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Summary

In the Lhited Kingdom (UK), High Level Waste (HLW) from nuclear energy generation will

be incorporated into a glass before disposal in a deep geological f&tityever, h e 6 Saf et y

Cas e 6 demends anlownslerstanchg of the dissolution behaviour of suehglassover
tens to hundreds of thousands of yedilss work aims tocontribute to this knowledge by
conductingaccelerated laboratory dissolutitestsandstudies ohaturally dissolved samples

Two HLW glassesthe International Simple Glass (ISGJdant he UK&6s MagnoxX
with a 25% waste loading (MW2®)ere dissolved in ultrahigh quality water via tfaterials
Centre Characterisation test 1 (M@¢and Product Consistency Test B (RPB)Tprocedures.

The presence of magnesium MW25 allowed precipitation of claysand thus more rapid
dissolution of this glassompared t¢SG (which did not contain magniesn). Thismagnesium
variability may also explaialteration layedifferences in MCEL testssodiumdepleted layers
initially formed on bothbut the outeregionwas enriched in magnesium for MW25 but
zirconiumenriched for ISGSimilarly, the latefformedoutermagnesium clayon MW25are
absent from ISG wherefarther6 s c al | o p e d élepletadegionis issteatliohserved.

Basaltic glasses with a variable magnestorgalcium ratio were synthesised and dissolved
via the above procedures to fugt investigate this. Again, dissolution ratesreased with
magnesium contenpotentially becausthe alteration layeon highmagnesium glassésless
passivating due tdecreasealuminiumcontent Aluminium mayinsteadncorporate into the
secondanprecipitates that form more readily during dissolution of figggnesium glasses

Surfacelayer thickness may be defined as the diameter of the largest sphere which can be
entirely enclosed by the layer. Applying a method using this definition teutiacelayers
generated in the above MECtests provides thickness measurements compa@llose

made using previous, though more subjective, methods. This improved definition also provides
surfacelayer thicknesses for laboratedyssolved basaltic glasses which are consistent with
values from the equivalent naturally dissolved glasses,gimgvinore confidence in laboratory
dissolution methods. Finally, the method also implied the innermost HLW glass alteration layer
component may account for some differences in basaltic and HLW glass dissolution behaviour.

Wormtlike ( 6 v e r miedtuoesvaré gbserved to form in all of the aforementioned MCC

tests. These were more abundant and complex in basaltic glasses, potentially because their

formation was more progress@dhis caseFeatures also show highly variable interaction with
alteration &yer componentghe alteration layer partially félfeatures on basaltic glasses but
completely filks the vermiform structureéa HLW glasseqwhere innermost alteration layer
componentalsoappear to deform arourtle structures)Feature formatiomehodsremain
unclear, but biologicaourcesare neaimpossible and a precursor scratchckseems likely.
Regardless, features are significant in potentially increasing glass surfecieyanpao 40%.

Samples from Dun Deardail vitrified hillfort weregposed as HLW glass analogues. These
materials contain glass whichthought tdorm thehighly-vesiculated aluminosilicate regions.
By comparison wittan undissolved synthesised replica glass, the microcavities and iridescence

W

(initially thought to repesent dissolution pits and alteration layéndhesed g | a s swefe ar eas

re-interpreted asnicro-vesiclesandsurface fractug expressiondHowever,low density, low
atomic number surface layepscur preferentially on potentiallyaterexposed surfacesnd
SO may represent alteration layemnparablao the ironrich layersobservedwvithin vesicles.
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1. Introduction

1.1. Background
Nuclear power provides a reliable source of-cavbon electricityf1] and generated ~15% of
the United Ki ngd o [RoHowesdr silar toall othet energy gene2a@iod 1
mechanisms, nuclear energy production generates {@hste

This waste, known as nuclear waste, accounts for the majority of the five million tonnes
(4,560,000 ) of radioactive waste in the UK, with the remainder arising from defence,
research and medical activitig$. A small proportion (< 0.1%) of thi®tal waste is heat
generating High Level Waste (HLW) which enmttsnsiderable quantities @nising radiation

and thus poses a potential threat to healthffife This threat is significant and will remain
higher tha that posed by naturally occurring radioactive materials for several hundred
thousand yeal8]. Combined, the magnitude and longevity of this hazard necessitates isolation
of HLW from humans and nature for tens to hundreds of thousands of§kars

The internationally favoured approach to achieve this is via disposal in an engineered
underground facility termed a Geological Disposal Facility (G[BF) This solution, termed

the 6Geol ogi cal Di sposal 6 -bancept Bigueblhaegimehob
to enswe HLW remains contained for the required durations. This is achieved using an entire
suite of engineered and natural systems and matefigisré 1.1) to reduce or prevent the

release of potentially harmful chemical elements into the gnttbimspherd3].

y_—

_ : Host Geology
Solid, passively safe\ — / Ideally low porosity,
durable, radiation tolerant low permeability and
e.g. glass or cemer low fracture density
Metal canister Low porosity, high
Corrosionresistant metal sorbance of elements
e.g. copper ostainless stee e.g.clay or cement
Figure 1.1: The multibarrier concept of nuclear wasiesposal[3] showing the four main
components (Obarriersdé), the required proper
Of these systems, arguably the inner most Owe

degradation of this ultimately controls release of potentially harmful radioactive elg@lents
Borosilicate glass is currently used for this purpose in thefJkand is the internationally
favoured option owing to its high chemigamectanicatl, and radiatiorstability, its welt
established manufacturing route and its ability to sqgdfteiently incorporate many of the
elements within HLW[8]. However, assessing the potential for degradation, via dissolution,
of this glass wasteform over tens to hundreds of thousands of years is crucial if we are to
demonstrate that nuclear waste can be safely storedr@/eequired duratior9].



1.2. Aims and objectives
This work aims toincreasetec i ent i fi ¢ communityds under st at
a nuclear waste disposal perspective. To achieve this, various objectives have been established:

1 Investigate the dissolution of HLW glasses in a simple aqueous system via laboratory
testing; poviding comparisons for other works and developing dissolution models

T Explore the role of magnesium (an el emen
dissolution via laboratory dissolution of a synthesised basaltic glass wsaties
variable magnesiunmontent

1 Use basaltic glasses to gain further insight into glass dissolution processes

1 Elucidate the properties and role of the layers developed on the aforementioned
glasses via characterisation and development of an improved measurement method

1 Identify, characterise and compatee6 wo-t mke 6 (ver mi form) feat
on the surface of dissolved glasses; compiling previous and current examples of these,
assessing their potential influence on glass dissolution and discussing their potential
formation mechanisms

1 Determine if and how materials collected from Dun Deardail vitrified hillfort can
provide insight into glass dissolution by verifying and locating glassy material and
seeking evidence of its dissolution

1.3. Thesis structure
This thesis comprises the following chapters:

Following this introduction,chaptertwo r evi e ws t he academic cornm
understanding of glass dissolution. This includes a description of the most widely agreed upon
kinetic model of glass dissoloti and the potential role of magnesium in this. Glass alteration

layers, a crucial component of this model, are also reviewed in terms of their formation,
properties and potential effects on dissolution. Localised attack features generated during glass
dissolution are then examined, with a particular focus on vermiform features. Finally, the value

of using materials to analogue HLW glass dissolution is justified, with the role of these in the
nuclear waste disposal safety case outlined.

Chapterthreethorowghly outlines the experimental methods used in the current investigations,
providing sufficient detail to allow result replication. Sample production and acquisition is
described along with the methods used to dissolve some of these. The treatmentyarsd anal
of the resulting data, leachates, and samples following their dissolution is then summarised,
with a detailed description of the instrumental methods and parameters used to achieve this.

Results from the agueous dissolution of HLW glasses are aliimehapterfour. These

gl asses include the International Simple GI a
(or Mixed Windscale) HLW glass with a 25% waste loading (MW25). Both of these were
dissolved via the Materials Characterisation Centiteotes (MCCG1) and Product Consistency

Test B (PCTB) accelerated laboratory dissolution methodologies, with a pure water leachate.
Leachatsand postdissolutionglassesrom these experimentweanalysed and compared in

order to develop a dissolution nedor both glasses.



In chapterfive, results from identical accelerated dissolution experiments performed on a
basaltic glass series with variable magnesium and calcium contents are present&d. PCT
experiments were conducted on all five glasses frorautte (comprising basaltic glasses with

a magnesiunto-calcium ratio of 0:100, 30:70, 50:50, 70:30 and 100:0), with MCC
conducted on only the endnd midmember compositions. Results including the dissolution
rates and angurfacelayers generated dumg these experiments are discussed and compared,
with the reliability of results from the two dissolution methodologies also compared.

Chaptersix considers methods used to measure glass alteration layer thicknesses, evaluating
previous techniques befopeoposing a new method. Results generated via this new method
are compared to those generated by other measurement methods to gauge method reliability.
These results are also-peesented alongside data from lontgrm natural experiments to
gauge whethdaboratory dissolution techniques can adequately simulate natural processes.

Vermiform features are investigated in chapter seven. These features (observed on basaltic and
HLW glasses dissolved via the aforementioned MC@ocedure) are fully characteed and
compared, both in twaand threedimensions. The potential impact of these features on glass
dissolution is then discussed and estimated, before their formation mechanism is considered.

The final results chapter investigates what, if anythingeras from Dun Deardail vitrified

hillfort may reveal about lonterm glass dissolution processes. Samples are characterised via
microscopy, tomography and-pay Diffraction (XRD); with evidence of glassy material and

its alteration sought. To elucidafeobserved features (pits and iridescence) may have formed

via dissolution, results are compared to those from an undissolved glass which was synthesised
to replicate the glassy material within the hillfort materials. Similarly, the potential for observed
surface layers to have been formed via dissolution was assessed by analysing layer occurrence
locations relative to the wateiccessibility of surfaces.

The concluding chapter provides a final discussion of the aforementioned topics, summarising
the new ¢pss dissolution understanding that has been achieved. Any implications this new
knowledge may have on the nuclear waste disposal safety case are stated, with suggestions for
future avenues of investigation also presented.

In addition Appendix | providesan overview of the method used to assess whether layers
observed in Xray Computed Tomography (XCT) of hillfort materiags (in Ghapterll) may

have formed via dissolution. This appendix outlines how images were segmented, quantified
and statistically wated. Techniques used both to verify method reliability and estimate errors
are also presented.



2. Literature Review

2.1. Standard model of glass dissolution
Aqueous glass dissolution can be subdivided into the three phenomenological regimes, as
shown inFigure2.1.St age | i s known as the oO0lnitiald o
O0Resi dual Rated; and St aResumptiborRe giida0dodt her wi s e

Glass

7 "

~

Leachate Alteration layer

Potential
precipitation /

7/

-

Di ssol ut

Ti me

Figure 2.1: The three kinetic regimes of glass corrosion, demonstrated schematically (above)
and as a simplified graph (below).

Two processes occur during Stagmterdiffusion and hydrolysis.

Interdiffusion, or ion exchange, occurs as the inward diffusion of positively charged water
species (HO and HO") causes the concurrent outward diffusion of glass modifier cations
(such as alkali metals) in order to maintaiactric neutralityf11]i [15]. This selective release

of alkalis is aidedby the low stability ow energy of hydration) of siliconxygenalkali bonds

[15], and leaves a hydrated (watmriched) glass layer.

The hydroxyl ions (OH formed during interdiffusion increase the solution[aH], [16] and
cause rapid hydrolysis of the covalent bonds linking oxygen with network forming elements
such as silica

k3E/ 3K /( OKk3E/ (Kk3E/ Equation2.1

This effect is then amplified via positive feedback, as th@ &iom Equation2.1 can combine
with water molecules to produce another hydroxyl ion:

k 3E/ (/OK3E/( I ( Equation2.2



which can then hydrolyse another siloxane bond &xqumation2.1 [17]. Eventually, once all
four bonds on the silica tetrahedron have been hydrolysed, an orthosilicic acid molecule
(Si(OH)y) is released into the solution.

In a static/closed system, dissolution lwdbntinue in this way untithe concentration of
orthosilicic acid in the solution reaches saturation. At this point an amorphous silica alteration
layer precipitates on the glass surffcH, [12], [18]and the dissolution rate then falls during

a O6rate dropd phase. Di ssolution rates are
protective layer effects. In the former, as the solution concentration of silicic acid reaches
satuation there is a reduced thermodynamic driving force for dissol[it#nin the latter, the
alteration layer formed orhé glass surface may act as a transport barmemimising ion
exchange between the glass and solyf6ii [23]. This may be encouraged byorganisation

of the gellayer to minimise porositj16]. Most authors consider both affinity and protective
effects as contributing ¢tors to the rate drop (e.[g0], [24]), [25]); however, some instead
favour the chemical affinity mechanism (¢26], [27]) or protective gel theory (e.{28]).

Following the rate drop, dissolution is slowed by three to four orders of magnitude (compared
toinitialrates)durig t h e & R e[%6], [@9]), B0] H& e tiveen@echanisms are operative:
secondary phase precipitation can promote dissolution, whilst limited interdiffusion through
the alteration layecan impede if12], particularly if the alteration layer densifies.

Silicate mineral precipitation consumes elements from both the solution and the alteration
layer. This leads to a duaffect: consmption of leachate elements promotes glass network
hydrolysis[31], [32]; whilst consumption of network formers in the adigon layer reduces

t he | ayer 6s 41B]j ahd/ot lgadsttoats qordirsusus destrticon and reformation
[33], [34]. However, during Stage I, slowed interdiffusion (relative to initial rates) can act to
counterbalance these effects. Decreased interdiffusion may be associated with alteration layer
poreclosure[34], [35], other passivating layer property chan[g$, [37], or silicasaturation

of the pore solution in the interdiffusion zo[86]; however insufficient evidencexists to
determine which of these dominai&8], [24].

A third ARat e Re sgamp tasesfollow, with disgaution @suming at
rates approximately comparable to those in Std88]) [39]. This appears more probable in
glasses with elevated Ca, Al, FeMdg (Section2.2); and in high pH>10.5), high temperature
(>90 °C), and/or high sample surface area to leachant volume ratio (SA:V) sjkiénit6],

[40], [16]. Stage Il is typically hypothesised to result from precipitation of silicate minerals at
the gelsolution interfacd16], [39], [41] however other explanations are speculated[{<ge

Precipitates, like those foed during Stage lll, are unlikely to offer any protection to the
dissolving glasg42]. Instead, their gecipitation is commonly hypothesised to promote
accelerated dissolution by consuming elements from the alteration layer and thereby decreasing
its passivating ability10], [11], [39], [42], [43] Some argue a different mechanism for this,
however, whereby secondary phase precipitation increases the thermodyneimgcfdrce

for further glass dissolution by consumingS3tOs from the leachan®0], [44]. This theory is

less widely accepted, however, becaus8i€s consumption has not yet been shown to cause
dissolution rates to climto ratescomparable in magnitud®e forward rate$45], [46].

Typically, secondary phases are aluminosilicate composifé2js however experimental
parameters (including glass and leachant composition, tatapeand time) strongly control
this. Zeolites (particularly analcime and phillipsite) and clays (especially smectites) are most



common[15], [16], [47]. Experimentally determining minerals precipitation rates for these
remains challenging, but accelerated dissolution testing can allow identification of probable
phased40]. Predicting which secondary phases will precipitate is paramount, because these
strongly control dissolution rates and/or the occurrence of rate resurfgijon

2.2. Role of magnesium in glass dissolution
A comparison of international nuclear waste compositidable2.1) i | | ustr ates t h.
HLW is uniquely elevated in magnesiydB]. This element, entrained during spent fuel re
processing, is derived from the Magnox alloy used td oleclear fuel in the UK49], [50].

Oxide USA UK France Belgium Russia Japan
(Wt%) (Hanford) (Magnox) (UOX1) (SM58) (Myack) (Tokaih)

Al203 - 19.6 - - - -

Cr203 1.21 1.6 3.15 - 0.58 1.69

FeOs 29.09 10 18.06 10.81 6.07 9.02

K20 - - - - 22 -

MgO - 21.6 - - 2.07 -

NaO 15.15 - - 33.33 27.98 16.46

NiO 0.6 1.2 2.54 0.91 3.39 1.48

P20Os 1.52 - 1.76 - - 0.93

FPOs 38.48 44 .4 72.24 54.95 37.91 65.01
Actinides 13.95 1.6 2.25 - - 5.41
Table2.1: Comparison ofnternational HLW compositions, on a weight percent (wt.%) calcine
oxide basi s. Note that the UKO&s Magnhox waste

yellow). Table edited froi®1] and references therein. FPO refeesRission Product Oxides.

This elevated magnesium is widely considered to limit the durability of UK HLW {B&$s
[G3landca expl ain differences observed between
inactive analogugb4]. However, the mdwanistic reason for this unclear andequires further

research Furthermore, studies investigating whether similar effects can be noted in other
glasses (including analogues such as basaltic glasses) remain lacking.

Magnesium contenhay havelittle effect on Stage | behaviour, with variable Mg:Ca ratios
having minimal effect on the initial dissolution rate of MW25 glp&8], [50]. However,
tentative evidence suggests Stage | may be prolonged immtaghesium leachatesrabdest
temperatures (60 °Q) though this effect appears inoperative at higher temperatures (90 °C)
where stage divisions are cleaf®b]. This potential temperature dependence requires further
research given the temperature variability between dathedies and the likely evolving
temperatures in a GDF environmenteTpotential forcompositionaleffects mustalso be
considered given that other alkaline earth elements can increase Stage | dissolution rates by
promoting FeSi mineral precipitationl6], [56], and that elevated iron or diminished alkali
contents can reduce Stage | duratibi]i [59] by delaying alteration layer formatida?2].
Whether magnesium can cause simgiffiects remains unclear.

Magnesium content likely has a greater influenceesidual dissolutionates. Backhougé0]

found that residual dissolution rates increased with increasing Mg:Ca ratio, and hypothesised
this to result fom either(1) more rapid formation of Mgontaining precipitates and/¢2)
decreased alteration layer passivaf@f]. High magnesium has been correlated with increased
secondary phase formation and thus increased residual dissolution rates in othef3dtljdies
[42], [48], [54] This effect occurs as the silica required for secondary phase precipitation is



gained from either the leachate (increasing the chemical driving force for disspd@fprthe
alteration layer (degrading its passivation abil@{]), and/or the glass itself (catalysing its
degradation directlf{81]). High magnesium may alsowse formation of aecondarlteration

layer which can disrupt the passivation of the primary alteration [4gerHowever, elevated
magnesium can also improve the passivation ability of the alteration layer, thereby causing the
reverse effect: a decrease in residual rates with increasingNlgMagnesium can replace
sodium in the alteration lay@s2] and this replacement may hinder diffusion through the gel
[54]. The relative dominance of these counter procassesl debated, budppears dependant

on leachate pH, with high pH (pH > 9) favouring secondary phase precipitation, whilst more
acidic conditions favour Mg incorporation into the ¢f]. This pH dependence leads to a
self-buffering cycle, as shown iRigure2.2: secondary phase precipitation (favoured at high
pH) causes a pH drop as divalent cations{ylgnd hydroxide ions (OMare removed from

the leachate simultaneoud§3]. The wider effect of glass composition on these reast
however, requires further research as it is currantiglearhow these synergetic and further
nonlinear effectamay interac{54]. Experiments aiming to elucidate the balance of this-dual
effect are also complicated byatentialsurfaceareato-leachanvolume (SA:V) dependency

[64]. At higher SA:V ratios, oversaration with respect to Mg clays is more probable,
favouring the precipitation of Mgilicates. However, at lower SA:V ratios the opposite holds
true: oversaturation is less probable and so Mg incorporation into the alteration layer is
dominant64]. This SA:V dependency is, however, not widely reported and more evidence of
it is required before its effect can be agreed upon and confidently stated.

Finally, occurrence ofate resumptions highly dependent on glass composit[@6], with
magnesium likely remaining influential. As with Stagehligh Mg (in the glass or solution)
can promote magnesium silicate precipitation, and the silica required for this can be provided
by partial or complete loss of the protective gel |4%d}, [65] which may trigger Stage Ill.

Acidic Basc

N

(low pH) > (high pH)

OH consumption from leachate leads to pH decrease and thus buffering

Mg enters Mg  Hydroxide !
alteration X (OH) ionsf~—~— ° Mg + OH
e A[~ consumed ¢
layer Na < Leachate a
¥1 [ 44 precipitates
e /'Z Secondary - O form
E'ﬁus'?” . precipitates — >
rom glass]
hindered LX X Diffusion out OL/ Possiblealteratior
Glass Alteration layer glass less hindere: layer degradatio
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(e.g. MCC) " 100%000 (e.g.PCT)

Figure 2.2. The effect of magnesium on residual glass dissolution rates. At low Surface Area
to Volume ratios (SA/V) and/or at low pH (left hand side) magnesium has a greater propensity
to enter the alteration layer and hinder further dissolution of the gkaskigh SA/V or high

pH, magnesium readily forms secondary precipitates which can degrade the alteration layer
and cause dissolution rate increase. Precipitation also consumes hydroxide from the solution,
driving conditions to a more acidic pH where secondascjpitate formation is less likely.



2.3. Glass alteration layers
The term déal t er a taliobthe slirface layers (altenatorolaggr aosgoresits)
formed at the water/glass interface during glass alterakayuie 2.3). This includes any
hydrated glass layer; any amorphous, porous, silica get laye any secondary precipitates.

Leachant

Surface | 5
o "
Secondary precipitatee— | ayer (1) = %

-
Alteration <« Surface | ¢ &
Layer Gel layer Layer (2) -% 3
23

<

Hydratedlayeror Surface
interfacial water filr Layer (3)

Pristine glass

Figure 2.3: Schematic showing tiseirfacelayere nc ompassed by tatyertéoer m

The presence or absence of the individual constituents may vary with dissolution duration and
mechanism. For example, secondary phases may only precipitate after extended dissolution
durations and some authors do not observe the element profiles chstiactéra hydrated

glass layef66].

Previously, it was hypothesised thatdratedlayers (produced by selective cation removal)
formed on synt het i cgellayearsifgererateddy rgpreciptatiansformed h e r e
during dissolution of more complex or naturadliyered glassef7]. However, these layer
components and formation models are no longer thought to be mutually exfdé$ivestead,

the dominant constituent andieation mechanism may depend on alteration conditions.

2.3.1. Formation and destruction
The hydrated layer is theorised to formsatuble cations rapidly diffuse out of the glass to
leave a porous skeletal silicate netwptK] which undergoes hsitu reorganisatiofll], [42],
[68], [69]. This theory is supported hgotopic evidenc¢68], diffusionconsistent sigmoidal
cation depletion profiles through alteratiagers[34], [70], [71] and the presence of alteration
layers which are more polymerised than the parent glass they formefll8pm

Contrastingly, the silica gel layer is hypothesised to form via condensation and reprecipitation
of species from the aqueous solutj66], [72], [73]. As elements dissolve from the glass, the
leachant becomes increasingly saturated in (typically siliceous) phases which can precipitate
out of the solution to form amorphous, porous, gel layer. This saturation may occur in an
ultrathin interfacial fluid film surrounding the glass, allowing the bulk solution to remain
unsaturated with respect to amorphous s[i&). Formation in this wayyia condensation and
reprecipitation, is evident as atomically sharp chemical and struattegiace between the
alteration layer and pristine glafg6] and thepresence of compositionally banded alteration
layers on archaeological and nuclear glafs¢l [76].



Secondary phases form via direct precipitation from solution, or through transformation of the
thermodynamically unstable gel layer iotgstalline phaseld.1]. The exact timing and process
behind the latter is unclef8], however somauthors theorise that crystalline phases form via
sequential transformation of metastable phases until the most stable state is g46jeved

2.3.2. Properties
The composition and properties of an alteration layer are spatiotemporally variable and depend
on multiple intrinsic/environmental parameteia/], [78], however microstructural and
compositional commonalities do exj4f].

