and
MW?25, the 5 pm width of these features is not entirely filled by alter-
ation layers, with the majority of the vermiform feature being an un-
filled void (see Fig. 6). The outermost alteration layer lines the edges of
these features but is often fractured, although this may be an artefact
associated with sample preparation and SEM imaging; breakage is
nearly always observed at the feature tip. As with MW25 an inner
alteration layer appears displaced inwards by the vermiform features,
effectively “bulging” inwards in order to maintain a consistent layer
thickness. Vermiform features never cross-cut this layer.

Branching of vermiform features is again seen (Fig. 7), however the
point of bifurcation is always at the surface for ISG unlike the other
glasses studied (compare Fig. 7 with Figs. 3h—j and 5a,b,d). Localised
feature clustering was not observed for ISG.

Fig. 2. SEM-BSE images of typical simple vermiform features observed on basaltic glasses (a) 100CaOMg after 28 d; (b) 0Cal00Mg after 56 d; (c) 50Ca50Mg after
112 d; (d) 100Ca0OMg after 461 d and (e) 50Ca50Mg after 672 d dissolution. In all images unaltered glass is at the bottom of the image and the dark region at the top

of each image is the mounting resin.
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Fig. 3. SEM-BSE images showing clustering of vermiform features in (a) 50Ca50Mg after 56 d, (b) 0Cal00Mg after 112 d, (c) 0Cal00Mg after 461 d; multiple
features extending from a single origin in (d) 50Ca50Mg after 56 d, (e) 50Ca50Mg after 112 d, (f) 50Ca50Mg after 461 d, (g) 100CaOMg after 461 d; and branching in
(h) 0Cal00Mg after 224 d, (i) 100CaOMg after 461 d and (j) 50Ca50Mg after 468 d; (k) a complex spiral feature in 0Cal00Mg after 461 d enlarged in (1). In all images
unaltered glass is at the bottom of the image and the dark region at the top of each image is the mounting resin.

Fig. 4. SEM-BSE images of simple solitary vermiform features formed on MW25 samples after (a) 28 d, (b) 56 d, (c) 224 d, (d) 468 d and (e) 672 d dissolution. In all
images unaltered glass is at the bottom of the image and the dark region at the top of each image is the mounting resin.

4.4. DNA assay

No detectable DNA was identified in the two leachates analysed. The
detection limit is ~ 5-200 million cells per millilitre.

5. Discussion

Vermiform features have been observed across all glasses studied at
all time periods with only limited evidence of any time dependence after
the initial 28 d of the test. Their detailed nature varies with glass
composition with the basaltic glasses appearing to contain more ver-
miform features, which can be significantly longer and show more evi-
dence of complexity compared to MW25 and ISG. The features in both

the basaltic glasses and MW25 are filled with an alteration layer
including a central region enriched in higher atomic number elements,
whereas the features in ISG are unfilled.

5.1. Biotic origins

Vermiform features are often considered to have a biotic origin hence
we consider that possibility here. No biological materials were added to
the experimental vessels, which went through a thorough cleaning
process (an in-house version of the procedure detailed in [62]) before
use. The experiments were run in a clean, but non-sterile, laboratory
environment. All reagents and solutions were laboratory grade and were
stored appropriately to minimise the likelihood of biological influence.
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Fig. 5. SEM-BSE images of complex vermiform features formed on MW25 samples showing features branching, changing course and clustering after (a) 28 d; (b) &
(c) 56 d; (d) & (e) 468 d and formed at sample vertices after (f) 28 d and (g) 224 d dissolution. In all images unaltered glass is at the bottom of the image and the dark
region at the top of each image is the mounting resin.

Fig. 6. SEM-BSE images of simple solitary vermiform features formed on ISG samples after (a) 28 d, (b) 56 d, (c) 224 d, (d) 468 d and (e) 672 d dissolution. In all
images unaltered glass is at the bottom of the image and the dark region at the top of each image is the mounting resin.