Typically, alteration layers are amorphous and have a honeycomb morphologynvapen

porosity that is indicative of their low density (& 1C kg/m?; [11], [47]). These layers are

frequertly pitted (see Sectior?.4.7), with scattered pits occasionally combining to produce
0chlai hed patterns t ha-andfumrawy miceovopography[47].nTheo a r i
friable, delicate nature of these lay€rSs], [79]i [81] means they are readily damaged and/or
destroyed (intentionally or otherwise) during both laboratory and natural experiments.

Layers are higly inhomogeneous through their depth and across their sitfacd he former

is exemplified by the frequent presence of positional subayers[60], [82] with typical
thicknesses of 0-3 ¢ 7). Contastingly, lateral inhomogeneity is evident as
compositionally Vylarandehrges inghe Irelativep thitkress eok eéach
compositional layer across the surf§8é.

The composition of these layers typically resembles that of the glass they formed on, though
with an enrichment (relative to undissolved glass) in silica, aluminium, zirconium ¢66Hn

and a depletiom easilyleached cations including sodium and gait. Alteration layers also

often contain molecular watgt3], [83] and/or hydrogef66].

2.3.3. Passivation mechanism
The degree to which an alteration layer can suppress dissditgigrassivation abilit§ kely
dependonits thickness, diffusivity and porosifft1]. However, even with knowledge of these
factors alteration layer passivation ability remains impossible to predict because of our limited
mechanistic understanding fodw, exactly, an alteration layer can limit dissoluti¢i].

Thoughalteration layers may preveatitwarddiffusion of some specig87], kinetic models
employingonly this mechanisnareunable to reproduce residual dissolution rftdg, [25],
B4. The diffusion barrier theory cannot tot al

Instead (or additionally)water accessing the pristine glass may be slowed due to its
confinement in constricted microporfs3], [85]. The submicroporous alteration layer may
readily allow passage of small atoms (e.g. deuterium), but not moleculesthagex given
diameter[13], [86]. In this theory porosity remains open but diffusion of mobile species is
slowed[85]. This theory has been inferred to occur during alteration of some simplified glasses,
however its wideapplicability remains unprovdal].

Complete gel porosity closure may prevent water ever reaching the pristing3¢la$87].

This could occur as the gel layer undergoes restructuring and densifi@t]of85], or as
crystalline phases precipitate into the pd8&, [89], [37]. Though this porosity closuteas
been inferred to occur in some glasigyq, equally alteration layer passivation has been noted
despite lack of any porosity closyte].



2.4. Localised attack inglass dissolution
Localised attack (or localised corrosion) in the context of glass dissolution studies refers to the
accelerated dissolution or degradation of a confined area on the glass surface, whilst the
remaining glass surface appears to corroderatich slower rate. The characteristic mieron
scale features generated via this process are of interest becauseatheyluence overall
dissolution ratef90] (e.g. by affecting exposed surface aif@d$, [47]) and could offer insight
into mechanisms of glass corrosion. Foiorabf these features may also be a key mechanism
in the glass dissolution proceg$d], with localised attack and blayer formation potentially
coupled[92] as the former provides the elements to form the latter.

2.4.1. Pits and pitting
Pitting is frequently observed on altered archaeological glgd36¢s[93]i[96], naturaly
dissolvedglasseq97]i [99] and laboratondissolved glassefl4], [47], [82], [91] Boring
microorganisms can generate thésatures (and are occasionally assumed to have done so
without adequate evideng¢#00]), as colonising microbes carve out hemispherical cavities
mirroring their own shape and siz&01], [102] However so too can abiotic dissolution
mechanism§103] controlled by simple diffusive procesq4&92].

Pits associated with glass dissolution typically occur on the glass below any alteration layers

[14], [47]. Pits are approxi mately hHA4i[9]pthoeghi cal ,
they may be el ongat e dl4wihe featuteemay betsaitadgdjor t o 1 0 |
may combine t-bi ge o6 d4rboeittédtiuhddl]. Pits may also show
orientation effects as they align into rojad], [47].

Pitting abundance appears to increase with dissoluticetidn and aggressiveness (e.g. high
temperature/pH47], [91], [92]. Pitting prevalence may also be positively correlated with
surface precipitate abundanig¥], with pits potentially forming preferentially around these
precipitateg91]. The presence of a calcidnch alteration layer may also favour pittifig4].

Many mechanisms of pit formation have been proposed. Initially it was thought that pits form

due to either mechanical removal or dissol ut
structure[99]. However, this theory was shdited and is rarely, if ever, considered now.
More commonly, analogies to the metallurgica

selective attack begins at a scratch, lattice defect, or composhieteabgeneity105], [106]

This generates a cavity with agmetry whiclslows diffusion to and from the site, accelerating
its further dissolutiomnddeepening as a highly aggressive local chemistry develops at its tip
[107]. Though this theory may not be directly applieato glass corrosion, because glasses
are amorphous, it may offer some insight into how comparable structures form on glasses.

Pit formation in glass corrosion may result from preferential dissolution at -micro
heterogeneities such as alkatih areag46], [92], [94], [108]or phaseseparated components

[91], [109]. Preferential dissolution around high energy sites is also possible, with these sites
formed during sample production (e.g. residualanneat¢d stresse$t7], [91]) or sample
preparation (e.g. cracks, or grinding/polishing def¢@fg, [91], [110). Even without these

flaws, all glasses inherently contain high energy sites due to their amorphous nature and
variable bond angles. Finallyitp may also forndue to localised pH increases (which enhance

Si dissolution) in leachate trapped between the gel layer and hydrated/pristirj@4jldgs],

[90], [111].
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2.4.2. Vermiform features
Features resembling tunnel s, borings, tubes
evidence of localised attack during glass dissolution. These have been observed by authors
from a range of disciplines (see below), howemever have they been comprehensively
reviewed from a multidisciplinary perspective. Such a review is necessary if only to highlight
the nomenclatural inconsistency and range of interpreted formation mechanisms.

When viewed in cross section, the featureguastion are curvilinear in nature: originating on

the dissolved glass surface and penetrating down into the bulk glass a given distance before
terminating arcuately. Features typically have a diameter on the order of microns and lengths
ofsingulartotaes of microns. These Atubeso may be hc
from fractures given their short (finite) length, smoothly curved-arogularity and rounded

(high radius) termination.

Material scientists at The Immobilisation Science Lalmyain Sheffield have struggled to
reach a consensus on the nomenclature surrounding these f€edbie®.2). Heath[112] was
one of the first to observe the features during MCdissolution testing of a Hot Isostatically

Pressed (HIPed) clinoptilolite. I n referenc
formed by earthworms in the drilosphef®l3], Heath playfully termed these features
fwormholes . Ma nn Ri14]nbtedrsimiar (though longer 1 70 € m) featu
discarded glass bottles from Peakdale (Derbyshire, England). They termed these
fichemiturbation channedls i n reference to their resembl a

ichnotaxonomy) but without implications of a biological origin (hence substitution pf éfie

Abfoby ®¢ he Bia @K usedlbatheof the aforementioned termsttaracterise the

~30 em penetrating t un Aypddissoletean testing of a dimplifiede d d u
borosilicate glass. Fish§®1] observed morphologically similar features, though only ever in
surface views, and t er mwhgre thdy éosned oi théhsarfaceefl s 0 o
nucleartype glasses including Magnox Waste (MW) glass and the International Simple Glass
(ISG). This array of cited occurrences demonstrates the ubiquity of these features throughout

a range of experimental conditions thnadologies, glass compositions, leachate compositions

etc.). Furthermore, the lack of nomenclatural consensus revealed above goes some way to
explaining why such features remain unreviewed and unsystematically documented.

The occurrence of these featuissalso widely acknowledged by earth scientists studying
volcanic (predominantly basaltic) glass alteration. However, these occurrences have already
been comprehensively reviewed by those in this disciplind 1624, [115]). Again, however,

a consensus has yet to be reached on naming, with morphologiaailigr features referred

t o pustiveied ol i t hi ¢ mMiL16]rfbobgish stroctuse®({117], Etéh planeé

[100], Cuivedbranched irregular micropits [118], Asperitie®  oGroovés [110],
fiTunnel® [119], [120] Olwbulai structure§ [121]. Though these features may have
variable interpreted causal mechanisms (see below), all have similar morphologies and are
named based on morphological appearance. This lack of consistent naming remains
problematic if progress is to be neadith a unifying scientific theory.
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N Experiment conditions:
Author Representative ;ame 1 Glass type,
assigned to . :
[reference] SEM Image f 1 Alteration environment
eature :
1 Exposure duration
1 Vitreous phase(s) in
Heath Wormhole clinoptilolite
[112] features 1 MCC-1 (90°C, UHQ)
1 28days
1 Sodalime-si | i ca 06Bc
Mann & Chemiturbation § 6 Nat ur al 6 envi
Thorpe . o
[114] channels (hyperalkaline water at-® °C)
1 2-70 years
1 Nuclear waste glass analogue
Backhouse Wormhole or 1 PCT-B experiment (50 °C,
Chemiturbation
[60] channels KOH)
1 112 days
. 1 ISG
Mann Not discussed
1 PCT-B (30 °C, cement water)
82], [122 d
[82], [122] ornamed g 672 days
(Alkali-) 1 Nuclear waste glass analogues
Fisher[91], Channel 1 SHT experiment (40 °C; high
[92] or trough pH (> 9) TRIS buffer solution)
1 100 days

Table 22. Ver mi form features observed at The Uni
Science Laboratory, including thauthorassigned name(s) and formation conditions.

The origin of these features is similarly widely debated. Given the features resemblance to
biologically formed structures, their biogenicity is often the first point of contention.
Colonizing microbes arable to form borings that are morphologically similar to those
discussed herein by continuously excreting substances like acids, chelating agents and enzymes
which dissolve the glag402]. Why microorganisms evolved to do this is debatdth the

main theorieg123] including reasons of nutrient acquisition or protection (from physical
extremes, predatory grazing, substrate detachment, or the potential for mineralisation). An
array of criteria have been suggested to evaluate whatbeslogical origin, such as that

outlined above, is possible. Considerations here include the geological/experimental context,
the featureds morphology and HRgurg24@lééh c he mi c al

Whilst some authors neglect to acknowleggéential abiotic generation mechanisfheo0],

others go as far to state that microtubes such as those shown above have never been recreated
in laboratory experiments (even via biological mechanigh24]i [126] a n drextiires of
biocorrosion features are too complex and too reminiscent of baabgirocesses to be
explicable by an abiotic procasgl 27, p. 2] However, abiotic explanaitns are possibld.00].

Abiotic formation mechanisms, developed principafymaterial scientists, typically postulate
that these features result from preferential dissolution of a precursor feature. This feature may
be structural, morphological, chemical or a combination of these.
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abiotic origins minerals formed on
\ cooling. Hence

Features resemble cannot be biogenic
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supports biogenic origin be indicative of biological origins result of abiotic interactions

Figure 2.4: Schematic of microboring biogeniciistinguishing criteria fronj116].

Structural precursors may include lovanrgle, and thus more highly strained, bonds in the
glasses ringed micrstrucure Figure 2.5a). Contrastingly, postulated chesswuctural
precursors include percolation channels (also known as alkali chaRitglse 2.5b). These

may dissolve preferentially during Stage | dissolution and thereby cause a localised pH increase
and accelerated attack due to the decreased silighilgglat high pHs[46], [91], [92] The
presence of these alkali channels has been inferred in some HLW glass prétRRjs[yL29]
Preferential attack around more masmale compositional regions has ais®n considered,

with purely chemical precursors including phasparated alkali are§l09].

Morphological features, such as surface damage, cracks, scratches and polishing remnants may
act as higkenergy sites capable of promoting accelerated dissol[&0], [82], [110], [114],

[130]. Thesefeaturesmay break through a compressivslyessed surface layer, exposing
regions of tensile stress below that dissolves more refdiRj, [114] Alternatively, these
scratches/cracks may promote ret@mtof the highlyaggressive higipH leachate that forms

during initial dissolution and this may promote localised atfa&R], [130}

Many of the formation mdm@nisms relevant in pit formation (Secti@m.l) may also be
relevant to these features; with-pdalescence itself another postulated cd04¢ [131]
Preferential dissolution along lines of stress is also a possidiig]. Finally, preexisting
contamination (e.g. dirt, finger grease etc.) mp g@rovide preferential sites for corrosion
[132], [133] however adequate sample washing should prevent tlhisaratory experiments.
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Figure 2.5: Potentialstructural precursors of vermiform features, including fangle bonds
(a) as shown in the continuous random network mdd=1], [135]; and alkalirchannels (b)
as shown irthe modified random network mod#86].

Aside from formation via dissolutiofiL00], the focus of this work, other potential abiotic
causes include burial metamorphism of organic matteinémisidentified ambient inclusion

trails [124]. Ambient inclusion trails form as mineraclusions forcibly migrate through a
material with enough force and energy to erode a hollow tubular striit4k [137] These

can often be excluded where the diagnostic features (a terminal crystal and longitudinal striae)
are missing117], [138]and none of these mechanisms are relevant to labowisaglved
crystalfree glasses. Similarly, though some autH@B9] have interpreted morphologiba

similar features to be microcracki26]; cracks are distinguished herein on the basis of their
sharp pointed terminations or infiniength.

Despite there being more studies conducted on abiotic glass alteration thafilB@jtiche
reverse appears to be the case wdralysing these features specifically. Further experiments
are needed to explore the abiotic explanations of these feftlif$s[116] Such investigation

are of pertinence to multiple scientific disciplines: earthrems, palaeontology, biological
sciences, material scien¢@41] and even interplanetary science (given that subaqueous
basaltic glass alteration on Mars has been postulated to involve both abiotic and biotic
processefl4?2]). These features evidently require further research in order to understand their
method of development, and to quantify their effect on the long term durability of glass
wasteformg114]. The latter is of particular importance given that features similar to those
discussed herein have been known to increase glass surface areas p$4340%

These possibilities, as well as the findings of other styd@3], [144] imply that features
regarded as indisputably biogenic previously may, actually, be caused by abiotic processes.
Similarly, the belief that abiotic glass alteration can only cause a surfacdemreasevith

time [143], [145]may need to be reassessed.
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2.5. Nuclear waste glass analogues
Long-term nuclear waste glass corrosion studies are complicated by at least two fActioes:
chemical complexity of nuclear waste glasses é2dthe necessarily large experimental
timescales involved in dissolving these. To overcome the first of these, many researchers study
0simplifiedd nuclear waste gl aswhichcarermffensi t i o
based on natural/archaeological glasses. The second challenge can be overcome by studying
glasses that have been dissolving in the natural environment. All of these glasses can be
consideredhis6 anasbagwseampl es or goustd tkeroanditiors artmateriale a n a
of interest in a nuclear waste repositfi¢6], [147].

All of these analogues can contribute to the knowledge necessary to allow prediction of long
term nuclear waste glass corrosaminFigure2.6. Comparing studies of the same (analogue)

glass after its dissolution in the laboratarydin nature allows laborato#lgased techniques to

be proven r epr es e n[l48]tThevabilityomffan dandlogue glassta modeta r | d 6
nuclear glass can then be further tested by comparing the results of laboratory tests on both
nuclear and naturallga s s e s . Simplified gl ass -satnoanl eodg utec
achieving the latter: Natural glasses, containing relatively few elements, may be more
comparable to simplified nuclear glasses which may, in turn, be reliably compared to nuclear
waste dpsses. Simplified glasses provide a valuable starting point for piecing together
understanding and allow intstudy comparison[8]. Finally, naturally dissolved
geo/archaeological analogues contribute significantly towards developing models which can
subsequently be applied to predict nuclear waste glass corrégjome2.7).

However, prior to their confident application to leteym nuclear waste glass durability
studies, the phenomenological and mechanisticpematility of analogue systems must be
proven[29] [149]. Reliability must be evalded to ensure analogues are suitably similar to the
nuclear waste system/materials and that any differences are acknowketigjed

————————————
4’ -

~a . N
Natural glass analoguel| Simplified glass analogueé Nuclear waste glass
experimental study experimental study experimental study

Nuclear waste glass

Natural glass analogue e
long-term prediction

long-term natural study

;uosiredwo)

Figure 2.6: Principle of reasoning by analogy and comparison. If all comparisons ¢aérti
arrows) and all analogies (horizontal arrows) are proven reliable, then sieom
experimental data may be used to predict nuclear waste glass corrosion. Figuij@49ier
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Figure 2.7: The role of analogues in the development and validation of glass corrosion models
applicable to nuclear was glass corrosion

2.5.1. Basaltic glass
Geological glasses have been used as nuclear waste glass analogues fof sijadds3].
Of these, basaltic glasses are considered the most rdli&tilpbased on their comparable
silica content to nuclear waste glass-B8)wt.% SiO; for basalt compared to ~&FD wt.%
SiOxfor nuclear waste glassgb1], [154). Both basaltic and nuclear waste glasses are known
to have similar alteration mechanisms/kinefic#9], [155) [157] and a similar free energy of
hydration[151]. The alteration layers formed on basaltic and nuclear glasses have also been
found to be analogous, with similar secondary precipitates reported (particularly analcime, with
zeolites and clayq15], [47], [60], [151) and similarities in the composition, zonation and
morphology of alteration layef451], [152] Comparale trends in alteration layer thickness
development with time and temperature have also been ob$&biddrinally, similar debate
concerning methods of alteration layer formation exists in both basaltic and nuclear waste glass
discussiong155], [158} with the potentially protective effect of alteration layers noted for
both[159].

However, basaltic glass dissolution is not always entirely analogous to nuclear waste glass
dissolution. In highpH environmets, for example, the secondary phases evolution for basaltic
and simulant nuclear waste glasses can differ considd@éilyMany authors attribute such
differences to the lack of appreciable boron and lithium in basaltic glassgsmed to their
nuclear counterpartgl54], [159] Comparisons witmaturally altered basalts are further
limited by the absence of appreciable thermal or radiataonage effects in basaltic glasses

and the incompatibility between the submarine environments (where most natural glasses are
collected) and the GDF or laborata@gvironment$154], [159]

Previous studies reveal that basaltic gtasexposed to groundwater develop an internally

layered brown/orange crust) which has a sharp, often scalloped, boundary with the pristine
glass[97], [155][15]. Mineralogically, this layer is palagonife5], [158] and is hypothesised

to transforms frompahagmorpbonuypgsboalalt i pred 6@ n
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pal agoni t §B5), [158] Typrcally, ihisymlagonite layer contains Si, Al, Fe and Mg

in proportions that resemble ferromagnesian clay mingra]sAn enrichment, relative to the
arentd gl ass, i n iron and titanium and a
observed15], [155] However, some palagonites can be compositionallyideatical to their

parent glasses, only differing in their far greater82@0) water conterjL60].

Evidently, the dissolution of basaltic glasses may offer considerable insight into the potential
longevity of nuclear waste glasses. However, further research is required to better understand
the similarities and differeces between the dissolution of nuclear and basaltic glfg3es
Furthermore, increasing our understanding of the role of magnesium, which may be crucial to
nuclear waste glass longevity, in basaltic glass dissolution is desirable

2.5.2. Vitrified hillfort materials
Archaeological glasses may also be valuable nuclear waste glass angHld§lesith glasses
from vitrified hillforts being a particularly novel example of thd4é1]. These itrified
hillforts were constructed in the laBronze to Irm-age by fusing together (vitrifying) the wall
rocks of hilltop fortifications across Euroff62]i [165].

Glasses from vitrified hillforts have many unique advantages as nuclear waste glass analogues.
Vitrified hillfort glasses do not show the same alkali/alkaline earth enrichment as other
archaeological glasses; potentially making them more viable as naestr glass analogues

[161], [164] Furthermore, the vast array of glass compositions found at a single site benefit
compositionalddependency studies, whilst the large compositional divelstyveensites

ensures a compositionarrge broad enough to overlap with nuclear waste glass compositions
[165]. Finally, the environmental history of vitrified hillfort sites can be vedlaracterised if

they are of archaeological importarareare in the vicinity of ancient settlemeft4].

However, providing higfcertainty longterm geochemical constraints for archaeological sites

i a necessity for any analogue sty#9] i remains challenging. Furthermore, vitrified hillfort
glasses are low in boron and lithium compared to nuclear gl§s8gkand the surface
alteration conditions may differ from those expected in a GDF. Thédoweature oxidising
environment in which vitrified hillfort glasses alter may be a poor proxy for the warmer more
reducing environment at depth. Alteratiorechanismsnay also differ as surface weathering
and erosion of vitrified hillfort materials is expedt® be replaced by exclusively chemical
corrosion in the GDF. The biological actors that can be influential in vitrified hillfort glass
degradatiorj81] will also likely be absent or at least different in a repository environment.

Regardless of these limitations, studies of vitrified hillfort glasses have provided a wealth of
information valuable tahose interested in nuclear waste glass dissolution and/or the use of
vitrified hillfort materials analogues of thiBroborgvitrified hillfort, in Sweden, is the only

site which is wellstudied from a nuclear waste glass analogue perspgt@se Here, initial
studies deviwaned aa ai tywhpreby rorelegruativie gharacterization of
excavated samples (via XCT and photography) was to be followed bydsstructive
techniques (including drgutting to allow SEM analysis) and finally by destructive analyses
[81]. The importance of water and-@ike preparation in this was emphasised, to avoid biasing
results or irreversibly contaminating samles5]. XCT was also recognised as a particularly
valuable technique, as it provides internal characterisation whilst preserving artefact stability
[165].
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Initial sample characterisation identified two distinct glasses at Broborg: a clear glass
containing Na, K, Al and Si; and a darker more basaltic glass enriched in Fe [@i4, (1866]i

[168]. Alteration of the clear glass was evident as migcale semcircular depletions of Na

and K, however this was only found in areas showing significant evidence of microbial
colonization[81], [166]. Subsequent microbiome characterisation found that the species
colonising thevitrified material indeed had bicorrosive propertiegl69]. Contrastingly, dark
glass surfaces without organic material showed pittivagvever, no sergircular alteration
patterns were found irrespective of the presence or absence of organics on the dg@k]glass
[166]. These glasses remain under active investigation, peiténtial glass alteration phases
within micro-cracks[170], corrosionrelated surface layef$71] and biological factor§l72]

the current foci.

Recent archeological investigations of Dun Deardail vitrified hillfort have provided new
materials which may provide further information relevant to nuclear waste glass dissolution.
Significant quantities of vitrified matied were collected from within the excavated trenches

of this sitein 2015[173], [174] This material, unearthed from beneath a \malnified peat

rich topsoil,is known to comprise variably vitrifiedlasts of calcareous pelite and schist
alongside porphyry and quadtiorite [175]. The degree of sample vitrification was noted to
vary with location (more vitrification on the outer edges and the top of the rampart) and
protolith composition (metamorphic clasts melted more readily than granitic boul@ié&g)
Previous mineralogical analysis has implied vitrification temperatures wer21&€80°C, with
Mossbauer spectroscopy indicating reducing condtiv@6]. The corrosion, dissolution and
weathering of this vitrified material has not previously been studied, despite the unique
information that such investigations could provide.

Aside from this glassy material, charred organic matter (the hypothesised tenofam
supporting timber framework) wadso found [173], [174] Radiocarbon dating of this and
other organic matter indicate & 8entury BC construction for tHaun Deardail hillfort with
inhabitatbn between the'si 2" Century BC and vitrification in ~310 B[176]. Evidence of
re-occupation postitrification was found[177], alongside a crucible fragment and
metalworking waste which were both inferred to evidence ferrous andfernons
metalworking during occupatidi73]. Two hearths, paved floogr{177] and an usvitrified
internal dividing wallwasalso found alongside a heavily corroded iron object, speculatively
identified as a knif¢178].

2.5.3. Simplified and inactive nuclear waste glass analogues
Simplified glasses provide an elementary system which can be built upon as researchers gain
understanding of nuclear waste glass alterd8pn T hese gl asses al so pr
which allows comparison of results from differing research groups, using differing analytical
methods and experimental techniqd®]. Contrastingly, inactive glass analogues are
essential to researchers because these are more manageable, in terms of synthesis and
processing, than their radioactive counterp&ttavever, the reliability of both as analogues to
6trued nucl ear waste glasses should be evalu
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Simplified glass

The International Simple Glass (ISG) is one of the most widely studied simplified nuclear
waste glass analogues.iisimplified sixoxide glass was devised by the International Glass
Corrosion Working Group [10] swch that its main components were common to most
boroaluminosilicate nuclear waste glasses used internationally. The specific abundances of
these elements was based on the composition of SON68 (an inactive simulant of the R7T7
glass formedo incorporatespentfuel reprocessingroductsin France[10], [179]). Though
researchers generalagree that this glass eguately replicates the dissolution behaviour of
French HLW glasf25],[179], it i s not a peitSGemdnslessdutable pl i ¢
than SON68 and develops different phyllosilicate secondary phases after extended dissolution
durationg[25]. More complex glasses can better analogue this HLW {2&$®ecause more
complex glasses amore able to reproduce the cumulative and/or synergistic effects of major
andminor oxide constituents in nuclear waste gla$4, [60].

The comparability of the French HLW glass system and the UK HLW glass systenismay a

be questioned. Simulants of the UKGO6s nucl ear
faster than SON68 by a factor of ten in neutral pH conditjdty and by a factor of two

compared to ISG in alkaline environmefi®]. The secondary phases developed on MW in

both of these experiments also differed from those developed on SONG68 [31IS[E0].

Inactive glass

The reliability of modelling nuclear waste glass dissolution usingradioactive (inactive)
glasses must also be considg&D]. Radiation may alter the composition, microstructure and
bonding within a glass, thereby imgtismg dissolution rates and behavi¢ii81].

Generally,initial dissolution rates of radioactive glasses and their inactive analogues differ
minimally [182]i [187]. This likely results from the inherently high radiation stability of glass
[3] and the glass compositis already containing significant amounts of the elements produced
(in a comparatively small quantity) by transmutat[@88]. Radiation also appears to have
minimal effect on alteration layer properties including thickness, composition and morphology
[180]. This implies thatinactive glasses are able to welbdel the dissolution rates and
mechanisms of their radioactive equivalents during early sfag&$

However, longeterm (e.g. Stage Il) rates have been shown to vary more considerably with
radiation effects. Longerm dissolution rates argaically ten to fifteen times greater in active
relative to inactive glass4¢489]; with the majority of this attributable to radiatiomduced
structural changdd.90]. In some cases, radioactive waste glasses may be up to 40 times more
durable than their inactive counterparts, as radiciysiaced acid generation suppresses or
delays rée resumptiorj180].

Evidently, careful considerations must be made when comparing the expected dissolution of
the UKOGs nuclear waste glass with the disso
based on other nationds Hlulstsgol atherglasstgpesiegs i t i 0
basaltic or archaeological) dissolved in potentially incomparable environments. However, the
study of all of these glasses may offer considerable insight into the mechanisms and dynamics

of HLW glass dissolution; and sbeir study remains imperative.
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3. Experimental Methods

3.1. Sample acquisition & synthesis
Samples used in this study were acquired or synthesised as outliigdriz3.1 and below.

Samples usec
herein

T T

Synthesised sample Acquired samples

Synthesised from Synthesised fron Vitrified hillfort ISG
frit & calcine oxide precursors samples

| T

MW25 Basaltic Hillfort replica
glassseries glass

A
( \
0CalOOMg 30Ca70Mg 50Ca50Mg 70Ca30Mg 100CaOMg
basaltic glass basaltic glass basaltic glass basaltic glass basaltic glass

Figure 3.1. Overview of glasses utilised in this study and their method of synthesis/acquisition.

3.1.1. ISG acquisition
The International Glass Corrosion Working Group provided twods@é annealed blocks of
the International Simple Gda (ISG) for this study. These glasses were produced bgdvio
Corporation (Rolla, MO, USA) and were melted in a platimodium crucible within an
electric furnace at 1300 °C for four hours. The melt was cast into a graphite mould, with the
resulting ingts annealed at 569 °C for six hours before being cooled to room temperature at 1
K min? [13]. Two batches, both with the composition showTable3.1, were used in this
work: Lot L1201260IM12042001 and Lot L120126€M12042501. Batches were assumed
to be identical, hence further traceability was not maintained.

Oxide | Mol. %
SiO 60.32
B2O3 16.43
NaO 12.65
Al20O3 3.68
CaO 5.27
yA(®)) 1.64

Table3.1. Analyseccomposition, in oxide molar percent (Mol. %), of the International Simple
Glass (ISG) used in this study, as stated (originally in mass %) in refdtide
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3.1.2. Hillfort sample acquisition
Seven vitrified stone samples were provided for this project by Amaextia Dolan (of The
University of Stirling). Samples were originally collectedtbg AOC Archaeology group (on
behalf of the Nevis Landscape Partnership and Forestry Commission ScdttandDun
Deardail vitrified hillfort in August 201F178]. For traceability purposes, sample numbers used
herein are preserved from the original archaeological record card provided with the samples.
The prefix three digits (e.gb01-9 relate to a sample context number, with the suffix three
digits reflecting the find number. No further contextual information was provided or available
on request, however 6contexto number s appe
accompanying r@haeological reportl78]. The latter implies that all samples studied in this
work (with context numbers beginning €6 or & é9 are from the vitrified ramparts
uncovered at Trench 6 and Trench 4 of the Eitgufe3.2).

Samples wer@ot washed upon collection; however, they were left exposed to the elements
after collection for an unspecified duration. Ordinarily,-site we-sieving is typically
conducted during archaeological excavations, however this was not completed at the Dun
Deardail excavations due to the absence of nearby running [A&t&rand the logistal
challenges associated with carrying sufficient quantities of water to theghilbcation.

Hillfort samples were thoroughly catalogued and photographed before preparation. The
potential archaeological significance of the samples necessitated ratnomisf destructive
testing and retentionkese of byproducts wherever possible.

Key Vitrified stone
" Natural slope )° Bedrock outcrop
Earth/stone bank ' ' ' Atrtificial slope

1 Archaeological trenct Hillfort ramparts

Figure 3.2. A photograph taken during archaeological excavatian®un Deardail (left) and

a site plan (rightshowing the location of the archaeological trenches. Photograph shared with
permission from Dr AmanddaneDolan, with Trench Location Plan shared with permission
from AOC Archaeology GrouUp78].
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3.1.3. Basaltic glass batching
A standard tholeiitic basaltic glassmposition[156] was modified such that the total molar
percentage of magnesidand calciuroxide remained constant whilst the ratio between these
constituents varied from 0:100 to 100:0 (at 30% intervals) a$ainle 3.2. Aside from
differences in magnesium and calcium, these glasses are expected to be chemically equivalent.
Glasses were synthesised by batching and mixing the appropriate quantities of oxide precursors
(Table3.3), before melting as described in Sect®h.6

Oxide mol. %

Oxide Tgtcgler 0Ca  30Ca 50Ca 70Ca  100Ca
[156j 100Mg 70Mg 50Mg 30Mg OMg
SiO, | 53.654 153295 53295 53.295 53.295 53.295
Al,0s | 9478 9414 9.414 9414 9414 9414
FeOs | 4439 4409 4409 4409  4.409  4.409
Na:O | 2815 2796 2796 2796 2796  2.796
Li.0 | 2187 2172 2172 2172 2172 2172
CaO | 12.642 0.000 7.779 10.844 18151 25.932
MgO | 12.791 25932 18.151 15088 7.779  0.000
P.O0s | 0.046 0046 0.046 0.046 0046  0.046
SrO | 0227 0225 0225 0225 0225 0225
MnO. | 0.143 | 0.142 0142 0142 0142  0.142
K:0 | 048 0131 0131 0131 0.131 0131
TiO> | 1448 1438 1438 1438 1438 1438

Table3.2. Compositions, in oxide molar percentage as batched, of basaltic glasses synthesised
in this study (no shading) and the base glass which they were based on (grey shading). Note

the variable CaO:MgO ratio (in italics).

Oxide precursor Composition Supplier Purity
Silica sand SiO; Loch Aline sand  99.5%
Sodium carbonate NaCOs SigmaAldrich 99.9%
Calcium carbonate CaCQ SigmaAldrich 99.9%
Potassium carbonate K2CGOs Alfa Aesar 99%
Magnesium carbonate, hydratec MgCOs Fisher 99%
Aluminium hydroxide Al(OH)s SigmaAldrich 99%
Ammonium dihydrogen phosphat NH4HPQy Alfa Aesar 98%
Titanium (V) oxide TiO2 SigmaAldrich 99.8%
Strontium nitrate Sr(NGs)2 Aldrich >=98%
Lithium carbonate LioCGOs Alfa Aesar 99%
Iron (IIl) oxide FeOs Alfa Aesar 98%
Manganese (Il) carbonate MnCGQs Alfa Aesar 99.9%

Table 3.3. Oxide precursors used to synthesise the basaltic glass series.
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3.1.4. Replica hillfort glass batching
Scanning Electron Microscopy and Energy Dispersivera§ Spectroscop{SEM-EDS;
Section3.4.2 was used to estimate the composition of the assyasdy material within the
vitrified stone samples. Seven SHBDS spectra were taken from featureless (crfstal)
locations within the interior cbample #41@101; with the average composition of #eeused
to give a 06t ar g €able3g)l This glasscwasrsgnthesised ibyo batéhing and
mixing oxide precursorsT@ble3.3), before it was melted as in Secti®11.6

BN Mol.%

Actual Replica
Oxide Hillfort hillfort
Agl ag glass
SiOz 61.55 62.74
Al203 11.36 11.05
K20 6.91 5.44
NaO 11.08 11.03
FexOs 2.36 2.50
CaO 4.58 5.20
MgO 2.16 2.03
Table3.4: CompositionoAr eas hypot hesised to be glassy i1
Hill fort o6glassé60o) and the replica glass sy
glasso). Compositions, in oxi-EDS. mol e percent

3.1.5. MW25 glass batchirg
Al kal i borosilicate base gl ass ofrité (MWO
(WRW17), both provided by Mike Harrison at NNL, were combined in proportions calculated
to ensure the final glass comprised 25 weight percent Magnox (MA&t25 glassTable3.5).
The effect of denitration upon heating was mitigateg calculatingthe expected nitrate loss
(RN%) usingEquation3.3
. v 0
Y pTT S ;
v U
where isU0 is the mass of empty crucible (@) is the mass of crucible and calcine sample

before heating to 1000 °C (ghd0 is the mass of crucible and calci after heating to
1000 °C The required calcine quantity can then be calculated &sjogtion3.4

Equation3.3

o T cv Equation3.4
P prmmyYlp

wherew is the amount of calcine to add for a 25% waste loading.

Lithium carbonate {able 3.3) was added to simulate processes at the Sellafield vitrification
plant (where lithium is added during calcination to suppress spinel formation). The additional
lithium quantity required was eql to the lithium already present in the frit. These components
were added to a platinunmodium crucible and melted as outlined in Sec8dn6
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Oxide Mol. % Oxide | Mol. %
Al203 2.80 Na2O 8.84
B203 15.86 Nd20s3 0.36
BaO 0.20 NiO 0.32
CaO 0.00 Pr203 0.11
CeO 0.43 RuO:2 0.37
Cr20s3 0.26 SiO2 50.50
Cs0 0.25 SmOs3 0.07
FexO3 1.19 SnO 0.00
La203 0.12 SrO 0.18
Li2O 8.93 Te® 0.07
MgO 7.52 Y203 0.05
MnO2 0.00 ZnO 0.00
MoOs 0.65 ZrO2 0.74

Table3.5. Nominal composition of MW25 glass in oxide molar percenia@2], [193]

3.1.6. Glass melting
All batched reagents/components were then added to separate pldtodiom crucibles and
were melted under the conditions outlined able3.6.

Basaltic MW25 Hillfort
glass glass
Melt temp, °C 1450 1050 1650
Melt duration (static + stir), hour| 5(1+4) 5 (1+4) 2.5 (2.5+0)
Annealing temperature, °C 670 500 N/A
Annealing duration, hours 1 1 N/A
Cooling rate, °C min 1 1 Uncontrolled
Furnace type Electric  Electric Muffle
Stirred Yes Yes No
Crucible material Platinum Platinum  Platinum

Table 3.6. Melting and processing conditions used in glass synthesis fasttiug.

Basaltic and MW25 melts were then poured into aha@@&ed iron ingot mould and were
transferred into the annealing furnace within minutes of pouring. Replica hillfort glasses could
not be poured owing to their high viscosity. Instead, the cruaiaséepartly submerged in water

for ~1 minute, before being allowed to cool (unaided) to room temperature. The glass was then
removed from the crucible using a hammer and chisel.
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3.2. Dissolution methodology
A comparison of the dissolution methodologies utilised in this work is providédhle 3.7,
with further details below. Monolith testing was completedillow detailed examination of
alteration layers; whilst the larger surface area provided by a powder test allowing greater
reaction progress to be probed (though the latter is arguably limited by the more modest
temperatures necessitated by gneaterevaporative loss in these tests).

MCC PCT
Sample type Glass monoliths Glass powders
Temperature 90 °C (£ 2°C) 50°C (x2°C)
Glass SA 0.0004 M (400 mn%; + 10%) 0.02 nf (20000 mm + 5%)
Leachant V 0.00004 M (40 ml; = 10%) 0.00001 M (10ml; + 5%)
SAV 10 nt 2000 m*
Glasses tested|
@ | 0Ca100Mg Y Y
Eﬂ 30Ca70Mg U \Y
= 50Ca50Mg V \Y
¢ | 70Ca30Mg U \Y
@ | 100Ca0OMg \ \Y
ISG V \Y
MW25 V \Y
Leachant UHQ (Ultra High Quality) water UHQ (Ultra High Quality) water
Atmosphere Oxic (atmospheric air) Oxic (atmospheric air)
T|$2§Sps 28, 56, 112, 224, 461(/468), 67. 7, 14, 28, 56, 112, 224 days

Table3.7. Summary comparison of dissolution experiment parameter used siutlis

3.2.1. MCC-1
Chosen glasses from the synthesised basaltic glass series (0CalOOMg, 50Ca50Mg &
100CaOMg) alongside both ISG and MW25 were prepared following the Materials
Characterisation Centre Test{MCC-1) procedure, as defined by ASTM standard C1220
[194]. This static leaching test utilises monolithic samples which are stored (at 40, 70, or 90
°C) in a leachant volume such to ensure a glass sudiea to leachant volume (SA:V) ratio
of 10 + 0.5 m'. A temperature of 90 °C was utilised to allow comparisons with other works
and to maximise probable dissolution rates whilst limiting potential evaporative losses (likely
to be problematic at temperads > 100 °C). Samples were tested in triplicate, with two
additional blank vessetontaining only leachanprepared per timepoint.

For this, glass ingots were cut into 6écoupo
Secatorrb0 and/or Buehler Isomalow saw, both with a diamond blade and Isomet cutting

fluid. Coupons were then ground (using P6a@800 and P120@yrit SIC abrasive papers
successively) and polished using a Buehler EcoMet 250 Pro and/or a Kemet 300 Lapping and
Polishing wheel (the tkest age pol i shing pr ocesdwil-bmasedut i | i s
di amond suspension | iquid with seogldbasadt e Met
diamond suspension with a MetPrep cashmere cloth). Coupons were subsequently placed in an
ultrasonic bath @ntaining Ultra High Quality (UHQ) water and isopropanol sequentially, for

three minutes per cycle, before samples were allowed to dry at 90 °C overnight.
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Coupons were then placed into clean (washed via-anuse modified version of the method
outlinedin ASTM C1285[195]) Savillex 60 ml perfluoralkoxy (PFA) Teflon standard vessels
containing a support screen (Obasket®® of th
Ultra-High Quality (UHQ) water i h a resi stivity of 18.2 Mq)
guantities to these vessels using a FinnPipette F1 vaxiahlee pipettor, with 10 ml
FinnPipette tips. The required leachant volume for each timestep was calculated based on the
average geometric dace area measured for all monoliths of a given timestep. Though it is
possible to vary this depending on specific monolith dimensions, this was not undertaken here

to minimise the likelihood of human error and tispgent making arbitrarily fine adjustnten
Subsequent calculations (Sect®2.3 utilised monolithspecific surface areas.

Vessels (containing leachant and a monolith) were then closiggl@ced into a 90 °C GenlLab

MINO/40 oven, as shown iRigure3.3. Aft er the durati dabe37( 6t i me
the vessels were removed from the oven, weighed and allowed to cool to room temperature
before the monolith was removed and allowed tedgyr for 2448 hours before further
processing. Two &juots of solution were then taken using a FinnPipette F1 vaallene

pipettor (as previously): The first 446 ml aliquot was transferred into a polypropylene
centrifuge tube where the pH was measured as in S&dok The second, similarly sized,

aliquot was forced (using a polyethylemed | y pr opyl ene syringe) thro
cellulose acetate filter and then acidified witldl. % ukrapure concentrated nitric acid (to

avoid precipitation of secondary phases prior to elemental analysis). Any remaining solution
was disposed of; however, the first (unfilteredaandified) aliquot taken was speculatively

retained for possible furthervastigation. Acidified solutions were subsequently analysed via
ICP-OES (Sectior8.4.2, with monoliths prepared for SEM analysis (SecBoh2.

Vessel
Glass ‘ \
coupON

Support
scree

Leachant™

Figure 3.3: Schematic representation of ME&CQprocedure followed in this study.
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3.2.2. PCT-B
The entire basaltic glass series, alongside ISG and MW25, were tested following the Product
Consistency Tests (PGB) as defined by ASTM standardl@8514 [195]. This temperature
controlled static test utilises powdered samples submerged in a leachate in quantities to ensure
an SA:V ratio of 2000 m. An experiment temperature of 50 °C was selected after trials at
90°C resulted in unacceptably high evaporative loss, to allow comparison with other authors
[60], [82] and based on the current GDF specifications (max air temperad0f€¥in the UK
[196]. Temperatures of 480 °C are also more consistent with geothermalignas! which
state that temperature typically increase by3@5°C with every kilometre of deptfi97].
Experiments were undertaken in triplicate, with duplicate blank vessels per timepoint.

Glassingotswere sizereduced using a percussion pestle and mortar and were sieved to obtain
the75150 em size fraction. &lqtowereove adheredpfihes)sn wer e
an ultrasonic bath containing UHQ water and isopropanol sequentially until each waste
solution was visibly particulatiree (circa 3660 minutes per washing stage). After oven

drying (at 90°C for ~8 hours), powder densitye@sured via pycnometery in Secti®d.])

was used to calculate the sample volume required to achieve the desired target surface area
(Table3.7). These geometric surface area calculations assumed spherical particles of a fixed
diameter equal to the mean of the size fradi®®d].

Powders were then weighed and added to 15 ml PFA test vessels, which had previously been
cleaned via an modified version of the method outlined in ASTM CI58g. UHQ water, of

the same type added in Sect®2.1, was added to these vessels (using the same pipettor/tips
outlined in Sectior3.2.]), before vessels were closed, tightened and placed into a 50 °C
GenLab MINO/40 oven, as shownhigure3.4.

Figure 3.4. Schematic representatiari PCT-B procedure followed in this study.

After a given time intervall{able3.7) vessels were removed from the oven, allowed to cool to
ambient tempratures and then weighed. Two aliquots of solution were then taken: One seven
millilitre aliquot was filtered and acidified (as in Secti8r2.1), whilst the remaining 3 ml

was removed and used for pH measurement (Se8t#f. No unracidified solutions were
retained, however acidified solutis were subsequently analysed via4GPES (sectior3.4.2).
Vessels (containing glass powder and minimal leachate) were then placed into a modestly
heated (30 °C) drying oven fori848 hours before powder was removed and prepared for SEM
analysis (Sectio3.3.]).
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3.2.3. Leachate normalised mass lossalculations
Leachate concentrations (from ICFES analysis, Sectid®i4.2 were numerically processed
to correct for four factors:1j evaporative dss of solution during testing (pedissolution
vessel mass was used to estimate th®y)béckground elemental concentrations (potentially
derived from inadequate vessel cleaning or leaching of the vessel itself and measured from a
Abl anko vning enly leackam)B) gkass surface area (based on the measurements
made ornindividual samples, including the monolith dimensions in MCC and the exact powder
mass for PCT), and4) the initial glass composition.

These corrections were made via the @altton d a normalised mass loss (Nin gn?) for
each element (i) in each glass, as outlined by A$T9], [195]and given by

. 0 05 Equation3.5
0 Q ———=—

® Ydow

where Gand Gy, are the average concentration (in g)raf element in the triplicate analysed

| eachates and duplicate fiblankd vessels (con
sample Surface Area @yto leachant Volume (firatio (m?); and (unitless) is the elemental

fraction of i in the initial glassomposition.

The uncertainty in the normalised mass loss was calculated, following Back&olssing

” 6 ” R 6F -
, 00 i " i i ) Equation3.6

6 Ok

where, denotes the relative uncertainty in the subscripted parameter and the macron diacritical
mark denotes the average of the accented parameter @&g.denotes the average
concentration of element i in the blank vessels: theramel ). Relativeuncertainties are

equal to absolute uncertainties on a given measurement divided by the value of that
measurement. Absolute uncertainties ¥0iISA and V were taken to be 5%, 15% and 5%
respectivel y; the term O6uncertaintydéd can b
measurements.
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3.3. Postdissolution sample preparation

3.3.1. SEM, Raman & XRD sample preparation
MCC monoliths were lifted from their support screens, using soft plastic tweezers. Despite the
considerable care, minimal handling and careful choice of manipulating equipment, some
damage to alteration layers during this process was noted. In someveastesstatic energy
(from the user/tweezers) was sufficient to cause the visible loss of thin (near optical
transparency) alteration layer fragments. Nevertheless, most damage was localised (restricted
to the area in contact with tweezers) and crucedi;ples were not washed pdssolution.
Two of the triplicatemonolithsper composition/timestep were placed into plastic sample clips
(which themselves also likely caused localised alteration layer damage), before being mounted
in epoxy resin (80% Bueait EpoxiCureTM 2 Epoxy Resin thoroughly mixed with 20%
Buehler EpoxiCureTM 2 Epoxy Hardener) which wlsnallowed to set for at least 12 hours.
The remaining monolith of the triplicate samples was stored (unmounted) under ambient
conditions within a stafard plastic container.

For PCT tests, a small quantity (~0.2 g) of dried powder from each composition/timestep was
mixed in a ~50:50 ratio with epoxy resin/hardener (see above for details), before the resulting
OpaétlauG/r yd was t mdricakplastiasangle clip (RL5onman dianyeter) and
additional epoxy/hardener was poured around this. The remaining (~0.8 g of) powder was
stored in a sealgalasticvial prior to, in some cases, XRD analysis.

To reveal a cross section, epexypunted sam|l es wer e then ground and
finish as outlined for MCC monoliths in SectiB82.1 Considerable effort was made to limit
alterationlayer damage by minimising platspeed (~121 rpm) arapplied force (8 N) during

this process. Water, previously used as a grinding lubricant was also replaced with isopropanol

at this stage of sample preparation. Raman analysis (S8dlidhwasalsoconducted at this

stage (prior to carbon coating).

After preparation, coppdape was applied to electrically connect the bottom and top of the
resinmounted samples which were then carboatedusing a Quorum Q150T ES Plus. This

was conducted to allow incident dering$8EMr on di
analysis, as this carause beam repulsion and image stability and contrast [d98}5199].