Fig. 7. Branching of vermiform features in ISG after (a) 28 d, (b) 56 d, (c) 224 d and (d) 468 d.
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During the 90 °C MCC-1 test the pH of the leachant in each vessel
increased to ~ 8.5-9.5. For the two leachants assayed after testing, the
DNA assays resulted in no evidence of DNA in the vessels. Furthermore it
has been suggested that any biological process involving microbes
excreting glass dissolving substances would be near-impossible to see in
the laboratory due to the unavoidable slowness of such processes [15].
Overall it is therefore considered to be highly unlikely that the features
observed in these tests have a biotic origin.

5.2. Abiotic origins

Abiotic mechanisms require preferential dissolution around a struc-
tural/chemical or, morphological precursor. Potential structural pre-
cursors include strained bonds in the glass network, nano-
heterogeneities or phase separated regions. Strained bonds necessarily
must exist in glasses due to the variable ring sizes seen in network glass
structures. While these would provide very localised sites for initial
attack, a number of such sites would probably need to be adjacent to act
as a precursor site for the growth of extended feature. Nano-
heterogeneities such alkali-rich channels could also provide a starting
point for localised attack and have previously been suggested as the
origin of strength controlling Griffith flaws in silicate glasses [63] or
features along which cracks could propagate [64]. Borosilicate glasses
(MW25 and ISG) are widely thought to contain borate and silicate
sub-networks, however, no evidence of larger scale phase separation or
compositional variation was noted in any of the glasses studied during
pre-dissolution characterisation via SEM-EDS; in addition the trans-
mission electron microscope data in the literature indicate that ISG is not
phase separated [59].

Morphological precursors are also possible; the samples were
finished to a mirror-like (1 pm) surface finish but finer scale features
could have remained on the sample surface. It has been shown that the
smoothest surfaces on ISG are produced by a surface melting technique
[59,65], although this also resulted in some compositional modification.
In the current work there was some limited evidence of increased ver-
miform feature abundance at monolith corners where
preparation-induced damage is likely to be greatest; chipping of corners
during sample production resulting in unusable monoliths was an issue
during sample preparation. The polished glass monoliths were not
re-annealed after polishing and hence some residual stresses, introduced
by the cutting, grinding and polishing processes, may be present in the
glass surfaces. Any localised tensile residual stresses could potentially
accelerate the localised extension of morphological damage via stress
corrosion [41]. Furthermore the chemistry and pH of leachant in
scratches/cracks is likely to change more rapidly during glass dissolu-
tion than the bulk fluid and may thus promote vermiform feature
development [20,43]. Regions with larger amounts of morphological
damage arising from sample preparation may also explain the clustering
of features observed in the basaltic glasses and MW25.

Even the simplest single vermiform features were, on occasion, noted
to have sinuous curvilinear paths. This may be associated with the lack
of long-range order in glasses: preferential attack of locally strained
bonds may divert the course of the vermiform features, although a
number of such sites would probably need to be adjacent to cause such
deviation. The lack of long-range order in glasses means there are no
structural elements that could preferentially dissolve to produce the
straight features seen in dissolution of crystalline materials [66].

More complex features such as the helicoidal structures shown in
Fig. 3k and 1 have previously been used as strong evidence of biological
causes [67], as such morphologies are commonly associated with living
cells [68]. However, helical forms can also be generated via abiotic
processes. For example, helical AITs (see also Section 2.2), formed by the
propulsion of mineral crystals through a matrix, have previously been
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reported [47,69]. Dohmen et al. identified a similar feature in some glass
dissolution experiments on U-bearing soda-lime-silica glass beads,
which they attributed to pH fluctuations resulting in gel shrinkage and
crack generation [70].

The filled features seen in the basaltic glasses and MW25 usually had
a central region which elemental contrast indicates has a higher atomic
number (Z), and are apparently iron rich, although the features were not
large enough to enable definitive identification. Iron rich particles have
been previously reported in alteration layers in both laboratory and
environmentally altered samples [9]. Such variation in composition
indicates locally variable solution chemistry as the vermiform features
develop.