Based on initial observations, three vitrified hillfort samples (Samples#d10#601607 and

#601-602) were selected for further analysis. These were observed to contain optically vitreous
material and had evidence of exposure to an aqudtarateon environment in the form of

probable plant roots. These were prepared as an unmounted fragment and as geological thin
sections for SEM analysis. To prevent disturbance or removal of -a@ltésle alteration

products, preparation involved no watesage and cibased lubricant was used only when

strictly necessary (partly because of the difficulties envisaged in subsequently removing this
from the highly porous samples). Samples #400 and #60-607 were prepared, in a water

sensitive manner, asdolep ol i shed geol ogi cal thin sectior
University, with sampling location carefully consider&aylre3.5). A fragment was atscut

from Sample #60602 using a handperated Vitrex tungsten carbitipped tile saw without

lubricant. To minimise additional sample modification/preparation, and to allow unhindered
Raman analysis subsequently, hillfort samples were not carbon goetetb SEM analysis.

|l nstead, the O6Charge Reductiond SEM mode w
atmospheric air into the sample chamber, thereby allowing some eldigcharging.
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5 mm]

Figure 3.5: Thin section (a) cut from hillfort sample monolith (b) for this study. The section
was cut (red dashed line) to maximise intersection with vitreous material (outlined in green)
and evidence of surfagexposure (roots, arrogd in blue).

XRD was conducted on dissolved and undissolved PCT powders without further preparation.
For XRD of hillfort materials, a fragment of Sample #@@R was removed (using a geological
hammer) and crushed into asignpesttandmdrtarf ~100 ¢

3.3.2. XCT sample preparation
Hillfort samples were placed into the XCT as received, without any further sample preparation.
However, MCC monoliths and PCT powders (after dissolution) were prepared as below.

Attempts were made to scan entire epmgunted MCC monoliths without furthesize
reduction, however trial scans of titype (and at the desired resolution) contained significant
noise. This likely resulted from excess sample thickness which greatly attenuatesl X
reaching the detector despite the high beam power. The nate$ditgh beam power also
potentially oversaturated the detector after the sample had rotated and the significantly thinner
dimension was scanned. XCT samples should be of a minimal thickness and asg@00jatio
parameters not fulfilled by MCC monoliths prior tather size reduction.

Instead, epoxymounted posdti ssol uti on monoliths were size
using an Isomet slow saw (as above). The resulting samples, shown and prepaFeguas in

3.6, comprised: a glass pillar wimintact alteration layer embedded in epoxy; a standalone

glass pillar withoutthe attached alteration layer or epoxy coating; amdalteration layer
embedded into the surface of an epoxy Opill a
novel nature of this methodology.

Samples selected for XCT monolith analysis were of a sglgkes composition (50Ca50Mg
basaltic glass) and had been dissolved for the maximum durations considered herein (672 days
and 468 days). The former choice, of consistent sample composition, allowsrapkirison

of XCT data; whilst the latter choice maxsad the probability of observing (thick) alteration
layers and other features.
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Figure 3.6. Schematic showing how MCC samples were prepared for XCT scanning. Whole
MCC monoliths were first mounted in epoxy (a), before a plane was cut from this (b) and this
plane was cut into pillars (c). Some of these pillars disintegrated upon cutting (d)vdrowe
these samples were retained and scanned. Sectioning was performed using a Buehler Isomet
slow saw, with a diamond blade and Isomet cutting fluid.

Postdi ssol ution PCT powders were also charact e
powders (funnked into a plastic drinking straw capped with sponge at both ends and supported

by adhesive tack) and as powders submerged
transferred into a micepipette tip which was sealed using qulmdnding superglue and

loosely placed adhesive tack, as showRigure3.7). Such novel sample mounting methods

were developed to minimise excesgy attenuation through containment vessels.

Samples selected for XCT powder analysis were all dissolved 50Ca50Mictiiaases. One

sample, scanned only as a dry powder, had been subjected to 112 days of dissolution (at
temperatures of 50 °C, as outlined in SecBd2 ; whi |l st the other, sc
6dryéo, had been dissolving for 353 days at
sample was part of a (failed) trial to test the viability of conducting-teng PCT testing at

high temperaturesAll other powder dissolution testing completed herein was conducted at

50 °C, however samples subjected to this increased dissolution temperature were selected for
XCT analysis after SEM analysis revealed minimal visible dissolution at 50 °C and in the
knowledge that increased dissolution temperatures allow analysis edtigerdissolution. For

clarity, the potentially incomparable dissolution temperature of this sample will be highlighted

in future discussions and sample nomenclature.

—1 Soft -
Plastic drinking 4 20T sponge Adhesive tack

straw
)

<+— Pipette tip

PCT powde

Leachate

Adhesive tack

Figure 3.7. Schematic showing dissolved glass powder samples as prepared for XCT scanning
both (dckrfytd and owetod (right).

31



3.4. Characterisation/Analytical methods

3.4.1. X-ray Diffraction
Xray diffraction ( XRD) is used to investiga
determineifurdi ssol ved synthesised 0gl abosssadto and h
identify any crystalline components in hillfort and pdssolution PCT samples.

In powder XRD, an approximately parallel beam afys with a known wavelengit®) is
directed at a powder specimen. Thesea¥s interact with the sample temerate secondary
diffracted xray beams at specific diffraction angle® that can be related gpacing between
crystallographic planeg@l) via the WulffBragg equatiofi201]

¢ _ ¢Q Qe Equation3.7

whereni s t he diffraction order. Braggobs | aw wil
and diffraction peak) only at certain diffraction angles and the angles at which this occurs can

be used to calculate the interplanar spacing that generated fifaetaih Figure 3.8). A

diffraction pattern is generated by varying the diffraction angle (the angle of the incoming x

ray beam) and measuring the amiggtnength of refracted-says observed at each anff162].

Crystalline materials generate characteristic diffraction patterns (pédkspecific positions

and intensities) that can be compared to reference spectra to allow phase identifisitiad.

of sharp 6Br agg 0 aterassokamgorphoub reatedals,fwhich dacktioaggen p
crystallographic order, are dominated by a single broad peak corresponding to the average
shortrange atomic distances between pairs/clusters of &g

Incident Diffracted
X-rays X-rays
L d A
2 O o o o ® o
d 2 d
L { L ] L {
—@ L L L L Q@

Figure 3.8. lllustration of the WulfBragg Law Equation3.7).

Experimental parameters

Powder sample@vith a grain size of approximately-455 0 & m) -“wadedantofarzevon t
background (polymethyl methacrylate/PMMA) sample holder before the sample surface was
made flush with the container using a glass microscope slide. The sample and holdemwere the

pl aced into a Bruker DRaPhasarc&ERDowEkrh. &84CEt
detector (with a lower and upper discriminator set to 0.19 and 0.27 in order to reject Fe
fluorescence), 1 mm divergence slit, nickel filter, and a working voltagewamnent of 30 kV

and 10mA respectively. Data was collected, in 0.02° intervals with a count time of

0.6 s step, between1® 0 A2d, in scans lasting ~ 40 minu
containing sharp peaks were compared to those in the P@dtdbase from the International

Centre for Diffraction Data (ICDD) for phase analy&63].

32



3.4.2. Scanning Electron Microscopy and Energy Dispersive Xray Spectroscopy
Scanning Electron Microscopy (SEM) is used to characterise sample morphology at a
(sub)micron scale, with the accompanying Energy Dispersiray<Spectroscopy (EDS) able
to elucicate compositional heterogeneity.

Typically in an SEM, electron@roduced via thermionic emission from a tungsten filajnent

are accelerated through a potential difference down a column towards an anode. The
accelerated electrons, now in a beam, are thepesl by a series of apertures and
electromagnetic lenses: condenser lenses reduce the beam size, whilst apertures exclude
extraneous electrons. This beam is then focussed by applying variable current to an objective
lens and rastered (using deflector gpdcross the sample as showirigure3.9.

The electron beam then interacts with a small volume of the sample (known as the interaction
volume) to gearate backscattered electrons, secondary electrons, Auger electronfRagd X
photonsSecondary electromssult from inelastic collision of incident electrons with specimen
electrons. Because of their low energy (<50 eV), only secondary electrons estuiedo

materials surface (<20 nm) are detedi€d8]; hence these can be used to provide topographical
information [204]. In contrast,backscattereelectrons(BSE) result fromelastic collision

between incident electrons andcleii n t he specimen surface (dep
from the coulumbic force of the nuclei (which repels the incident electron away), hence their
abundance depends on 8iee (atomic number) of the element: More backscattered electrons

are generated from regions with a higher ato
areas in BSE imagd205]. BSEs are collected close to the beam aperture because they are
scattered ~180°. Xay photons are generated when electrons in the beam cause ejection of a
so-called Auger electron from a leenergy orbital in the target atom to leave a vacancy. An

election from a higher energy level in this atom subsequently drops down an energy level to

fill this vacancy, and in doing so releases its excess energy (equivalent to the energy difference
between the two electron shells) in the form efay radiation[206]. The amount of energy

released is unique for each element, hence elemental composition can be determined via
Energy Dispersive Xay Spectroscopy (EDX/S). Composition can then be approximately
guantified by measuring the number of emittegla)s per given energy per unit time (i.e.
Apeak MH267).ght s o

Electrons of all types (distinguished on the basis of their energy and scatter angleagsid X

are collected and amplified by detectors. T
per scan dwell point is then used to define the greyscale intensity of an image pixel. This
process is repeated for every pixel in the grid scan, until a full image is generated.

Experimental parameters

Samples were characterised with a Hitachi TM3030 B! coupled with Bruker Quantax

70 EDS. An accelerating voltage of 15kV and a beam current of®2x1as used at a working
distance of seven to nine millimetres and various magnifications. EDS spectra were collected
for at least ten minutes, with BSE iges collected at the maximum available resolution.
Micrograph posprocessing (includingsegmentation and quantification) is described in
subsequent sections.
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Figure 3.9: Schematic of Scanning Electron Microscope including inset showing eaple
interaction volumes. Adapted frd207] and[198].
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3.4.3. Raman Spectroscopy
Raman spectroscopy, which provides data on the vibrational modes of bonds in a material, was
used in this study to elucidate the mineralogical composition of hillfort samples and to reveal
structural differences (attributable to the variable Ca:Mg conierthle basaltic glass series.
Raman spectra were also taken from unaltered regions of the niygeaglasses to allow
comparison with other work.

In this technique, a laser (most commonly producing radiation in the visible range of the
electromagneticectrum (400660 nm), but also potentially the ultraviolet or nedrared

range) produces monochromatic radiation that is focussed onto a point on the sample using a
confocal microscope (which utilises spatial filterkagpinhole apertureto eliminateout-of-

focus light).

The photons comprising this radiation interact with the sample in two ways: Most photons are
elastically scattered at the same wavelength as the incoming radiation (in a process known as
Rayleigh scattering); however, in Ramactive molecules a small proportion of incoming
photons (roughly 1 in P10%) are inelastically scattered at a wavelengtliffering from
(typically lower than) the radiation sourcéhe wavelength difference, or Raman shift (in

cmd) , bet ween indieh) € ainmdc isGarr)tphetoreevdveléngth is given by

Yoa TN QO P P Equation3.8

This Raman shift can provide information about the vibrational and rotational energies of
molecular bonds.

In the Raman technique, this scattered radiaticroiected and focussed (using a concave
mirror) onto a diffraction grating containing a certaimmber of lines or grooves on its surface

per unit |l ength. Thi s gr aTumengpecifometar &s stmivnim 06 d i

Figure 3.10) spatially splits the beam into its constituent wavelengths which can then be
projected on to a Charge Coupled Device (CCD) detector in the focal plane of another
focussing mirror. The CCD, typically a photosensitive silicon device containing a two
dimensioml array of light sensitive elements (pixels) that converts the electrical charge into a
digital value, transmits these data to a computer where it is converted to a spectrum showing
the intensity of scattering versus the Raman shift. The position amditgtef features in the
spectrum reflect the molecular structure and are attributable to specific chemical bonds.

Experimental parameters

For this study, Raman spectra between-2000 cm' were collected using a Renishaw InVia
Raman microscope with a grating of 2,400 lines/mm. Spectra were excited for ten seconds
using a 514 nm line of 25 mW Argon ion laser at 80% power, with ten acquisitions per sampled
area and an image magnification 65

Samples of dissolved glass powders were analysed using this technique, however only grain
interiorswere measured. These wassumed to be pristine/unaltered based on minimal visible
evidence of dissolution on the grain surfaces and the minimal dissolution duration (< 112 days
at 50 °C).
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Figure 3.10. Schematic of Raman microscope, including inset showing details of the -Czerny
Turner design for a spectrometer. Figure afi204].

3.4.4. X-ray Computed Tomography
X-ray Computed Tomography (XCT), which primarily provides data concersamgple
morphology and local density, was used for two purposes in this study: first, to broadly
characterise hillfort samples (including their probable glass content) before spetengal
evidence of dissolution in them; and second to characterisdtération layers and features
formed on laboratorglissolved glasses. Both of these applications are considered novel,
allowing a third purpose to be considered: the development of a methodology to allow XCT
scanning of MCE and PCTtype materials podlissolution; and the development of
guantitative techniques to analyse surfteaures and their potential relation to agueous
surface processes in naturally weathered mporous (pumiceous) materials.

In XCT, electrons are generated (typically via thiemmt emission from a heated element),

before being accelerated by an applied current between the cathode and anode. These electrons
are then focussed into to a spot (of a size
tungsten, molybdenum oopper, as shown iRigure3.11. The interactions of these electrons

with the target material generates Bremsstrahluagy$ and characteristic radiatiohhe

former occurs as electrons approaching the nucleus decelerate and lose energy via photon
emission; whereas the latter occurs as a displaced electron in the target material is substituted
by an electron from a higher energy 1ef&)8]. These Xrays are then released from theay

source (through the vacuum envelope) and propagate, in the direction of travel, as a cone
shaped beam.
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The sample to be scanned, placed in the pgathissbeam, interacts with these incidentays

via two processes: the photoelectric effect (whereby an incidexyt photon collides with and

ejects annner-shell electron from the sample, causing characterigtiy»photon emission as

an outer el ectr on -lévgl torapesit8 plate) anad Canptonescattering y
(whereby incident photon is deflected as it collides witloater shellelectron in he target).

The magnitude of these effects can then be quantified UusamgbertBe er 6 s l aw f
monochromatic xays[208]

‘0 0OQ Equation3.9

Here, the xray intensity transmitted through the samp)ecé&n be related to the initial-day
intensity (o) via the beam travel distance) (@and the local linear attenuation coefficiea. (

The latter (energgependant) coefficient depends primarily on the material density, however

to a lesser extent it is also dependant on the mass attenuation coefficient (approximately
proportional to the cubed atomic number for thea) energies typidly used in XCT;[209],

[210]). Notably, because of the -cependency of the local linear attenuation coefficient,
neither density or composition can be determined or quantified wighpuori knowledge of

one of these factors. Instead, quantitative XCT results are usually considered as relative rather
than absalte number$211).

Any transmitted Xrays then travel through a scintillator (converting theyx photons to

visible light) and potentially also a series of higisolution detector optics (lenses), before

being converted into aglectrical signal by a detector (typically a CCD). This produces a two

di mensi onal radi ograph (sometimes termed a ¢
local variationsiret hr o u g h o u entirathickreess prhees@nmple is then rotated, biep

step, through 360°, with radiographs taken at each step.

Two di mensi onal t omogr ams ¢ a n-dintehsenal vidume 6 r e c o
using computational algorithms. Most commonly this involves using is a filtered back
projection algorithm tdackproject a onalimensional dataset across two dimensiémngure

3.11), however a full discussion of these algorithmic methods is outside the scope of this work
(though[212] does provide this). During this processing various correction methods are applied

to minimise noise, blumg and imaging artefacts; however these artefacts are frequently
impossible to entirely eradicate and are often considerations in XCT S2@#3s[211]

For this study, data (once collected and reconstructed) was subsequently analysed using
Dragonfly software from the Object Research Systems. Details of the software methodologies
developed for this analysis are providedppendix |

Experimental paaimeters
XCT was completed in two oO0cyclesd for this s

The first experimental O6batchdé analysed onl
the Manchester ’Ray Imaging Facility (MXIF), withmage acquisition bypaniel Sykes. In

this, all sk hillfort samples were scanned with a Nikon XT H 225 XCT scarffigufe3.12)

equipped with a 190 kV, 588 uA X-Ray beam and a 0.25 mm copper filt€able 3.8

illustrates how beam current and resolution were varied-sa@ple to account for variable

sample densities and dimensions, whilst maxingispatial resolution and contrg&3],

[214].

37



X Sample Scintillator Vl'.s'ﬁtle High-resolution Desktop
&Y Coneshaped / screen\ '9 detector optics  PC
P

SOUrce % _ray beam v \

rJ?‘“. \

CCD Data

| \ :
! N ~_ processin
e __ T

1,7 - Electrons\ Sample rotation Projections are baek
[/ hit targetto || generates projection;. P 0j ect ed

| Anode make Xrays || from multiple angles/, USing an algorithm to
I T— X-rays produce a 3D datasel
| - |

| |

| Electrons{_ | 14 .| FElectrons | 2 ’e
: p==e | accelerated ! 8\

| Cathode" by voltage : Sampl Data
| — . |10°

| Heated |—" Thermionic |

| filament emission ofl 45° Second

\\\ electrons/ ° ' projection

Figure 3.11. Schematic illustrating a typical XCT system, including insets showingan x
generation method (below; left), ahdw a threedimensional dataset is constructed by taking
projections at various angles (below; centre), and then {paojecting one dimensional
dataset across two dimensions (below; right) and 2D datasets into 3D space.

Sample | Beam No. of Voxel
number | current projections size
(e A (mm?)
601401 53 5013 0.020647
601602 53 4396 0.042757
601604 58 4377 0.060972
601612 58 4238 0.060111
601655 50 3306 0.026572
602639 50 3750 0.03271

Table3.8. Scanning parameters used in XCT of hillfort samples.
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Figure 3.12. The Nikon XT H 225 XCT scanner used in this study (a) and the sample
positioning within the cabinet (b). Samples were not removed from their sample bag and were
held in place using phenolic foam of a sufficiently low density to appear identical to the
surrounding air in scanned images. Note that during scanning the sample appears darker than
the surrounding aif a correlation which is inverted during image reconstruction (see below).

A second experimental plan was devised to study labordissplved PCT and MCGtype)
samples. These data were collected at the Sheffield Tomography Centre (STC), with scans and
reconstructions performed by Ria Mitchel (who also aided considerably in experiment design).
These laboratorgissolved samples (described in $&t8.2.1) were scanned in a Zeiss Xradia

620 Versa equipped with a A®0 kV, <25 W XRay beam and 0.25 mm copper filter. The

620 Versa is also equypd witha rangeof objective lenses (0.4x, 4x, 20x, 40x) and various
Zeiss proprietary filters. The latter, used to filter low energyays, were selected by the
operator to optimise the quality of each scan.

Table3.9 illustrates the range of samples (MCC and PCT, in different forms, with dissolution
durations from 353 672 days) and scan conditions utilised. The range of resolutions (pixel
sizesyutl i sed represent the initial | ow resolut:i
regions of interest to be-szanned at high resolutions.

3.4.1. Pycnometry
Pycnometry was used to determine the density of the hillfort replica glass and the glasses used
in laboratory dissolution experiments. Knowledge of this variable was necessary to determine
the mass of PCT powder required to achieve the desired surface ar¢h9tder more
details).

Densities were determined via gas pycnometry. In this, inert gas is introduced (at a known
pressure) into an empty sealed sample chamber and a baseline pressure measurement is made.
The sample is then placed into the same chamber and the same quaastysahtyoduced at

the same pressure, before a second pressure measurement is made. The pressure differential
can then be used to determine the sample volume (the volume of gas displaced by the sample),
which can be combined with the known sample massaltulate the sample density.

Experimental parameters

Circa one gram of glass powder (<75 e€m) was
1340 Gas Displacement Pycnome8ystem. The average density measurement across ten
purge cycles was calculated using helium introduced at 2.23%Pa s
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Scan Diss. Diss. Samole Objective No. Pixel
Res. dur. exp. P Filter kv HA lense of  size
no. type :
(days) type mag. proj,. (en
Glass + ,
309 | Low 672 MCC AL Air 60 108  0.4x 801 8.6
310 | High 672 MCC G'Aai“ LE3 120 146 20x 1601 0.7
311 | High 672 MCC G'Aai“ LE3 120 146 20x 1601 0.6
PCT Dry
312 | Low 353 (90 °C) powder LE3 110 141 4x 801 1.37
PCT Dry
313 | Low 353 (90 °C) powder LE3 110 141 4x 1601 1.37
. PCT  Dry
314 | High 353 (90 °C) powder LE6 110 141 20x 1601 0.55
PCT Wet
315 | Low 353 (90 °C) powder LE3 110 141 4x 801 1.37
: PCT Wet
316 | High 353 (90 °C) powder LE3 110 141 4x 1601 1.37
: PCT Wet
317 | High 353 (90 °C) powder LE6 110 141 20x 1601 0.55
318 | Low 468 MCC ﬁ\nll_y Air 90 133 4x 1601 1.00
319 | High 468 MCC g\nll_y LE2 90 133 20x 1601 0.54
320 | High 468 MCC g\nll_y LE2 110 141 40x 1601 0.35
321 | Low 468 MCC %ﬁis LE2 110 141  4x 1601 1
: Glass
322 | High 468 MCC only LE4 120 146 20x 1601 0.54
: Glass
333 | High 468 MCC only LES 140 150 40x 1601 0.34

Table 3.9: Scanning parameters used in XCT of laboratdigsolved samples (all 50Ca50Mg
basaltic glasses), including the duration for which samples were dissolved (Diss. dur.), the
experiment type (Diss. exp. type), the number of projections (No. of proj.) amtkidse
proprietary Low Energy (LE) filters used for each scan. For more details of dissolution
experiment meanings/parameters see Se@tian
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3.4.2. Inductively Coupled Plasma Optical Emission Spectroscopy
Inductively Coupled Plasma Optical Emission Spectroscopy was used to determine unaltered
glass compositions and to quantify the elemental contents of leachatesspokition.

In this, the filteed and acidified liquid sample is peristaltically pumped into a nebuliser where

it combines with argon gas to produce an aerosol spray as shokguire 3.13. This is
introduced into a spray chamber which separates the larger droplets (subsequently drained)
from the finer droplets which are directed into the fused silica torch. In the torchrolselae

mix is forced through the centre of an induction coil which generates an electromagnetic field
sufficient to ionize the argon into a plasma. This causes excitation (atomisation and ionization)
of electrons in the sample via two mechanisms: inelastittering of an electrom®)(from an

atom (M) to leave this atom in an excited stai ;

Q 000" Q Equation3.10

and by recombination of an ioM{) with an electrond) which leads to photorhy) emission:

0 QO D Equation3.11

These photons have an energy (wavelength) which is characteristic of each element, and they
are emitted in quantities proportional to the amount of that element in the sample.

Emi tted photons pass through a Owplasdao(@d pos
0 d utypd setup which combines the improved sensitivity provided by axial views with the
increased precision when analysing malgments given by radial viewin@15]). These

optical photons then travel through a higisolution optical system including a spectrometer

(used to separate photons based on their energies) and CCDs (used to convert the optical signal
to an electronione).

Using an accompanying computer, the intensity of the characteristic emission is quantified
before being compared to a calibration curve generated apyioneasuring a set of standard
solutions that contain all measured elements in a range of concentrations.

Argon gas Nebuliser Spray Radial Transfer optics

/

chamber view\ & spectrometer

/

5

Plasma  Axial Signal processing

\ torch view & computer
" Peristétic Waste
Sample  pump effluent

Figure 3.13. Schematic of a standard IGPES system aft¢215].
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Experimental parameters

ICP-OES of glasses prior to their dissolution was conducted externally (by Heather Grievson

of The University of Sheffiel dos-IOP&acility).t y of
For this, all seven glass types studied herein (five basaltic glasses, MW25 and ISG) were
provi ded as fine ( < 7 5 -OES manalyss ottveskewere . fullyPr i or
digested/dissolved in Teflon beaker containing epimee hydrofluoric acid.

Leachate analysiwas carried out by the author using a ThermoFisher iCAPDuo 63000 ICP
OES equipped with a fused silica torch. A suite of ten multi element standards were used in the
calibration of this instrument. Each was prepared usingdugtiity Fluka elemental stdards

of a known concentration (10,000 mg)Lwhich were diluted in 1% ultpure nitric acid to
achieve the concentrations outlinedlable3.10.

Standard el.
number Elemental contents conc.
(name) (ppm)
0 (blank) Nitric acid only 0

1 Minor + Major elements 0.01
2 Minor + Major elements 0.1
3 Minor + Major elements 1
4 Minor + Major elements 10
5 Minor + Major elements 25
6 Minor + Major elements 50
7 Only Major elements 100
8 Only Major elements 150
9 Only Major elements 250

Table 3.10: Contents and elementabncentration (el. conc.) of chemical standard solutions
prepared for ICPOES analysisii Maj or EIl ement so are those exp
~10 ppm (K, Cr, Fe, Na, Al , Zr Mn , Li, Mg ,
expected to be presentat-10 ppm (Pr, Cs, Nd, Mo, Ti, Sr, La, P, Ce).

3.4.3. pH measurement
Leachate pH was measured pdssolution to inform geochemical modelling and to aid in
elucidation of dissolution mechanisms. Digital potentiometric pH meters typically comprise
two electro@s: a measuring electrode and a reference electrode. These are housed within a
single Oprobed in the case of combination el
an Ag/AgCl wire submerged within a potassium chloride solution

Themeasuringelecbtdec onsi st s of a gl ass membrane (or 0
to be tested and the internal buffer solution (KCI). Hydrogen ions in the test solution can diffuse

into or out of the outermost layer of the glass membrane: in alkali test selHitioilons diffuse

outand set up a negative potential on the outer surface, whereas the reverse is true for acidic
solutions Figure3.14). Contrastingly, the electrical charge on imgdeof this probe remains

constant and thus thtetal membrane potential is dependent on the H+ content of the test
solution.

42



lon-selective Buffer Glass

permeable gel layer solution Membrane
N A
Positive : Con*stam H | Negative
charge I neutral | charge
I il
Iy | * Hydrogenion
| | diffusion from
Hydrogen ion HVY: H' ‘ HA/ glass probe
diffusion into™” S\ ; N Hydrogen
lass probe >J_H - i
g P y \\t_ 71 / ions
+
Acidic H L <\Alkaline
solution solution

Neutral solutio
Figure 3.14. A glass membrane and its function in a pH probe. Redrawn [2ft€éi.

The reference electrode is alsobmerged (and in electrical contact with) the sedtition,
however it does not contain a glass meamierthrough which H+ ions can diffuse. The voltage

of this electrode thus remains constant, allowing comparisons to be drawn between the voltage
of the measuring and reference electrode. The electrical potential voltage difference between
the two electrodgcan then be correlated to the test solution pH.

Experimental parameters

pH measurements were conductecbaim temperature (~ 20 °C) using a Mettler Toledo Five
Easy Plus reader and Mettler Toledo LE422 probe. This was calibrated using Lovibond Water
Testing (Tintometer Group) buffers at pH 4, 7 and 11.

3.4.4. Geochemical modelling
Geochemical modelling was uséal gain an indication of which mineral phases may be at
saturation at each measurement timepoint. Note that this modelling gives no indication of
mineral saturationsetweerthe timepoints.

For each timestep, leach@ementatoncentrations (measureJCROES) and leachate pH
were inputted. Boundary conditions were igleintically for all timestepswith pressure set to
1 atmosphere angmperatureset toeither 50°C for PCIB or 90°C for MCC1. Equilibrium
with atmospheric air (gaseous carbon dioxadd oxygenyas also set

These data were inputted into tRBlREEQC(version 3.0) software packaff#l7]. This used
the aforementioned input parameters to calculateAlctivity Producs (AP) and combined
these with equilibrium constants () from the Lawrence Livermore National Laboratory
(LLNL) thermodynamic databa$218]to calculate a saturationdex (Sl) for each phase using

s 000 .
YOI | % Equation3.12

In the resulting output data, phases with a saturation index greater than zero were assumed to
be potentially saturated in the leachate.

3.4.5. Optical Microscopy
Optical microscopy was used to characterise hillfort samples and seek evidence of dissolution.
Samples were magnified (by a 50 to 200 times) using a Nikon Eclipse LV150 microscope.
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4. Dissolution of Simulant and Simplified
HLW Glasses

4.1. Introduction
Studying dissolution of simulant and simplified glasses analogous to those which will be used
in the geological disposal of HLW can significantly aid the global effort to demonstrate the
long-term safety of this disposal method. Such glasses are pallicdhrable because of their
ease of synthesis/handling. Furthermore, comparison between different glasses and
methodologies used to dissolve these can also provide insight into the glass dissolution
processes that may, in the future, impact the safetpmimunities within the hydrological
vicinity of any GDF.

The International Simple Glass (ISG) at@ U K6 s Ma g n (M}V) dldasestepresent

some of the most weitudied examples of these analogues. Significant differences have
previously been observeduring the longerm dissolution of these glasses in Ca(9H)
leachantg60]; however comparative studies using simpler agueous leachates have until now
been absent. This is in spite btnhjkeydssoluboal ue o
mechanisms and the significant uncertainty in the composition of any solutions reaching HLW
glass in future disposal scenariésirther investigations of theggasses islso necessary to

elucidate any differences in their dissolutlmehaviou{60].

In light of that, this chapter presents results from the dissolution of an ISG glass and an MW25
type glass in a pure water leachant via the MC&d PCTB procedures outlined iSection

3.2 Dissolution rates are calculated and compared for both glasses, with glass alteration layers
thoroughly characterised and (where available) used to develop models gulimadteration
mechanisms of these glasses.
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4.2. Results

4.2.1. Pristine glass characterisation
SEMEDS
SEM (Figure 4.1) of undissolved sampleshows ISG to be uniform and singlbase, as in
other studies[219]. In contrast, unaltered MW25 samples contain clusters of angular
precipitates, each df2 um in size. EDS indicates these predominantly comprise chromium
and iron as quantified ifrigure 4.1. Powder samples, prior to dissolution, show acef
fracturing within a ~1 pm perimeter of their edges

ISG MW25

|
|

MCC-1 (monolith)
X

Element Wt.%

Chromium | 17.69
Iron 13.19

Silicon 8.34
Magnesium| 8.07
Nickel 6.82
Aluminium | 2.63

PCT-B (powder)

Figure 4.1. BSE images of MW25 and ISG after preparations as monoliths and powders (left),
with precipitates (arrowed in red) shown and quantified using EDS (right).

Acid-digest & ICROES
Glass compositionsmeasured via acid digest and HOES are given inTable 4.1 (for
constituents present in at least one glass in quantities greater than one weight percentage).

ISG  MW25
SiO2 56.35 50.10
B203 18.60 17.56
NazO | 14.10 9.01
Al203 3.57 2.55
CaO 5.77 0.24
ZrO2 1.29 0.67
Li20 0.00 6.93
MgO 0.08 7.83
Fe20Os | 0.08 1.56
Table4.1. Compositions, in oxide molar percentage, of ISG and MW25. MW25 also contains
a range of minor elements (<1 wt. % each), which are not shown here for brevity. Errors
assumed to be +1% for major elements and £5% for minor elements.
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XRD

Figure4.2 presents XRD patterns taken from pristine, undissolved, MW25. Diffuse scattering

is evident as the dominant broad peak from~15tA20d, and as a@eakfower a m|
~40t0 50A 2 d . No other notable peaks are dayscerni
amorphous in previous studigl 9].

1. MW25
L
Howd \
8 Wi, ‘
i U

Angle (°26)
Figure 4.2: XRD pattern of pristin¢undissolved) MW25

RamanSpectroscopy
Raman spectra collected from both a precipit
in Figure4.3. I n the gl ass 06 mhaideydoublépeal was obseaved tolbe 3 50

centred around ~340 and 48, with another similar width peak at ~920 ¢mwontaining a
shoulder at ~875 cth Lower amplitude (~208mt wide) peaks were also observed at
~1400 cm' and 1680 cm. All of these peaks are similarly evident, though with a reduced
amplitude, in Raman of the precipitate component, however this spectrum is dominated by the
presence foa narrower (100 crhwidth) peak at ~700 crh

n - - - -MW25 precipitate
- —— MW25 glass

Counts (arbitrary units)

200 400 600 800 1000 1200 1400 1600 1800 2000
Raman shift (cm™)
Figure 4.3: Raman spectra of pristine MW25 sample from an area observed to be-tmgstal

A

(6gl assb6) and a precipitate.
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4.2.2. pH
Leachate pH evolution during the dissolution of ISG and MW25 is showigure4.4, with
error bars indicating the standard deviation between triplgamples.

In all experiments blank vessels, containing only UHQ water, typically have a large
repeatability error (frequently > 1 pH units), with measured pH values @f% Two blanks

are shown for the penultimate MECtimestep because samples frdms ttimestep were
initiated asynchronously with separate bl ank

MW25 and ISG show a similar trend in MECexperiments, though MW25 shows somewhat
higher absolute pH values (typically exceeding ISG by ~0.5 pH units). Assumegral pH

initially, pH rises to a value of 9.5 by 56 days of dissolution for MW25 and to a pH value of
9.3 by 112 days for ISG. Measured pH for both glasses then decrease to pH ~9.1 (by 224 days
of dissolution), before plateauing at this value for MW@8amtinuing to fall slightly (to values

of 8.9) and then plateauing beyond 468 days for ISG.

In PCT-B tests, MW25 shows a similar trend to that shown for MC€sts, increasing to pH
values of 9.9 within 14 days of dissolution before decreasing arehplag at a value of 9.4

by day 112. For ISG, pH rises to 9.4 within 7 days of dissolution, before plateauing at this level
until somewhere from 28 to 56 days of dissolution where pH values decreaseThi® 2H

value is then gproximatelysustainedintil at least day 224 of dissolution.

9 - 9 -
1 _ 8 T+ H
SR s 1y 1 7 7
1.4 o o 19 ¢ ¢ ' ‘
w64 O : 26 :
L 41 o : L
AR 5°1%
a41 19 ° o 54
3 i 3 4
2 2
I S e e e ML I e S S SRR B e s 1 — 71—
0 100 200 300 400 500 600 700 0 50 100 150 200
Duration (days) Duration (days)
10.0 4 215G 10, °ISG
1 m
95 LR BMW25 o5 . F . EMW25
- 3 - - oo by e
—9.0 o 2 @ S
. & & ¢ = 9 I
= 2
£8s 85
T =
5 8.0 I g/
7.5 75
70+ 7
0 200 400 600 0 50 100 150 200

Duration (days) Duration (days)

Figure 4.4. Measuredeachate pH after MCQ (left) and PCIB (right) dissolution of ISG,
and MW25. Note that in MCC experiments the pH of 50Ca50Mg and MW25 wer&-nea
identical at 28 days, as also occurs for ISG and 50Ca50Mg at 56 Hays.is within the
extent of the plotted datapoint in MEChlank vessels after 461 and 672 days of dissolution.
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4.2.3. Normalised mass losses
Normalised mass loss (NL) values calculated for selected elemeats $hown irFigure4.5
andFigure 4.6 for MCC-1 and PCTB experiments respectively. Elementslude all those
measured in ISG (séable4.1) and all elements present in MW25 in quantities greater than
five weight percent. Zirconium, althoughesent in ISG, is omitted for brevity and because it
shows no meaningful or consistent trend for either glass composition.

Boron and sodium mass loss values in MCExperiments show similétendsto each other,
however sodium normalised mass losses yiedlly three to four times larger in terms of
absolute values. In both sodium and boron, all glasses show an approximately logarithmic
increase initially, reaching an approximate plateau within 112 days of dissolution for ISG. For
MW?25 this plateau is nver achieved, with a circa linear increase instead observed from 112
days of glass dissolution onwards. With regaralteolutevalues, Nlva and NLs values for

ISG and MW25 are approximately within error for the first 224 days of dissolution, before
valuesfor MW25 begin exceeding those for ISG by an amereasing factor.

Silicon normalised mass loss values show similar trends to those for Na and B with a few
exceptions. For MW25, for example, Nlvalues appear to plateau after 112 days, whilst for
NLn~aand NLs this was not observed. Absolute §italues beyond 112 days of ISG dissolution
also exceed those for MW25 (by a factor of-2.5) in a manner not observed for dland

NLg data.

For MW25, NLug shows a decrease from0:25g m2 (at 28 days of dissolution) twearzero
values(where they remain for the remainder of the test durabgrjissolution day6. For

NLai, both glasses show an exponentially decreasing trend with dissolution duration, with
absolute values typically two three times lower for MW25 compared to ISG.

For ISG, alcium normalised mass losses appear approximately constant, though with some
evidence of a modest linear increase from values gfm# by dissolution day 28 to ~51g

by 672 days. Values for M@b are consistently zero until dissolution day 672 when values
reach ~2) m, however the error on this measurement is substantial
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Figure 4.5. Normalised mass loss (NL) values calculated aftedibgolution, via the MCQ

procedure, of ISG and MW25.
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In PCT-B experiments, Nk.shows a similar trend to Nk Values rise linearly throughout the
experiment, but at different rates. This increase is relatively rapid betw2gdays, with the
greatesrate of increase observed for MW25. Rates of increase then slow from 28 to 112 days
of dissolution, with this again appearing slightly more rapid for MW25. By 28 days of
dissolution the absolute Nka and NLs values for MW25 exceed those for ISG, withsth
deviation then increasing from a difference of 1 g at 28 days) to 3 g m(by day 112).
Absolute values for MW25 exceed those for ISG for all timesteps excluding seven days of
dissolution. A final more rapid increase may be speculated betweei2241days of
dissolution (although this is dependent on the two bounding datapoints for this period), with
this rate of increase again appearing larger for MW25.

For silicon normalised mass loss, values for ISG are constant for the first 112 days of
dissoluion (~0.06 g rtf), before increasing to ~0.08 g2y day 224. For MW25, Nd.values
increase linearly from ~0.04 gfrio ~0.06 g rif between seven and 28 days of dissolution.
The latter value is then approximately maintained for the remaining test duration, although
there may be a subtle (within error) decrease of 0.005 gtrday 112 of dissolution, which is
recovered by alteratiothay 224. Absolute Nd; values for ISG and MW25 are within error for

all dissolution durations except day seven, where MW25 has a value of
~ 0.02g m? below that for ISG.

For NLcq, ISG shows similar trends to those fordllan approximate linear increasevalues

for the first 56 days of dissolution, before this rate of linear increase slows between dissolution
day 56 and 224. For MW25, the bllirend is more complex: with an increase from resD

values to 0.025 g rbetween day seven and 28 of dission followed by a decrease back to
zero, where normalised mass losses remain, by alteration day 112.

ISG consistently maintains a nesro (~0.0001 g ) aluminium normalised mass loss for
the entire experiment duration. MW25 Nlis similarly negliggable until dissolution day 28,
before values increase to ~0.005 and then to ~0.0172 gtn®6 to 112 days of dissolution
respectively. Nl has fallen to zero by day 224 for MW25.

MW25 NLyg values show éittle consistentrend: decreasing from 0.025 grto 0.01 g ¥
between seven and 14 days of dissolution, before remaining at this value until dissolution day
28. NLuvg then rapidly increases to 0.g3n2 by day 56, before linearly decreasing to rear
zero by day 224 of alteration.
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4.2.4. SEM EDS analysis
MCC-1/BSE
Figure 4.7 shows representative SEBSE images from ISG and MW25 at each MCC
timestep. To facilitate comparison, images are of an identical magnification and wherever
possible are from areasee from vermiform features(see Chapter6). Note that layer
thicknesses are further described and quantified in Set@oh

For 1 SG, two distinct surface | ayers are evi
layer (Layer 1) has a roughly constant thickness across the monolith (see S&&ibifor
guantification), thoughtiis laterally discontinuous due to regular breakages across its length.

This layer is of comparable greyscale mdiy to the pristine sample internally. Moving

inwards from this, the second layegager 2) is notably darker in greyscale intensity than either

the pristine glass or Layer 1. The layer also varies considerably inthéhessacross the

monolith, with occasional scallephape protrusions penetrating microns into the pristine glass.

By day 56 of dissolution, Layer 1 has increased in thickness (see Se&igrand the edges

of its constituent fragmented O6bl ocksdé incr .
arcuate or curvilinear features than were evident previously. Layer 2 shows miromatd o

thickness, however the scallppotrusions have increased in their depth of penetration (now
reachinguptold 5 em from the apparent glass surface
in greyscale intensity to Layer 2 to the unaided eye, lddtanalysis of greyscale histograms
(Figure48) r eveal these to be slightly o&édarker o
these protrusionssaa separate laydrayer3. Thi s i s separated from L
Obrighté | ayer which is unquantifiable using

Layer 1 remains relatively unchanged after 112 days of dissolution, with Layer 2 also showing

little difference except a potential increase in thickness (Set&dj. Layer 3 now penetrates

up to ~60 em from t he rdapcpwiththeirsergrdularsispegiur f ac e
cross section), these protrusions have increased in width at the same rate they have grown in
penetration depth. This increase in radii allows individual protrusions to have, by this stage,
combined to form a moreontinuous layer, though the scalloped edge to this layer remains.

Little change in Layer 1 and 2 is observed between 112 to 224 days of dissolution, although
both may have modestly increased in depth. Layer 3, by this stage, is nearly entineditem

across the surface of the monolith. The scalloped edge to this layer observed at 112 days of
dissolution is by now increasingly replaced by an irregular boundary. This is characterised by
angular épproximatelyrectangular) protrusions which can be accommgx by isolated
globularorwedlr ounded 6i sl andsd of altered gl ass wi

By 468 days of dissolution, Layer 3 appears compositioitehyded in BSE images. Though

uniform for its outermost 286 0 & m, mo v i m this {towavds thel pistirie glass) the

layer shows micron hi ckness O&6stripesd of materi al sim
zone. These are separated by Obri ghregalardé =z one
interval s ( gl pones exjend ouiversie(toviards the leachate) in micrometre
thin bright bands orientated perpemaifdullarke
morphology (as if bread rolls or brebdsed patisseries have coalesced as they extended
laterallyduring their batctbaking).
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Figure 4.7. SEMBSE images of MW25 and ISG after MCdissolution for various times.
|l mages all of same scale, with a 20 em scal e
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Figure 4.8. Left Histogram of pixel greyscale intensities for ISG MC@onolith (dissolved
for 112 days) with deconvolution to show the distinct contributions from three separate layers.
Right: The three identified surface layersigtrated and segmented in an SBME image.

The surface layers developed on ISG show significant changes by 672 days of dissolution.
Layer 1 appears to be absent across much of the monolith surface, however isipeeseint

it appears thicker than aftd68 days of dissolution. A second more laterally continuous sub
layer (of similar greyscale intensity to Layer 1, hence its classificaticulaiyer 1a) has
formed atop the initial more broken/blocky layer in some places. Layer 1, where present,
appeas to have grown in depth at the expense of Layer 2 which is also frequently absent.
Instead, Layer 1 (where present) is regularly in 1ti@ct contact with the bright layer that
previously demarcated the boundary between Layer 2 and Layer 3. Layehaveagcreased

in thickness, with the compositional smbning nelonger evident. The boundary between
Layer 3 and the pristine glass remains characterised by fimagglobularlike protrusions of

up to 10 em in | ength.

For MW25, two distinct zones dayers are visible by 28 days of dissolution. The outermost
layer at this stagelLéyer 2) is of similar greyscale intensity to the pristine sample. The
otherwise relatively diffuse boundary between this layer and the below Layer 3 is often
demarcated by thpresence of wetiounded globular bright occurrences approximately one to
two microns in diametet.ayer 3, initially of a similar thickness to Lay&;, appears darker
than the pristine glass; exhibiting a slightly scalloped boundary with it. Layer 2, much like
Layer3, is laterally continuous across the surface of the moriolitith no significant breaks.

Within 56 days of dissolution Layer 2 in MW2Z&ppears tchave increased modestly in

thickness (Sectio.2.5 with the brighter particles at
potentially having ioreased in average diameter (to a few microns). Layer 3 has increased in
thickness, but in a discontinuous manhe&xt endi ng i nstead as penet
oblongorspires hape. Protrusions appear to reach a n
day 56) into the glass. Those protrusions with an obgirape typically have a penetration
depth equal to the maximum value, whilst tho
penetrate a lesser distance, potentially implying that featurtes i | | y &égr owd i n

they reach a maxi mum depth and then they gro
layer, evident from day 112 onwards at the scale showigumre4.9, is evident on the outer
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surface of Layer 2 (i.e. at the once interface between the dissolved glass layer and the leachate).
This layer, termedLayer 1, appears darker in BSE images than the pristine glassimila
greyscale intensity to Layer 3. Layer 1 appears laterally continuous, but is too thin by
dissolution day 56 to comment any further on its internal features or characteristics.

No new features or layers are evident after 112 days of dissolution, h@eewehave become

more pronounced. Layer 1 has increased in thickness, with Layer 2 relatively constant and
Layer 3 now penetrating to a maximum &6édeptho
from the alteration layer/epoxy boundary). The brightiples at the Layer 2/3 boundary show

some evidence of having increased minimally in average radius, with many of these now
appearing to 6fané inwards (towards the pris

Micrographs taken after 224 days of dissolution shayer 1 has continued to increase in

depth (Sectiod.2.5, with this layer now observably fibrous in morphology. Between Layer 1

and Layer 2 an addiinal sublayer is becoming increasingly evideintcomprised of sub

mi cr on ( < 6phéresofrhfghten materiad, far below the resolution of EDS. Layer

2 remains relatively unchanged in depth, though the bright features at the t3apeudary

may have increased in maximum di ameter. Laye
into the glass (10 em more than at 112 days
protrusions originate shows some evidence of migrating inwards. In other wonasnitnem

thickness of Layer 3 increases.

Similar trends are evident from 224 to 468 days. Layer 1, by 468 days of dissolution, has grown
in depth consider abl y -li&kewith roughly clarppp @ alustersaf c ot t ©
fibrous materials. Bright $peres at the Layer2 interface appear to have increased in average

size, with the maxi mum penetration depth of
it was at 224 days. The only significant change by 672 days of dissolution is that the maximum
penetration depth of Layer 3 has increased t

Quantitative analysis of the bright O&éwhitebd
and Layer 3 reveal amperfect, and only verapproximate logarithmic increase in the
maximum diameter ofhese with dissolution duratiorrigure 4.10). However, no trend is

evident inmeansphere diameters.

Figure 4.9. High magnification BSESEM images of MW25 aftaMCC-1 dissolution for
various durations (indicated, in days, in top right). All images of same scale to aid comparison.
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MCC-1/EDS

The 6rawbd composi ti o-BBS,ofsarfacedagetsd dewlibpedionl86&6i ng S
are shown for various dissolution durationsTable 4.2a-c respectively. Note that Layer 1

could not be quantified before dissolution day 112, and layer 3 could not be measured until day

56. Further note that due to its low atomic numberon cannot be measured in EDS, however

it is not expected to betainedn surface layers in significant quantitigs], [70], [220]

Data show that Layer 1 compromises predominantly silicon and zirconium, with minor calcium
and aluminium and only a trace of sodium. No consistent trends with dissolution duration were
noted. Layer 2 is similar but with much less zirconium; instead predominantly compromising
mostly silica, with minor aluminium, calcium and zirconium and only a trace of sodium. No
large or consistent trends with dissolution duration were noted, though sathiarply
decreases between 28 to 56 days of dissolution, whilst aluminium and zirconium may show
increasing influence with experiment duration. Layer 3 is similar to layer 2.

Recalculating surface layer composition as a proportion of elemental abundancsine

glass Figure4.11) highlights these trends. Layer 1, has a strong enrichment in zirconium (up
to four times that in pristine with a significant depletion in sodium and only slight calcium
and aluminium enrichment (maximulb times origingl

Layer 2 shows an aluminium enrichment u@ % timeshigher tharthe pristine composition,
with this enrichment showing some evidewténcreasing with dissolution duration. Calcium
may show a similar increasing enrichment trend (ugvtoe that of pristingwith experiment
duration. A modest (max.3-2 times)enrichment in zirconium is observed, with a significant
depletion in sodiumSilicon is typically depleted modestl§.7-0.8 timespristine) for the first
468 days of dissolution, with a moderate enrichmgrz {0 1.3 timegpristine) beyond this.