Overall it seems most likely that the vermiform features develop
from damage sites arising during monolith preparation. Both the pres-
ence of precursor cracks, and residual stresses arising from grinding and
polishing, could promote localised chemical attack. The residual stress
distribution and naturally strained bonds in the glass structure may
impact the direction of crack growth.

5.3. Vermiform features and glass dissolution

The formation of vermiform features is likely coupled with alteration
layer formation. Dissolution of vermiform features likely provides ele-
ments for alteration layer formation, but alteration layer formation may
also infill (as seen in both the basaltic glasses and MW25 — see Figs. 2-5)
and thus reduce the effect of vermiform features, potentially also ‘pro-
tecting’ them from further growth.

Large numbers of vermiform features could potentially result in an
increase in the effective surface area. To obtain an estimate of the scale
of this effect we consider the monolith cross sections to be representative
of a ~ 2 pm thickness through the monolith (i.e. there are 5000 of these
cross sections per monolith) and have modelled all vermiform features
as simple uniform cylinders orientated at 90° to the monolith surface (i
e. all features are of the simple type with a fixed length). The results are
shown in Table 2. It can be seen that the potential increase in surface
area is relatively small, although it becomes more significant for the
larger numbers of features seen in the basaltic glasses. Once the features
have filled with alteration products they would not be expected to in-
fluence surface area. Hence it seems likely that these features have
limited effect on the total area available for dissolution, even though
localised more rapid dissolution must be involved in their creation.

It can be seen from Table 2 that more, and on average, longer features
are seen on the basaltic glasses studied. Solution measurements indicate
that the basaltic glasses dissolve more slowly than ISG and MW25. After
720 d the normalised mass losses for Si NLg; ~ 2-3 g m~2 and Na, NLy, ~
5-30 g m~2 for the basaltic glasses compared with NLg; ~ 10 g m™2
(MW25) and 15 g m ™2 (ISG) and NLy, ~ 120 g m™2 (MW25) and 80 g m ™2
(ISG). This indicates that the glass surface is being removed more rapidly
with the ISG and MW25 than with the basaltic glasses, and may therefore
explain why the observed features are shorter.

Table 2
Estimated changes in surface area due to vermiform features.
Glass Average Average Typical Area Percentage
type number of feature feature associated increase in
features/ depth radius with one surface area
section /pm /pm feature /m?
perimeter
Basaltic 50 - 300 31 1 1.95 x 10~ 112 -173
10
MW25 10-25 9 2.5 1.41 x 10™ 102 - 104
10
ISG 10-30 21.5 2.5 3.38 x 10~ 104 - 113
10
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6. Conclusions

Locally extended features indicating locally accelerated dissolution
were seen on all the MCC-1 samples of 5 different glasses studied. The
features were distinguished from cracks by their smoothly curved non-
angularity and rounded (high radius) termination and were hollow or
filled. Given these observations and the range of names applied to
similar features in the literature we have concluded that vermiform most
accurately describes these features while not implying a specific mech-
anism of formation. The features were visible after 28 d and their dis-
tribution / frequency did not show a strong dependence on time after
that. The number of features depended on glass composition and the
nature of their geometry varied with glass composition. Features on
basaltic glasses and MW25 were filled and had a central region that was
enriched in a higher mass element, likely iron. The majority of features
had quite simple geometries but a small number with more complex
morphologies were observed on all of the glass types studied here. The
location of these features is thought to be most probably linked to re-
sidual damage arising from the monolith production providing sites for
locally accelerated dissolution; this point could be investigated in future
using fire polished samples. Despite being numerous, and sites of
localised accelerated dissolution, the impact of these features on the
total surface area during dissolution is calculated to be limited. Hence
the surface area term used to calculate normalised mass losses and
normalised loss rates will not be greatly in error as a result of these
features.
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