The innermost layer (Layer 3) appears consistently enriched in all elements sodiejpn
(typically depleted t®.05-0.1 timesthat of pristine glass). This is most notable for zirconium
(1.5-2 enrichment and aluminium (typically ~X-2 ), with calcium close behind (mostly
1.5-1.8 ). Silica is typically present in similar quantitisthe pristine glas9(851.15 ).
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1.91 (0.11) 3.71(0.2) 3.85 (0.2) 2.09 (0.12)

3.72 (0.14) 4.55 (0.16) 6.08 (0.21) 6.03 (0.2)

10.12 (0.44) 21.67 (0.92) 22.84(0.97) 17.32 (0.74)
0.48 (0.05) 1.76 (0.13) 0.7 (0.07) 1.01 (0.09)
10.94 (0.43) 11.76 (0.46) 6.25 (0.26) 14.07 (0.55)

3.83(0.2) 2.63(0.15) 4.16 (0.22) 4.01(0.21) 5.83 (0.29) 6.81 (0.34)

4.91 (0.17) 5.58 (0.19) 7.86 (0.26) 6.46 (0.22) 7.44 (0.25) 8.05 (0.26)
24.82 18.89 20.86 19.05 30.77 30.19
(1.05) (0.81) (0.89) (0.81) (1.3) (1.28)

5.62 (0.37) 0.65(0.06) 0(0)  0.62 (0.06) 0.86 (0.08) 0.87 (0.08)
3.65 (0.16) 3.28 (0.15) 3.98 (0.17) 3.6 (0.16) 4.83(0.2) 5.66 (0.24)

3.13(0.17) 5.2(0.27) 4.39(0.23) 4.62(0.24) 5.35(0.27)
5.42(0.19) 7.63(0.25) 6.04(0.2) 6.84(0.23) 6.99 (0.23)
18.31 (0.78) 27.33 (1.16) 26.26 (1.11) 25.29 (1.07) 28.79 (1.22)
0.25(0.04) 0.26(0.04) 0.75(0.07) 0.51(0.06) 0.8 (0.07)

3.58(0.16) 5.43(0.23) 3.84(0.17) 4.36(0.19) 4.87(0.21)
Table4.2. SEMEDS estimated compositions of the surface layers developed duringlMCC
testing of ISG: Layer 1 (a, top); Layer 2 (b, middle) and Layer 3 (c, bottom). Values stated are
elemental weighpercent with absolute measurement error in parathesis.
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Si
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Figure 4.11. Surface layer compositions (asTable4.2) recalculated as a proportion of the
pristine ISG glass composition for Layer 1 (top left), Layer 2 (top right) and Layer 3 (bottom).
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Surface layer compositions for MW25 and prior to further processing are preseifioen
4.3a-c. Only major elements (present in more than one wemglceptage in the pristine glass)
excluding boron (unmeasurable via this technique) are shown for brevity and not all layers
could be measured at all dissolution durations.

Layer 1 mostly comprises silicon, with variable magnesium and potentially degreadiom
contributions with dissolution duration. Minor amounts of aluminium and iron are also present.
Layer 2 is also predominantly silicon with some magnesium. This layer, however, contains
more iron, zirconium and aluminium compared to Layer 1, wgls Eodium. The innermost

layer (Layer 3) is compositionally similar to Layer 2, again mostly comprising silicon, but here
magnesium shows lesser contribution. Layer 3 also contains less iron than Layer 2 until day
672, with comparable zirconium throughodli. layers contain negligible calcium.

Comparisons with pristine glass compositioRg(re4.12) show Layer 1 is highly enriched

in magnesium, contaimg up to six times (but more typically four times) that present in the
pristine glass. All other elements appear depleted, relative to pristine, except for aluminium
and silicon which are present in similar quantities to the pristine glass. No conssiatibn

in this with dissolution duration was noted for either Layer 1 or 2. Layer 2 also appears enriched
in magnesiuni typically containing two to three times more of this element than pristine
glasses. Sodium in this layer is highly depleted, wiibasi in similar (if not slightly lower)
guantities as the pristine glass. Iron, zirconium and aluminium are modestly enriched by a
factor of 1.1 to 2. Layer 3 is highly depleted in sodium, with a lesser depletion in magnesium.
Silicon is present in thigyer in quantities comparable to, or slightly below, the concentration

in pristine glass; with zirconium similar although more variable with dissolution duration. Iron
is typically modestly depleted until dissolution day 672 where it shows some evidence of
modest enrichment. Aluminium is consistently enriched by a factor of 1.1 to 1.9, though this
factor shows no consistent trend with dissolution duration.

AverageEDSe st i mat ed compositi ons o P/layen3doufidary i g ht
are shownn Table4.4 (for constituents > 1%), alongside a decimal comparison with unaltered
glass compositions. This material predominantly comprises siliedplosphorous, with the

latter element enriched by a factor of more than 150 compared to pristine material.
Molybdenum and nickel (minor components of the bright globules) are also enriched, though
only by a factor of circa two. All other elements inchlZr appear depleted, though elemental
maps imply the latter element can be enriched.
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8.5¢) 26.97 (5.52) 21.32 (0.48)
1.58¢ 056(0.71)  0(0)
0.44¢) 15.21(3.64) 9.78 (0.41)
0.67¢ 2.08(15) 1.97(0.85)
0¢()  1.06(1.36) 2.19(0.98)
0()  0.98(0.51) 0.49 (0.43)
0.29¢) 0.2(0.21) 0.06 (0.1)

14.27 19.83 17.57 18.69 17.06 19.95

(0.01) (3.52) (5.38) (0.52) (2.53) (0.97)
0 (0) 0 (0) 0(0) 0.51(0.88) 0.58 (0.6) 0.36 (0.33)
3.51 (0.08) 6.54 (2.27) 5.51 (0.32) 5.78 (0.88) 5.22 (0.57) 5.29 (0.6)
2.82 (0.08) 4.44 (1.51) 3.13 (0.15) 3.23 (0.84) 3.54 (0.77) 3.07 (0.57)
4.29 (0.13) 5.42 (0.11) 3.62 (0.86) 4.3 (1.16) 3.03 (0.43) 2.54 (0.96)
2.91 (0.08) 2.86 (0.83) 2.16 (0.19) 2.52(0.7) 1.9 (0.59) 2.14 (0.26)
0.06 (0.04) 0.09 (0.13) 0.04 (0.05) 0.15 (0.23) 0.06 (0.1) 0.08 (0.12)

15.09¢ 21.05(4.69) 17.14 (3.64) 19.15 (4.05) 23.92 (3.9) 20.29 (7.15)
0.13¢) 0.55(0.95) 0.09(0.12) 0.24(0.41) 1.86(1.03) 0.45(0.79)
0.98 ) 1.48 (0.74) 1.1(0.45) 1.64(1.23) 1.65(0.4) 1.15(0.47)
2.46 €) 3.1(1.44) 2.33(0.75) 2.44(0.94) 4.22(0.82) 3.27(1.34)
2.38 €) 2.54 (0.47) 2.27(0.29) 2.98(0.78) 2.54(0.6) 4.18(0.61)
2.23 () 1.95 (0.36) 1.24(0.43) 1.7(1.15) 2.7(0.77)  2.19 (1)
0.32¢) 0.15 (0.25) 0 (0) 0.04 (0.08) 0.29(0.1) 0.02(0.03)
Table4.3. SEMEDS estimated compositions of the layers develafifedMCC-1 of MW25:
Layer 1 (a, top); Layer 2 (b, middle) and Layer 3 (c, bottom). Values are average elemental
weight percent, with standard deviation in parath€sidessonly onemeasurement possible
Wherestandard deviatiolis as large as measurement, value can be assumed to be zero

9.74 (2.62) 0.44
3.36 (0.86) 168
1.89 (0.3) 0.63
1.67 (0.26) 0.69
1.59 (0.88) 0.84
1.38 (0.51) 0.62

1.19 (0.35) 1.97

1.11 (0.32) 1.83
Table44. SEMEDS esti mated composition oZlLay¢erBe Obri
boundary of dissolved MW25. Values stated as:s

with standard deviation from average shown in parenthesis and as a fraction of pristine glass
(6Pristine diffé) where Opr i sanmeteehbiqgue o mposi t i
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—— 224 day altered glass —— Pristine glass
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Figure 4.12. Surface layer compositions (asTable4.3) recalculated as a proportion of the
pristine MW25 composition for Layer 1 (top left), Layer 2 (top right) and Layer 3 (bottom).
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PCT-B/BSE

Figure4.13shows representative BSE images taken after all experimental durations conducted
in the PCTB method. As noted for pristine powders, the powder particles exhibit fracturing
within a few microms of the surface.

Few striking differences, relative to pristine samples, are noted for ISG until 224 days of
dissolution. By this point, ISG powders show evidence of contracting inwards from the epoxy

to leave an aifilled void. This void separates the bulk sample andgalydiscontinuous

(~1 em thickness) surface | ayer, not al ways

MW25 appears neadentical to pristine powders for at least the first 28 days. By experiment

day 56, MW25 occasionally shows evidendeoa t hin (~1 em) discont
which is slightly darker in greyscale than the pristine glaggufe4.14a). Similarly, images

taken afte224 days show evidence of darker (relative to pristine glass) roughlycgeniar

regions surrounding the precipitates within the pristine glass where these are in the vicinity of
particle surfacesH{gure4.14b). By experiment day 224, MW25 powders are surrounded by a

void (either epoxy or air filled and <1 &tm
l ayer of mini mal t hherwigerpessns glasKiguredl4dcad)miponé r om o
instance this darker surface | ayer appears a8

isaccanpani ed by 0 ag gl -appearnng matenahtlkabmayhave detaainied franm
the particle surfacd~{gure4.14e). This material appears somewha 6 f | uf f y6 and cor
6fl ecksd of aci cul ar-3 ma tmmeHigoredtjide (nsey. Thesebripght wi d e

flecks resemble the brigldendritic featuresRigure4.14f-g ) , of up to 5 em i1
occasionally observed elsewhere at 224 days of experiment duration.

PCT-B/EDS

Compsitional mapansandi n&leirmseect i ng | SG powd:

compositional variations at any magnification or dissolution duration. EDS of speculative
surface layers tentatively highlightedrigure4.13was not possi bl e gi ven
the achievable EDS resolution. Regardless, compositional deviation of this layer from pristine
glass was not expected given its strong greyscale resemblance to the pristine sample in BSE.

In comparison, EDS of the dark material surrounding swgorimal precipitates in MW25

shows this region is depleted in magnesium, sodium and silicon relative to pristine values
(Figure4.15). This region may be enriched in ziréam and iron, however this is not evident

in qualitative el ement al O6maps6é6 and this qu
size, the inability to measure boron, and tfuantities of these elements in the pristine glass.

EDS of the MW25 surface | ayer was only poss
was sufficient Figure4.16). Here, this material comprises silicon, magnesium and aluminium,

with minor zirconium. Compared to pristine glass, the layer is highly enriched in magnesium

(up to 800% of the pristine glass), with a lesser enrichment of silicon (9230% small

enrichment in aluminium (~150% of pristine) and zirconium (up to ~200% pristine values) is

less convincing given they are only minor constituents of the pristine glass or the altered region.

EDS of the O&ébright & doéMW2b Figured.l4ffgpanchwathingahe t he
darker layer Figure4.14e) was not possible because their size was below the resolution of

EDS. However, their bright appearance in BSE implies they may be enriched in somewhat
heavier elements than the pristine glass.
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ISG MWwW25

O
L0

Dissolution duration (days)

Figure 4.13. BSE images of ISG and MW25 after given durations of-B@&Kkperiments.
Features formed on MW25 are illustrated at higher magnificatidfiganre 4.14, with the only
observable difference (compared to pristine) for ISG describéekirand arrowed in yellow.

63



a) 56 days
MW25

Pristine

d) 224 da
MW25

g) 224 days

MW25 \

Figure 4.14. BSE images of features formed on MW25 after various durations (as indicated)

of PCT-B experimentation. a) Thin surface layer evident by day 56, arrowed in red; b) dark
semicircles formed by day 224 where precipitates in pristine glass are in vicinity of powder
surface, arrowed in yellow; c), d), and e) dark surface layer, arrowed in blident at
experi ment day 224, with inset showing brigh
224 evidencing dendritic form, arrowed in green.
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Altered Pristine  Diff.
(weight %) (%)
Si 17.02 22.68 75
Na 1.34 5.33 25
Al 2.07 2.78 74
Ca 0.20 0.10 200
Zr 2.24 1.72 131
Mg 0.09 2.48 3
Fe 3.04 2.94 104

Figure 4.15. EDS images (left) and estimated quantification (right) of dark material
surrounding surfacgroximal precipitates in MW25 after 224 days of dissolution via4BCT
Di fference (ADiIi ff.0) between pristine (as me

Altered .
(wt. %) (%)
B Si 4285 229

Na 0.00 0
& Al 3.55 148

B Mg 1741 834
Fe 0.12 10
Zr 214 194

Figure 416. BSE & EDS i mages, with estimated quan
surrounding MW25 powders after 224 daysdafsolution via PCIB . Di fference (1
between pristine (as measured via EDS) and altered compositions shown in percent.
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4.2.5. MCC-1 surface layer thickness analysis
Figure4.17 shows the results from ISG surface layer thickness analysis, as performed via the
method outlined irChapter6. Layer1 thickness increases approximately linearly with time
from day 28 (1.3 e€m) to 224 (2.2 g&em). Howeve
18¢ m), beforencteabaspl(yoré&.4 em) by dissol u
shows litte such consistent trend in thickness with dissolution duration, with all thicknesses
(ranging from 0.9 em to 4.4 em) within erro
increase |linearly up to a maxi mum staveifagek nes s
decrease (to 2.2 424mchbhgasay (2243, 3tbmnbyedo63s8
decrease (to 0.91 em at 672 days). Layer 3
error of each other; however absolute (average) values in Hasway show a stdjke trend
of increasing with dissolution duration: Thi
and 56 days, before they show a s#@8amead i nc
furtherstep ncr ease t o t mbydaylbe2sses of 73. 7 ¢
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Figure 4.17. Development of surface layer thicknesses with experimental duration for I1ISG
dissolved via the MCQ method. Measured via SEM/BSE combined and the method outlined
in Chapter6. Datapoints show average of two measurements, with error bars representing
standard deviation on this.
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MW25 surface layer thickness development is showRignre 4.18. For Layer 1, thickness
appears to increase logarithmically with experiment duration. Data from the penultimate
timestep represent the only significant deviation from this, however these data are considered
anomdous. Though individual datapoints at this 468 day timestep areawistent (see
Figure4.18), these have a large associated error and lack cortgistéth data from solution
analysis and other layer thicknesses. By removing these data, as may be considered valid based
on these inconsistencies, a logarithmic fit with a correlation factor of 0.99 can be fitted to Layer
1 growth. Layer 2 shows no suclear trend, with its thickness instead appearing to fluctuate
afound 40N 0.5 em throughout the experiment. |
thickness approximately logarithmically (or with a power law function) with dissolution
duration. Howeer, the latter cannot be argued with certainty given the high standard
deviations. Considering these, a linear or pelaer increase of Layer 3 thickness with
dissolution duration is also possible; however a constant thickness with dissolution duration is
not feasible (within error).
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Figure 4.18. Surface layer thicknesses development for MW25 dissolved via thelMCC
method, as measured via SEM/BSE and the method outliri@dapter6. Filled datapoints
show average of two measurements, with error bars representing whichever is higher: the
standard deviation on this average, or the standard deviation on either measurement. For
MW?25 Layer 1, individual datapoints are shown (as open symbal&ysatiution day 468.
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Total surface layer thicknesses for both ISG and MW25 are shoWwigume 4.19. MW25

shows an increase in total surface thickweis dissolution, with this increase relatively rapid

for the first 112 dY% pefore 6lowihg Br2the Kemainded 6f the m d a
experi ment ( ~O0Lfran2224 672 dad). Fa IRG, thygeythicknesses initially
increase similarlya MW25 from 281 112 days, before potentially plateauing or modestly
decreasing from 112 468 days and then rapidly-nmecreasing by 672 days. Comparison

indicate similar total thicknesses and growth rates for MW25 and ISG froim12@ days,

beyond whictMW?25 surface layer thickness consistently exceeds that of ISG.
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Figure 4.19. Total surface layer thicknesses for ISG and MW25 dissolved via M@Ethod

4.2.6. XRD
Diffraction data collected from ISG and MW25 P®8Tsamples dissolved for 224 days is
shown inFigure4.20. Neither show evidence of crystalline peakstéad, diffuse scattering is
evidentbothfrom15 o 40 A2d and more weakly from 40 t
Opri stine6 NJWRE2) reveals pd sigrsficaft differences patissolution

ISG (Sample #107)
—— MW25 (Sample #111)

Counts (arbitrary units)

10 20 30 40 50 60 70 80 90
Angle (°26)
Figure 4.20. XRD of MW25 (pink) and ISG (blue) PBIsamples after 224 days of dissolution.
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4.3. Discussion of Results

4.3.1. Pre-dissolution characterisation
XRD shows glasses are predominantly amorphous, with acid digest ar@HShdicating
their composition is aexpected. However, SEM and Raman spectroscopy indicate the
presence of a minor (< 5 wt.%) crystalline precipitate componeévitvi25.

The precipitates observed in pristine MW25 are hypothesised to be chramiaining
spinel [(Fe,MQg)(Cr,FePs], as are commonly observed in HLW glasses including MW25
[192], [196], [221] [224]. This hypothesis is consistent with the dominant peak, at ~6394 cm
evident in Raman data collected from the crystalliEggure4.3). This peak is assignable to
the symmetric breathing mode of the Anit within spinel lattice, which typically occurs at
~690- 700 cm* [223], [225], [226] These phases typically have minimdeef on HLW glass
durability (as testedlia accelerated leachirjg27]) because they are highly durable and have
a high degree of symmetry which minimises grain boundary eftet}s[228], [229]

Surface fracturing of pristine ISG and MW25 powders must result from sample preparation
andnot dissolution Thisdamage may have arisen during powder production (via aggressive
and repetitive impact of glass fragments within a percussion pestle and)randér during
epoxymounting (which involved vigorously mixing a viscous slurry comprising powder and
epoxy resin). The damage resulting from this may have been further amplified during epoxy
curing and via dehydration.

4.3.2. MCC-1 experiments
The rapid inital pH increase inferred froffigure4.4 (if a starting pH of 7 is assumed) is to be
expected given the alkali/alkaline contents of the glasses. Rajidedaase of these elements
during Stage | dissolution is expected to increase leachant pH, which will remain high as these
elements remain in the solution. Differences in pH may be accounted for by the differences in
glass composition and alteration guctgrates

Boron is widely wused as a O0tracerd el ement
assumed that it is not involved with the formation of secondary precipitates or alteration layers
[25], [70], [220] On the basis of the nmalised mass losses of this element, ISG shows
evidence of Stage | initial dissolution frorrl@2 days, with steady Stage Il dissolution beyond
this. MW25 shows a similar trend, though with a less clear (or at least more rapid) residual rate
from 112 day®f experiment duration onwards. No rate resumption is seen for either glass. On
these bases, dissolution rates can be calculated-azuire4.21.

Comparisons of these with published values is showralne4.5, however comparisons are
challenging due to the range of test conditions (predominanttpdaemture and leachant
composition). Considering these differences, initial ISG and MW25 dissolution rates are
consistently circa twice the equivalent rates calculated at lower temperatures (50°C compared
to 90 °C) in alkaline leachants. These differeraresconsistent with the lower dissolution rates
expected for both lower temperatuj@4], [230], [231]and HLW glass dissolution in a
saturated Ca(OH)compared to pure water leachd@82], [233] Residual rates for ISG
calculated under the same (lower temperatlkadiae) conditions differ from zero by the same
magnitude as the rates hexaculated (approximatelp.005 gm? d* herein and +0.005 gy

2d? in [60]). Residual rates for MW25 in these studies differ by an order of magnitude
(approximately 0.004 g td* herein and 0.04 g ¥nd* in [60]).
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Figure 4.21. Initial and residual dissolution rates in grams per metre squared per day
(g m? d); calculated for MCG1 on the basis of Ndand an initial rate of 112 days duration.

Temp. Initial and residual

Cees - [ezgil (°C)  dissolution rates@ m?dt) e
Initial = 0.162 + 0.008 .
MW25 HO 90 Residual=0.004 £ 0.004 1S WOrK
Initial = ~1.2 Brookes et al[234];

*
MW25 H20 90 Residual rate not stated Zwicky et al.[235]

Initial = 0.168 + 0.02** .
MW25  Ca(OH) 50 Res= 0.0544 + 0 007 ** Corkhill et al.[233]
Initial = 0.087 £+ 0.013
MW25 Ca(OH» 50 Residual =0.047 + 0.007 Backhousg60]
Initial = 0.263 + 0.046 :
ISG HO 90 Residual=0.005+ 0006 S WOk
Initial = 0.146 + 0.022
ISG Ca(OH» 50 Res. =0.0025 + 0.0004 Backhousg60]
Initial = 0.075 + 0.000 Fisher & Corkhill
ISG Ca(OHy 40 pesidual = 0.031 +0.000  [236]
Table4.5. Comparison of dissolution conditions and calculated rates from this study (shaded
rows) and others usintpe MCG1 method (SA/V = 10 #) and boron as a tracer. Note that:
*Monolith used fAas cuto without [38%)werestvioi ng; *
orders of magnitude lower, however this was subsequently identified as erroneous and

corrected by Fisher & Corkhill236].

The reliability of both initialand residual rates calculated for ISG may be questioned. Initial

rates for ISG appear greater than those for MW2&n unexpected result given PBT

experiment results and given previous studies have found the revers{8frgrj0]. These

high rates may result from the high dllkalue at 112 daysF{gure 4.5). This datapoint is

identified as anomalous given the trend indicated by the two prior datapoints and the lower

NLg value at later timepoints. Rates instead calculated for onl\2&@®13 56 day data

(0.130g m2 d?Y) may be more reliable. Unrealistic residual rates for ISG may similarly be
caused by this anomalously high fNtalue at 112 days, with rates calculated from-822

days €0.0027 + 0.0099 m? d?) potentially more reliable, d&bugh still negative. Stating a
O0neerr o6 residual rate for |1 SG is perhaps mol
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ISG

ISG shows evidence ahalteration layer within 28 days of dissolution; with Layer 1 and Layer
2 both evident by this time. Which layer formed first is chaglag to determine, however it
may be hypothesised that Layer 2 formed initiaihd uniformly across the glass surface as
soluble network modifying cations (particularly sodium) are preferentially released via ion
exchange compared to network forming edes (such as Al, Si and 4837].

Layer 1 may then have formed above Layer 2 and within 28 days of dissolution, as illustrated
in Figure4.22. Zirconium, highly enriched in this layes often retained (along with Al, Ca

and Si[64], [87], [122) and enriched in ISG alteration layers formed in alkaline conditions
[60], [64], [122] However, the formation mechanism of this layer is much debated. In the
dissolutionreprecipitation method, Zeontaining phases precipitate from the leachate after Zr

in the leachate reaches saturati@®]. This formation mechanism is supported by the
heterogenous distribution of Zr within alteration layers formed on ISG in hajkétine (pH

>11) solutiong60], [68]; however is less compatible with observatiohow Zr solubility at

pHs below 10.534], [87], [238] Instead, at lower pHs, the zircoreariched layer may form

via glass network reorganisation following the release of more readily dissolved elements (B,
Na, Ca)[86]. Thelatter mechanism, however, is contrary to findings that Zr hinders silicate
network hydrolysis and gel restructuring due to the greater-tnddsg it allows through its

high coordination numbg84], [87], [239] AlthoughFigure4.4 shows pH values some authors
have correlated with low Zr solubilitghe heterogenous distribution of zirconium throughout
the alteration layer shown Table4.2 and the continued growth of Layer 1 at later timepoints
implies this layer most likely formed by reprecipitation, however tiaisnot be dafitely
concluded.

The onset of Layer 1 formation may have triggered formation of thdéageb at the base of

Layer 2, however this is difficult to interpret without compositional analysis. This layer may

have formed at the inwamhigrating diffusion/disolution front (at the base of Layer 2) via

el ement al precipitation or a reduction in th

Regardless of which formed first, the calcium within these eafbested layers (5.9 + 2.2
weight percent calciunacross both layers) likely gives these alteration layers a highly
protective effec{54], [70], [240} significantly passivating further dissolution. This variable
passivation may account for the slower initial dissolution of ISG compared to MW25 (<0.5
weight percent calcium ithealteration layer).

Dissolution rates remain in the rapid forward rate regime by day 56, with Layer 1 increasing in
thickness as hypothesised precipitation continues. Layer 2 remains unchanged as the elements
required for Layer 1 growth are now supplieddigsolution of the glass to form Layer 3. This
dissolution is hypothesised to be via the same interdiffusion areidmnge mechanism as

Layer 2 (hence the similarities in compositions shownnirmable 4.2 and Figure 4.11).
However, by 56 days this process has become increasingly localised, keathaglistinctive

scallop morphology observed. Given the semgular shape of these features, it may be
speculated that their formation is around loci either within the alteration layer or at the
gl ass/ solution interf acidely obJehvédsn other stadi¢dSlp p e d 6
[74], [122], [236]and has been proposed to occur due to prepediatiiuced defects on the
original glass surfacg¢236]. Similarly, lateral alteration layer heterogeneities have been
speculatedil1] and observefll5] in other studies. A combination of any or all of these factors
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may have caused the scalloped interfaces obsenfedure4.7: Layer 1 and/or 2 may contain
structural or compositional heterogeneities which disrupt their passivation ability; or sample
preparation may have led to mieneaknesses/cracks on the samplease. Preferential
dissolution below these features could conceivably lead to a scalloped morphology.

Layer 3 shows limited evidence of continued growth between ddyl 86with Layer 1 and 2
remaining a constant thickness as dissolution continues ifotivard rate regime. This is
consistent with dissolution continuing only around localised heterogeneities. The approximate
increase in radii of the scallop features and the resulting coalescence of these to form a
continuous layer, as illustratedfingure4.22 is consistent with continued localised attack.

Normalised mass loss data indicate that the system transitions into the residual regime between
experiment days 112 and 224.may be hypothesised that this was due to an increase in
alteration layer passivatidnpotentially caused by pore closure and/or restructuring of one or
more of the alteration layaromponerd [22], [33], [241], [242] This iscoincident with a
termination in Layer 3 growth, potentialffter Layer 3 penetration reached a critical depth
beyond which lateral growth was more favourable than growth in thickness. This would explain
the increase in horizontal layer continuity. Growth beyond this depth may have remained
possible but unfavoubde, allowing formation of rare trapezoid fingers penetrating from the
otherwise laterally continuous layer.

Between 22468 days, dissolution remains in the residual regime and alteration layers remain
broadly unchanged in thickness. However, Layer 3 sbhaws clear zonation and internal
heterogeneity, as may be further evidence of continued alteration layer restructuring.

Residual rates are maintained, according te tita, between 468 and 672 days of dissolution.
Howeverthealteration layeduring this time appeamuch less stable or consistent with other
observations/datasets. Which layers remain evident by 672 days varies across the monolith
surface, and classification of the observed layers is challenging. However it is probable that
significant restructuring has occurred: Layer 1 and Layer 2 may have combined, potentially via
formation (specul atively-lpyecibpiofatiage)y df
reprecipitation of Layer 1 during this time is supported by the ldaybf NLz values between

468 days (0.09°§cm?) to 672 days (A8g* cm?). PHREEQC geochemical modelling also
indicates that at 468 and 672 days of dissolution calcium zirconate (§}aZh@hly saturated

in the solution, potentially after calciuamd zirconium were released into the leachate due to
loss/restructuring of Layer 1/2. Layer 3 remain unchanged, or may show evidence of entering
a renewed period of thickening/growth.
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Legend
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Figure 4.22. Schematic illustration of ISG dissolution in M&CGxperiments.
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MW25

Two surfacelayers have formed on MW25 within 28 days of experiment duration; however
neither is hypothesised to be significantly passivating given the rapid forward dissolution rates
shown in NLg data. Both Layer 2 and Layer 3 are compositionally similar (notably depleted in
sodium), however Layer 2 is enriched in magnesium whilst Layer 3 is depleted in this. The
sodium depletion and earlgissolution stage supports formation of bdtyers via
interdiffusion as the inward migration of protonated water species is allowed by outward
diffusion of weaklybound network modifier$69]. However, which layer formed first, if
formation was not synchronous, is impossible to confidesttlye. Synchronous formation is
possible as sodium is leached into the solution from both layers whilst magnesium effectively
migrates outwards from Layerni&o Layer 2.

Alternatively, the logarithmicgrowth trendof Layer 3(Figure4.18) can ke backprojectedto

interceptthe y-axis at ~13 days of expement duration.Based on these data it may be
speculated that Layer 2 formed prior to Layer 3. However,-pagjection in this manner is
unreliable and VLayer 3 thickness melksur emer
morphology (the circiditting met hod often falsely identifies
6l ayer thi ckness 6Chapters). Howerer, this unigukimsrpholegg may 1 n
also provide some chronological evidence.

The fingerlike penetrations of Layer 3, also observed in other st{@B&4, are likely evidence
ofnronuni form (6l ocaliseddé) attack and thus may
These heterogeneities appear to interact minimally with Layer 2, potentially implying the
heterogeneity results from or formed after Layeh2discussed for ISG, these heterogeneities

may be surface defects or theteration layer heterogeneities speculated/observed in other
studieq11] [15]. It thus may be hypothesised that the fismed Layer 2 contas structural

and/or compositiondieterogeneities which disrupt its passivation ability and allow the unique
morphological development of Layer 3.

The O6br i gh tedrichedpartices sepamtinglLayer 2 and Layer 3 are challenging to
identify. PHREEQC modelling indicates no phosphoraasitaining phases would be saturated
at 28 days and paslissolution XRD shows no crystalline peaks. However, previous studies
(of Magnox glass dissolved via MCTin UHQ water) identified rarearth/Zr phosphate nan
particles at the glass/alteration layeterface[31], [91]. Alternatively, apatitdhas also been
identified as a glass alteration prod{#43] and was saturated (though only beyond 56 days)
in geochemical modellingThese phases may be highly beneficial in a GDF environment
because they can act as a sink for some-limeg fission productg31]. Their continued growth

with dissolution duration, also potentially beneficial, is likely via Ostwald ripening.
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Layer 1, with a magnesialuminosilicate composition, is evident in SEBSE from day 56.
Magnesiumenriched alteration layers such as these are typically interpreted as secondary
phases or M5-H (MagnesiursSilicate Hydrate) phases in other Mylass dissolution studies

[60], [82], [91], [233] However,herethe presence of aluminium in Layer Taple4.2) and

the crystalike morphologies shown ifrigure 4.23 imply this layer comprises crystalline
phases. Thesminerals likely started precipitating after a silicon and/or magnesium reached
saturation[240]. These are observed to rest atop gel layers (Laygr @s is widely seen
elsewhere[36], [244], [245] Alignment of these fibrous clays perpendicular to the glass
surface Figure4.23) is also widely observed in natural systd@%¥6], [247]and an analogous
ffuzzyblankét of phyl l osi |l i cat es hasBdassolstonobothern i der
HLW glasseg$248, p. 197]

Figure 4.23. Alignment of crystalline phases (highlighted in red) perpendicular to the surface
of MW25glass (delineated in blue) dissolved under MC€onditions for 468 days.

Geochemical modellingT@ble 4.6) implies these phases are most likely saigoaind/or
nontronite. Smectites such as these have been similarly identified after comparable aqueous
dissolution of MW 31], [82], [91] and other HLW glassg54], [246], [248], [249] SEM-EDS
compositionskigure4.24) support this identification, indicating some nontrothiite minerals

and some intermediaries between saponites and hectorites. All are broadly compositionally
comparable to those in othenepus MW25 dissolution studi¢l].

Curti et al.
Hectorites
Saponites
Montmorillonites
Beidellites
Nontronites

This work

LI 2l

0 25

50 75 100
ALO (%)

Figure 4.24. Ternary diagram comparing composition of clays observed on MW25 (measured
using SEMEDS), in comparable works (Curti et §1]) and in other works (NewmdRa50]
and references therein)
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Saturation Index (SI) at day #

Fhase Formula 28 56 112 224 468 672
Amesite Mg4AIl 4SizO10(OH)s + + o+ o+ o+ o+
Celadonite KMgAISi 4010(OH) + - - - + +
Clinochlore MgsAl2Siz010(OH)s e + + +
Montmorillonite  Cay.169V1g0.33Al1.67514010(OH): . I . . .
(Ca/Mg) / MQo.495Al1,67S14010(OH)2

Cay.169 €Al 0.35Si3. 6H2012
Ho.3FeAl0.33Si3.6H2012

Nontronite :
Ko.3FeAl0.33Si3.6H2012 /[ + o+ + + +

(Ca/H/K/Mg/Na) Mgo.168~€Al 0.33Si3.67H2012
Nao.3F €Al 0.33Si3.67H2012

Phlogopite KAIMg 3Siz010(OH)2 + + o+ + + +
Can.169V193Al 0.33S13.67010(OH)2

- Ho.33VIg3Al 0.33Si3.67010(OH):2

(SC?aE)/?-Ir}:i?Mg/Na) Ko.3d\/|93A|0.33_Si3.67010(OH)2 + + o+ + + +
Mgs3.165A10.33513.67010(0OH)2
Nap.33VIg3Al 0.33Siz.67010(OH)2

Table 4.6. Potential magnesialuminosilicate silicate phases precipitated during MW25
dissolution, as identified using PHREEQC modelling. Common smectites identibettl.in

Saturation indexcalculated foreach experiment timestdyased on the measured elemental
abundances and pHs of the leachate at the time of samilirgd i ndi cates a p
saturatead @ohmlsaese Aunl i ke ldoy itnodibcea tseast uvar dtaecdk &

The precipitation of these minerals can expthim stepped decrease in leachate Mg contents
between 28 days (0.203 ppm Mg) and 56 days (0.107 ppm Mg) and the onset of a pH decrease
comparable in magnitude to that noted elsewhere during magaasimnosilicate mineral
precipitation[54], [251] The formation of these phases may also éxgiae rapid (not
plateauing) residual dissolution rates. The consumption of silicon and magnesium required for
secondary precipitate formation is expected to increase the driving force for further hydrolysis
of the glass networkl2], [224], [240} therdy increasing dissolution rates. This effect is
widely reported for MWglass dissolution studies performed in both pure aqu@dys[52],

[234], [252] and more complex leachat§®2]. Aggressive Stage Il dissolution of other
borosilicate glasses, including IS(®1], has also been correlated with phyllosilicate
precipitation[55], [84], [240]

Secondary phase precipitation has also been hypsélae hinder gel layer growth; as both
alteration products compete for the same dissolved glass const{@@ntEhis may explain

why the magnesiurrich Layer 2 remains a constant thickness from 56 daigie 4.18).
Magnesium and silicon sourced from dissolution (to form SitMpleted Layer 3) is no longer
consumed to form (gel) Layer 2, as it is now utilised in precipitation of Layer 1. The alteration
layerdestructionhypothesised as the source of these elements in other J@aligsvas not
evident as a decrease in Layer 2 silica confeable4.3) or in layerthickness Figure4.18).

Residual dissolution rates are maintained during and following this mineral precipitation,
without evidence of rate resumption by 672 days. Continuation of residual dissoluttoimrate
spite on mineral precipitation is similarly observed in other HLW glass corrosion q«i#gs
Residual ates are often maintained during phyllosilicate (smectite) phase formation, with the
precipitation instead dfeolitetype phases implicated with rate resumpf{@48].

76



4.3.3.PCT-B experiments
Continuing the use of boron as a tracer element, MW25 shows Stage | (initial) rate behaviour
in PCT-B experimentdrom 0-28 days, with Stage 2 beyond this. Stage Il continues ainti
least 112 days, with the next and final datapoint potentially indicating rate resumption (Stage
[l), although this cannot be confidently asserted without further data. ISG shows a similar
trend, though qualitatively the initial rates (approximatetyrf 028 days) appear less distinct
from residual rates. Again, for ISG, the final datapoint may indicate the occurrence of rate
resumption, although further data is required to verify this. On these bases, and assuming no
rate resumption, the dissolutioates presented irigure4.25 can be calculated.

0.010 ~

Elnitial rate
OResidual rate

0.005 -+

. |
] 1
0.000

ISG MW25

Figure 4.25. Dissolution rates in grams penetre squared per day (g7d™?) calculated using
NLg data and an initial rate regime from28 days with residual rates from-29.2 days

Dissolution Rate (g nr? d')

These values can be compared to otherBaiole 4.7; however caution is again required as
parameters including temperature, SA/V and leachant type vary, and dissolution rates are
highly dependent on theg&31]. Caution is also necessary given that some particle coalescence
was observed in the present RBExperiments. Though NHata appears minimally impacted

by this and coalescence was lesser than for basaltic glasses (Ghafiter may adversely

affect NL data by reducing the effective surface area in contact with leachate and thus leading
to a discrepancy between assumed and actual SA/V values.iRasented ilRigure4.25 may

thus be underestimated. This coalescence has similarly been observed by authors studying
comparable systems (within aMfe@lays of MW25 corrosion via PGB in UHQ water{235]).

For MW25, initial and residual rates appear sietent withthe most reliablecomparable
studiesusing UHQ water at 490 °C[30], [31], [252], [253] Though in some cases rates from

these (400°C UHQ) studies appear an order of magnitude greater than those measured herein,
the authors of these studies recognise their own values are likely overestimates due to the
measurement period and powder coalescence. Correcting their measurements for these factors
would likely bring them to comparable orders of magnitude to the rat@sumesl in this work.

Rates calculated ihable4.7 are also lower, by a factor of& than those elsewhere calculated
for more aggressive (Ca[Of)i]Jeachate$53], [60], [252] For ISG,initial rates are of a similar
magnitude to those calculated for dissolution in UHQ water betwe& 2& [254], [255]
with no comparisons between residual rates available. Ratesdlendated for UHQ are a
factor of 1535 lower than those calculated for aggressive alkali leacfags[60], [236],
[252]. These differences are consistent with othadies comparing HLW glass dissolution in
a saturated Ca(Obland pure water leacha@32], [233]
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Experimental pH values-{gure4.4) initially rapidly rise, if a neaneutral start is assumed, to
9.1 and 9.3 for ISG and MW?25 dissolved for 7 days respectively. As in-M€xperiments,
this is likely a characteristic of the initial dissolution regime, as iattkaline earth elements
in the glass are rapidly exchange with protonated water species in the d@@}ion

Glass Leachant Temp. SA/NV Initial and residual
type type (°C) (m?1) dissolution rate ¢ m2d?)
Initial = 0.010 £ 0.000 ,
MW25 H20 50 2000 Residual = 0.002 + 0.001 This work
Initial rate not stated .
MW25 H20 90 1200 Residual = 0.001 + 0.001 Curti et al.[30], [31]
Initial = 0.024 + 0.004 Schofield et al[53],
Residual = 0.003 + 0.000 [252]
Initial rate not stated
MW25 H20 90 2000 Residual = ~ 0.12* Brookes et al[234]
Initial note stated .
MW25 H20 90 1200 Residual = ~ 0.01%* Zwicky et al.[235]
Initial = 0.023 +0.002 Schofield et al[53],
Residual = not stated [252]
Initial = 0.062 + 0.008
MW25 Ca(OH) 50 1200 Residual = 0.017 + 0.002 Backhousg60]
Initial = 0.002 + 0.000 :
ISG H-0 50 2000 Residual = 0.000 + 0.000 This work

Initial = 0.016 + 0.002 Schofield et al[53],

Author

MW25 H20 40 1200

MW25 Ca(OH} 40 1200

ISG H20 40 1200

Residual rate not stated [252]
Initial 0.005 £ 0.0002 Thorpe et al.
ISG Hz0 25 2000 posidual rate not stated [254]
Initial 0.039 £ 0.005 Calculated from
ISG Hz0 9 2000 pesidual not achieved Smith[255]
ISG  Ca(OHy 50 1200  Nal=0051£0.007 g 0\p0,cd60]

Residual = 0.0034 + 0.00:

ISG Ca(OHp 40 1200 Initial = 0.0329 + 0.0047 Schofield et al[53],

Residual rate not stated [252]
Initial = 0.0356 £ 0.000 Fisher & Corkhill
ISG Ca(OH) 40 1200 pogiqual = 0.002 + 0.000 [236]

Table4.7. Comparison of dissolution conditions and calculated rates from this study (shaded
rows) and others usinthe PCTFB method and boron as a tracer. Readers should note that:

* Brookes et al[234] identifiedresidual rates as mbable overestimates because they were
calculated from the earliest (hypothesised fastest) stages of residual dissolution and
** Zwicky et al [235] observedsignificant powder coalescence within days of the experiment,
leading the authors to identify these rates as probable overestimates.

ISG and MW25 Nk data indicate initial dissolution continues untiperiment day 28 and

little evidence of alteration layer formation during this time is observed. Though leachate
magnesium content drops (from 2.3 to 1.0 ppm) for MW25 from 7 to 14 days, no other element
concentrations notably decrease, as might be expehbieng alteration layer formation.
Similarly, no distinguishable alteration layeevident in SEM. However, the degree of surface
fracturing (relative to that observed in pristine samgtagire4.1) may have increased. These
fractures are often associated with sample prepari@&)rand are readily aeelated with the
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drying of a hydrated laydi74], [75], [256] [258]. Increased fracturing may thus imply the
formation of a hydrated layer via the aforementioned migration of water species into the glass.
De/hydrationis known tocause fracturing of rhyolitif259] and basalti§260] glas®s[261].

Within 56 days Nk data imply both glasses have entered residual dissolution. Fism th
duration onwards, Nldata also imply the drawdown of elements to famalteration layer.

For MW25, NLug and NLa decreases constantly from this point until the experiment
termination, with Nlsj decreasing until at least 112 days. EDS analydisaddyers formed on
MW25 MCC-1 monoliths Table4.3) implicate these elements in alteration layer formation,
supporting the hypothesis of alteration layer formation over this time iRB2GEM of post
dissolution powders also sham alteration layer on MW25 from 56 days onwards. Though
significantly thimer (likely due to the less aggressive conditions), these layers appear
consistent with Layers 2/3 in MGC experiments; with both appearisightly darker in BSE

than pristine glass. Further comparisons or identifications is impossible due to EDSaresolut

NL; data for ISG similarly implies alteration layer formation, though this alteration layer is not
observed in SEM until after 224 days. Decreasingldhd NLsi from day 56 until at least day
112 is consistent with formation of layers with a complgrabmposition to those formed in
the equivalent MC€l experimentsTable4.2). These hypothesised surface layers may not be
evident in SEM due to ingtment resolution and the lesser thickness generally of ISG surface
layers compared to MW25 (as observed for MC8urface layer thicknessesRhigure4.19).

Residual dissolution continues for both experiments until at least day 112; with no noteworthy
changes observed in Nlor SEM from 56112 days. By 224 days of dissolution, most
observations imply both glasses are in the residual rate regime, holeerinot be verified

with certainty without further data. Both glasses show a significant increasesiind¢i 112

224 days, with the rate of increase particularly high for MW25, however this is not
hypothesised to be rate resumption. This interpretasi@upported by the lack of observed
zeolite phases (typically associated with rate resumpidl) [248]) and SEM indications of
alteration layer growth over this time (contrary to the expected alteration loss/damage during
rate resumption). The high leachant pH (>11) required for zeolite precipitation and rate
resumption[16], [43] was also not observed iRigure 4.4. Instead, for MW25 at least,
magnesiealuminosilicate precipitation is hypothesised to sustain relatively rapid residual
dissolution rates via silecconsumptiofi31], [54], [262] as observed in MCC.

Within 224 days of experimental duration, the alteration laypotihnesised to have started
forming on ISG from day 56 of dissolution is now evident in SEM. This layer is highlighted
by the increased dehydration associated with sapmelearation by this stage; however why
dehydration is more pronounced can only besjaed. Samples may have beenrdaied for

longer or in more aggressive conditions after test termination (sample drying was uncontrolled
and variable), or samples may have become increasingly hydratethfjpg) with dissolution
duration. Elucidatiorof the formation mechanism or identification of this layer is challenging
due to lack of available EDS and limited observations, however comparisons with layers
formed in MCCG1 experiments may offer some insight. Comparison of the single layer
observed irPCT-B with MCC Layer 3 are least plausible given this layer wasftasted and

had a unique scallemorphology never observed in P@GI Comparison with Layer 2 in
MCC-1 experiments are supported by the previo
via a process, ion exchange, that would make it highly susceptible to the dehydration observed
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in PCT-B. However, in MCGL, Layer 2 appeared darker than pristine glass in B8Eich

was not observed for PGB. Instead, MCEL Layer 1wasof comparable gregsle to the
pristine glass, however this layer occurred only in tandem with a second layer which was never
seen in PCIB. Furthermore, Layer 1 in MGC was consistently thicker than Layer 2, so why
Layer 2 would now, in PGB, be thicker or more readily sbrved remains unclear. EDS and

NL; data are unable to provide further insight: EDS of MCCayers 1 and 2 indicate a
predominantly aluminosilicate composition (consistent witkildhd NLai PCT-B decreases),

with the only notable difference being the e zirconium content of Layer 1. However, in
PCT-B, NLz shows no consistent trend from the onset of hypothesised layer formation. In
summary, if this layer is not solely the result of variable sample preparation then it appears
most comparable to Layéror 2 in MCC; however any comparison isatt speculative.

MW25 shows multiple notable features in SEM

|l ayer which appears fibrous (o6fluffyd) and
alumingsilicate layer appears comparable to the hypothesised precipitate layer (Layer 1)
formed in MW25 MCGCL. Both have a similamineral habit, magnesium enrichment, and
chemical composition. Geochemical modelling again indicates saponite precipitation is
possble from day 7 onwards, with potential nontronite precipitation from day 28 onwards. As
previously stated he precipitation of these phases can explain the rapid residual dissolution
rates, as the dissolution driving force is increased by consumptidlitoh sand magnesium

[12], [224], [240] Identification of the brighter dendritic forms within this precipitate layer is
more challenging owing to their size, absence in-d@solution XRD, and the lack of EDS
data. However, geochemical modelling indgsatnanganese, iron and zirconieontaining
phases become increasingly saturated beyond 28 days of dissolution aedrtfaié
phosphates have previously been identified during aqueous Magnox glass disg8lijtion
[91].

The arcuate depleted zones surrounding-segace spinetrystallites in MW25 are also
notable in 224 day dissolved samples. The magnesium, sodium and silicon depletion in these,
as well as their delayed formation, implies formation via dissolution. Similar preferential
dissolution around crystallites has bedyserved in previous HLW glass corrosion studies
[236]; however explanations are elusive. Multiple possibilities exist: crystallite formation may
have local depleted the glass in network forming/strengthening elements (e.g. Fe), or
crystallite dissolution may have generated local leachate zones that were more aggressive to
glasses. However, no chemical variation in the glass surrounding the crystallitestecagre
dissolution, and spinel phases are relatively durfddg [228], [229] so should minimally
influence local leachate chemistry. Alternatively, the crystallite/glass boundary may have
contained more dangling bonds and structural defects than elsewhere in the glass; or crystallite
formation may have increased localised glass stresses, thereby promoting dissolution.
However, glass/spinel grain boundary effects have previously been considered rfbtijmal

[228], [229]and samples were annealed to minimise stressesastitg. Regardless of their
causethe overall effect of these feses is likely low given their rarity (<5 % of sample
volume), particularly at powder surfaces. However, they may offer insight into formation of
the scalloped boundary observed in MCCAlteration layers may contain crystallites or local
precipitate clugers[60] which may promote dissolution of the underlying glass in a comparable
way to the spinel in MW25 PCB experiments. This localised dissolution requires further
investigation to establish the causes and magnitude of amyseffe
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4.4, Summary
Glasses formulated to simulate the behaviour of nuclear waste glasses have been dissolved in
simplified aqueous conditions via the M&Cand PCTB procedures. Dissolution rates and
alteration products were found to differ, both between géaasd between test methods.

In MCC-1 experiments, MW25 likely dissolves more rapidly than ISG during the initial
dissolution period, however an anomalous datapoint may mask thiskignte@.26). In this
period (AStage |1 0) behaviour is associated w
of two sodiumdepleted layers inaeh glass within 28 days of dissolution. The outer of these

layers is notably enriched in magnesium for MW25, with the equivalent outer layer for ISG
showing a zirconium enrichment. Both glasses develop an additional third layer within 56 days.

For ISG ths new innermost layer is compositionally comparable to its neighbouring sodium
depleted layer, though now with a distinctive scatogrphology. For MW25, this third layer
compromises crystalline smectites (probable saponites/nontronites) formed atctiselea
interface. The scalloped boundary of altered layers with pristine glass for ISG is thought to
resul t from | ocalised attack c-okmmaphaldgy e t o
bet ween pristine MW25 gl as s haioudis achieeed withih er at i
224 days of alteration for both glasses. Rapid (residual) dissolution rates for MW25 over this
period are linked to consumption of elements from the leachate in order to precipitate the
aforementioned clays. These magnedigminosilicate minerals did not form on ISG
potentially because this glass composition lacks the required magnesium for their formation.
Rate resumption (AStage 1110) was not observ
show evidence of significamistability and restructuring between 4682 days of dissolution

and the rapid residual rates shown by MW25 could be interpreted as rate resumptien if NL
values were the exclusive consideration.
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Figure 4.26. Comparison of dissolution rates (calculated using; Nata) for ISG (green) and
MW25 (pink) in both MC@ (left; solid bars) and PGB (right; striped bars) experiments.
Note that MCECL initial rates calculated for ISG fra 28112 days appear anomalous (faded)
relative to the moreeliable (unfaded) rates calculated fra28-56 days.

In PCT-B experiments, initial dissolution appears again more rapid for MW25 tharFi§a ¢

4.26). Neither glass shows persuasive evidence of alteration layer formation for at least the first

56 days, however leachate pH increases and normalised mass losses indicate dissolution via
theexpedd AStage | 0 behaviour (interdiffusion ¢
be below the achievable instrument resolution. This may have formed a hydrated layer which
readily fractured during sample preparation (drying) of both glasses. Soluti@nnaially
alteration product formation and AStage 110
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from 56 days onwards. Higher residual dissolution rates for MW25 than ISG over this time are
hypothesised to, again, result from precipitation of sapatate products in MW25 but not

ISG. These clay alteration products were observable in SEM by 224 days of dissolution, the
same time at which alteration layers on ISG are hypothesised to also become evident at the
available resolution. Preferential glassddilution was observed surrounding spinel crystals
within MW25 samples, however the cause of this can only be speculated. Interpretations of
rate resumption for either glass were not supported by pH or SEM observations, however as
for MCC-1 experiments, ik cannot be categorically rejected without longer term dissolution
data.

Overall, the aqueous dissolution behaviours of ISG and MW25 are partially comparable albeit
with some notable and potentially significant differences. Both glasses dissolve sartbe
expected mechanism, with transitions between the stages of this occurring at approximately the
same times. However, the alteration products formed during these stages differ depending on
the elemental constituents of the parent glass. The ratesofufisn during these stages also
differ: a probable result of the differing alteration product development. These differences may
limit the value of ISG in studies seeking to elucidate the dissolution of UK nuclear waste glass.
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5. The Role of Magnesium inBasaltic Glass
Dissolution

5.1. Introduction
A comprehensive understanding of the impact of magnesium on glass dissolution processes
and rates is crucial if scientists and engineers are to prove the safety case for geological disposal
of t he UKOG s t thid, WWe UKWhay kee limited benefit from the international
knowledge accrued on the dissolution of other HLW glasses, which are typically lower in this
element, as international comparisons will remain overshadowed by uncertainty concerning the
effect d magnesium on any observed trends. Elevated magnesium contents are already
hypothesised tdéimit UK HLW glass durability[52], [53], however, the mechanistic causes
and the magnitude of this effect requires further research.

Natur al 6anal ogued6 gl a s gearsdurability ia both umnatueaf and i ns|
laboratory environments. Basaltic glasses are considered fdime most useful glasses for

this purpos¢l151], however theole of magnesium in the dissolution of basaltic glasses remains

poorly understood.

To gain insight into this, basaltic glasses with a variable magnesium to calcium ratio have been
synthesised and dissolved (in pure water) via the methodology outliGhpter3. MCC-1
experiments, utilising glass monoliths, were completed on the anidl endmembers of the
basaltic glass series; with P@Texperments conducted on all synthesised basaltic glasses
including the intermediary compositions. This chapter presents a comparison of the
undissolved glasses, their dissolution rates and behaviours and the alterat®deagkped

during dissolution. A coparison and discussion of the reliability of results from the differing
test methodologies is also offered.
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5.2. Results
5.2.1. Pristine glass characterisation

SEMEDS

Micrographs of all samples prior to their dissolution (but after their mounting in epoxy resin)
shows all glasses to be uniform amoimogenousHigure5.1). All powders appear equally

highly fractured and fragmented within881 ¢ m per i met er of their sul

100Ca0Mg 50Ca50Mg 0Cal00Mg
¥ . \

I

PCT-B powder

MCC -1 monolith

30 ¢ 30 ¢ 30 ¢

Figure 5.1. BSE images of samples prior to dissolution. 30Ca70Mg and 70Ca30Mg samples,
(only prepared as powders) not shown for brevity, but exhibit surface fracturing as above.

Acid-digest & ICROES
Pristine glas compositions, as measured via external-dgdst & ICROES are stated in
Table5.1. Alwer e within tolerance of the O6targetd

Mol. % | 0CalO0Mg 30Ca70Mg 50Ca50Mg 70Ca30Mg 100Ca0Mg
SiO2 55.5(53.3) 55.06(53.3) 54.7(53.3) 56.95(53.3) 55.86 (53.3)
Al203 9.13 (9.4) 9.2 (9.4) 7.62 (9.4) 8.27 (9.4) 7.9 (9.4)
FexOs3 4.56 (4.4) 4.43 (4.4) 4.56 (4.4) 4.37 (4.4) 451 (4.4)
Na20 3.08 (2.8) 3.01 (2.8) 3.26 (2.8) 2.94 (2.8) 3.05 (2.8)

Li 20 1.81 (2.2) 1.75 (2.2) 1.81 (2.2) 1.74(2.2) 1.78 (2.2)
CaO 0.36 (0) 8.12 (7.8)  11.8(10.8) 17.04(18.2) 24.8(25.9)
MgO | 23.44(25.9) 16.34(18.2) 14.13(15.1) 6.67 (7.8) 0 (0)
P20s 0.08 (0) 0.08 (0) 0.09 (0) 0.08 (0) 0.12 (0)

SrO 0.35(0.2) 0.34 (0.2) 0.36 (0.2) 0.33(0.2) 0.34 (0.2)

MnO 0.16 (0.1) 0.15(0.1) 0.16 (0.1) 0.15(0.1) 0.15(0.1)

TiO2 1.53 (1.4) 1.5(1.4) 1.51(1.4) 1.45 (1.4) 1.49 (1.4)
Table5.1. Compositions, as measured (and as batched, in parathesis) in oxide molar percent,
of basaltic glasses. Errors notiginally stated, but assumed to be circa +3%.
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XRD

Figure5.2 showsXRD of the synthesised basaltic glasses prior to their dissolution. A region

of diffuse scattering is evident from 15 to
(0Cal00Mgand 30Ca70Mg) also show evidence of narrower, though not sharp, peaks at circa
36, 44 and 63 A2d. The intensity of these pe

—— 100Ca0Mg 70Ca30Mg
50Ca50Mg 30Ca70Mg
— 0Ca100Mg

Counts (arbitrary units)

Angle (°28)
Figure 5.2. XRD patterns of therstine basaltic glasses, with variable Mg:Ca contents,
synthesised in this study.

Raman

Raman spectraF{gure5.3) from all glasses show two broadgks centred around 510 ¢m
(with a width of circa 280 crj and centreciround 970 crh (with a slightly larger width at
circa 330 crit). In higher magnesium glasses (Ca:Mg0:30) these broad peaks appear
subdued due to the presence of a more dominant peak at 6q@itma width of ~150 cm).
High magnesium glasses also show low intensity peaks at 320 and #gbatmwith widths

of circa 100 cr.

—— 100Ca0Mg
70Ca30Mg
50Ca50Mg
30Ca70Mg

——0Ca100Mg

Counts (arbitrary units)

,\_/f&/\»

200 400 600 800 1000 1200 1400

Raman Shift (cm™)
Figure 5.3. Raman spectra of pristine basaltic glass series containing variable Mg:Ca.
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5.2.2. pH
Figure5.4 shows the evolution of leachate pH in basaltic glasses dissolved via the B@ir
MCC-1 methodologies. Error bars indicate measurement repeatability error (standard deviation
between triplicate samplesjotthe instrument error which some users estirt@mtee as large
as one pH unit (Colleen Mann, personal communicatibrends in the pH of blank vessels
are as described in Sectidr?.2 but arealso shown here for completeness.

In MCC-1 experiments, leachate pH appears high (pH 9.0 to 9.5) for the & @8ys, before

falling modestly (to pH 8.5 to 9) for the remainder of the test. A compositional dependency
may also be evident: in most cagae 100CaOMg and 0Cal00Mg leachates have the highest
and lowest mean pH values respectively. This implies a negative correlation between leachate
pH and magnesium content of the pristine basaltic glass. However, exceptions to this occur at
the 468 and 67 day timesteps where the 50Ca50Mg leachate appears to have an anomalously
low and high pH respectively.

PCT-B leachates may show a similar trend, with a higher pHi(8%) for the first 14 days
falling to lower (pH & 8.5) values from 14 to 112 daysachate pH may then-rese (to 8.5

i 9) by day 224. No consistent trend with magnesium/calcium ratio is evident: at a given
timestep all values are approximately within error and mean values show no trend.

9.5 1 o& e(0Ca1l00Mg @30Ca70Mg
! 1 050Cab0Mg e 70Ca30Mg
_ 06 7 .95 ] @ 100Ca0M
2 e 8 ° b o 7 o8 =
< 4 z K] lie © . )
= ) ® ° = ‘9 i
2851 : ¢ 5 qe | ; g
T 8548 . 2 .
T T : : ¢
©0Ca100Mg e 50Ca50Mg s 1508 E 9
@ 100Ca0Mg 1: '
75 ——r—7——7T 7T 7.5 +— — T T
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Figure 5.4. pH measurements of blank (below) and experimental (above) leachates derived
from MCG1 (left) and PCTB (right) experiments of the basaltic glass series.

86



5.2.3. Normalised mass losses
Normalised mass loss (NLvalues calculated for MGC and PT-B experiments are shown
in Figure5.5 andFigure5.6 respectively Values for some elements (Fe, K, Mn, Ti) are omitted
for brevity, but only where normalised mass loss values for the element are less tham?.5 g
for all samples and for the entire experiment duration. Lithium, sodium and silicon typically
show similar trends in these data, so are described together below.

In MCC-1 experiments lithium, sodium and silicon normalised mass losses generally show an
approximately logarithmic increases with dissolution duration until 468 days of dissolution.
Beyond this, NLvalues for these elements appear to decrease, particutarithd end
members. However this Ndecrease is notably dependant on a single timestep (672 days), so
may lack significance. Compositional dependencies are consistent and clear, NLUNkand

NLsi values: for a given timestep, and where values arewitbin error of each other,
0Cal00Mg consistently shows the largest normalised mass losses, with 100Ca0OMg having the
lowest.

In contrast, Nla decreases with dissolution duration for all compositions, though with an
approximately exponential decrease @£al00Mg basaltic glasses and an approximately
linear decrease for 100CaOMg samplesnd\alues for the latter samples (100CaOMg) are
also approximately twice those for 0Cal00Mg and 50Ca50Mg glasses. Magnesium, where
present, shows a decrease in normdlmsass loss with duratignwith an approximate inverse
logarithm trend for 0Cal100Mg and 50Ca50Mg (if the first two timesteps are ignored as outliers
for the latter composition). Normalised mass loss of strontium and phosphorous remains low
but constant uil the final (672 day) timepoint, where NLsharply rises for 100CaOMg and

NLp sharply increases for 0Cal00Mg.

In PCT-B experiments NL, NLna and NLsj again all show similar trends: values appear
constant for all composition betweerlZ days (for NLi) or between 56 days (for Nha)

before increasing approximately linearly for the remainder of the test duration. FaaNies,

the rate of this increase appears to be compositiedafendent, with high/mid magnesium
compositions (0Cal00Mg, 30Ca70Mg, 50Ca50Mg) showing the largest rate of increase. These
compositions also consistently show higher normalised mass logs Vafa lithium, sodium

and silicon at a given timepoint than lower magnesium glasses (70Ca30Mg, 100Ca0OMg).
However this compositional dependence is less clear in tbeaNd NLvadata where all values

are within error for a given timestep.

The trend of high/mid magnesium compositions (0Cal00Mg, 30Ca70Mg, 50Ca50Mg)
showing the largest normalised mass losses, holds similarly true fordNles. However, for

NLsr this compositionatlependency trend appears reversed: the highest magnesium glass
(0OCal00Mg)consistently has the lowest ML Compositional dependency of the \Land
NLcadata is undiscernible as most values are within error of each other.
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Figure 5.5. Normalised mass loss values calculatadifie MCG1 experiments completed on
basaltic glasses with a range of MgO:CaO ratio.
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5.2.4. SEM EDS analysis
MCC-1/BSE
Figure 5.7 shows representative SEBSE images from each basaltic glass composition at
each MCCL timestep. To aid comparison all images were taken at an identical magnification
and are from areaghich arerelatively unaffected by vermiform featurgseChapterc).

All compositions, at all timesteps, show the presence of a surface layer of variable thickness.
This layer is highly heterogenous, varying considerably across even a single monolith. The
layer is occasionallybroken into blocKike segments by fractures thateaapproximately
perpendicular to the surfack places, this surface layer can cleave into-laybrs Figure

5.8): with two layers evident by 28 dagsdthree layers emerging after 468 days. These sub
layers are frequently separated by a (layer of) fluffy material, and are evident in both
100Ca0OMg and 50Ca50Mg glasses. The egdbed void that separates the alteration layer
from the pristine glassnd the suHayers from each other is presumed to arise during sample
preparation and as a result of dehydration shrinkage.

The surface layer is also highly heterogeneiougreyscale intensity, as indicates internal
compositionahon-uniformity. Though the bulk surface layer is typically of similar greyscale
intensity to the un dayear Eigued9) withimthisis alsaevidebtr i g ht e
This bright region, typically of 0:2 um in thickness, is evident within the surface layer
developed on 0Cal00Mg and 50Ca50Mg basaltic glasses by 112 days of dissolution.-This sub
layer is particularly evidenwithin vermiform featureswhere it is typically centrdl located

within the featuresAway from these areas, the layer may be located proximally to either layer
surface: near the contact with the leachate or nearest to the pristine glass (e.g. compare
0Cal00Mg at 468 and B8®ays inFigure5.7).

Resting atop this layesituated at the layer/leachate interface during dissolution, are less
sharplydefined globular, equaragicular, fibrous or bladed occurrencégyre5.10). These

are evident after 56 days of dissolution in all compositions and generally become larger and
more numerous with dissolution duration. Though noted to occur in all composthess,
precipitates may be marginally more abundant in Inglynesium glasses; however a
statistical comparison to verify this has not been completed.
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Basaltic glass composition
100Ca0Mg 50Ca50Mg 0Cal00Mg

- I ) —

Dissolution duration (days)

Figure 5.7. Representative SERISE images of a cross section made through basaltic glass
monoliths (with variable Mg:Ca ratios) after dissolution via the MC@rocedure. All images
are 115um across, with the pristine glass oriented towards the bottom of the image.

100Ca0OMg
28 days FEORTYE 56 days

224 days

-

50Ca50Mg
468 days e 672 days

50Ca50Mg

Figure 5.8. SEMBSE images to shogleaving of the surface layer evident in 50Ca50Mg and
100Ca0Mg basaltic glasses after dissolution via the MiQ&@ocedure for various durations.
Glass composition and dissolution duration specified in text insets.
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50Ca50Mg

468 days i IS
50Ca50Mg
672 days 15 ¢

Figure 59.SEMBSE | mage s o-fayet(drrowedih redy within tkewsurface
layer (bound by yellow arrow) dewgled on basaltic glasses, with variable Mg:Ca, after
dissolution via the MC& procedure

50Ca50Mg
672 days

50Ca50Mg
468 days

Figure 5.10. SEMBSE images of particles (arrowed) resting atop the more continuous surface
layer developed on all glass compositions after > 56 days of dissolution viaIMCC
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MCC-1/EDS

The unprocessed composition of surface lapeeasured on all basaltic glass composition at
all timesteps are presentedTiable5.2a-c. All layers comprise silicon, iron, aluminium and
titanium, whist the layer developed on the eme¢mber glasses also contain their calcium or
magnesium constituent and the mme@mber contains bot&odium contentvasnegligible.

a)100Ca0OMg Element weight%

56 days 112 days 468 days 672 days
Si | 14.1(0.6) 15.6 (0.7) 23.6 (1) 12.1 (0.5)
Fe | 20.4(0.6) 13.9 (0.4) 3.4 (0.1) 12.1 (0.4)
Mg 0.2 (0) 0.3 (0) 0 (0) 0.8 (0.1)
Al 5.6 (0.3) 6.6 (0.3) 6.4 (0.3) 5.2 (0.3)
Ti 2.7 (0.1) 2.3(0.1) 0.9 (0.1) 1.3 (0.1)
Ca| 7.7(0.3) 9.6 (0.3) 3(0.1) 4(0.1)
Na 1(0.2) 0.7 (0.1) 0.2 (0) 0.8 (0.1)
b) 50Ca50Mg Element weight%

56 days 112 days 224 days 468 days 672 days
Si | 10.2 (0.4) 16.6 (0.7) 15.9(0.7) 18.7 (0.8) 17 (0.7)
Fe | 13.9(0.4) 10.5(0.3) 18.1(0.6) 16.4 (0.5) 13.2(0.4)
Mg | 5.8(0.3) 6.9(04) 53(0.3) 7.9(04) 39(0.2
Al | 56(0.3) 8.4(0.4) 6.3(0.3) 7.5(0.4) 6.1(0.3)
Ti 0500 18(.1) 23(0.1) 2(.1) 1.6(0.1)
Ca 16(0.1 18(0.1) 4.4(0.2) 3.1(0.1) 4.6(0.2
Na| 0.2(0) 0.7(0.1) 0 (0) 0.4 (0) 0.3 (0)
¢) 0Cal00Mg Element weight%

56 days 112 days 224 days 468 days 672 days
Si | 15.8(0.7) 16.1(0.7) 13.6 (0.6) 18.4 (0.8) 12.8 (0.6)
Fe | 14.8 (0.5) 18.5(0.6) 14.5(0.4) 20.9 (0.6) 20.1 (0.6)
Mg | 9.3(0.5 7.3(0.4) 9(05 85(05 6.6(0.4)
Al | 105(0.5) 7.2(0.4) 85(0.4) 9.3(0.5) 7.3(0.4)
Ti | 25(0.1) 3.9(0.1) 3.1(0.1) 2.8(0.1) 29(0.1)
Ca| 0.3(0) 0.1 (0) 0 (0) 0.3 (0) 0.1 (0)
Na| 05(0.1) 0.8(0.1) 0.3(0) 0.2 (0) 0.3 (0)

Table5.2. SEMEDS estimated compositions of the surface layers devethpedy MCG1

testing of basaltic glasses with variable magnesium/calcium contents: 100CaOMg (a, top
table), 50Ca50Mg (b, middle table) and 0Cal00Mg (c, bottom table).Values stated are mean
elemental weight percent, as measured from two or more locagiodshe standard deviation

on this mean (in parentheses).
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Figure 5.11 shows surface layer compositions recalculated as a proportion of elemental
abundnces in each respective pristine gladssurface layers were enriched in titanium and
iron; with a depletion in silicon. No consistent trends with dissolution duration were noted, and
compositional dependencies appear weak. Titanium enrichment wasnatigrgnore
pronounced in higimagnesium glasses (Ti enriched by a factor4i2 0Cal00Mgecompared

to an enrichment factor of two for 50Ca50Mg and a factor-8ff@r 100Ca0OMg). Iron was
enriched by a factor of circa two in 0Cal00Mg and 50Ca50Mg glaaed by a factor of-2

in magnesiurrfree glasses. Silicon, on average (across all compositions/timesteps), was
depleted by ~70% relative to parent glass compositions

Aluminium was present in all layers in quantities comparable to parent glasses3Q%).

Where present in the parent glass, magnesium appears in the surface layer in quantities
comparable to parent glasses (M%) for 0Cal00Mg glasses but in larger quantities-(100
200%) for 50Ca50Mg glasses. Sodium was on average present in gsi@deof the parent

glass (though this ranged from sodifi@e to 70% of pristine glass values).

—Unaltered glass —56 day altered glass —Unaltered glass —56 day altered glass
112 day altered glass —461 day altered glass 112 day altered glass 224d altered glass
— 672 day altered glass —461 day altered glass —672 day altered glass
100Ca0Mg Si 0Ca100Mg . Si
4 .~ SN
Ti T e eFe Tie 1Fe
o T N Sy . i
A b T
Na-. . o~ Na“.. .~ 7 Mg
A Al
—Unaltered glass —56 day altered glass
112 day altered glass 224 day altered glass
—461 day altered glass —672 day altered glass
50Ca50Mg
Ti . Fe
Na:x\ e Mg

Al

Figure 5.11. Surface layer compositions, as outlined able5.2, recalculated as a proportion
of the pristine glass: 100Ca0OMg (top left), 50Ca50Mg (bottom) and 0Cal00Mg (top right).
Note that 100Ca0OMg glag®ntains no magnesium.
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EDS maps of dapeeobseded in @BEtrévealsthistio be further enriched in iron
and titanium Figure 5.12). Compogional quantification of this sulayer was not possible
owing to its slender nature and limited imaging resolution, however line degusg5.13)

imply this region may contain up to 300% of the Fe and Ti content of the pristine glass
(compared to ~200% of pristine values for the surface layer more gendfagjlye5.13 also
indicates that there may be an additional sublayer, closest to theedgteof the main layer.

This second sulayer can be defined by a modest (~0.25%) enrichment in aluminium and
magnesium relative to the surface layer asale.

Figure 5.12. SEMEDS map of a 0Cal00Mg basaltic glass monolith dissolved for 672 days.
Note the presence of a thin+and Tirich sublayer proximal to the surface layer/pristine
glass interface. Dashed arrow shows location of linescan showigume 5.13.
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Figure 5.13. SEMEDS line scan across the 672 day dissolved 0Cal00Mg basaltic glass
monolith shown irFigure 5.12. Note the presence of a thin sublayer containing-2500 %
of the Fe and Ti content of the pristine glass.

EDS of the particles resting attis layer Figure5.14) show these to be highly enriched in
aluminium relative to the parent glaSEM-EDS nmaps further reveal that these particles ca
penetrateinto the surface layer. As well as aluminium, particles contain appreciable iron,
silicon, magnesium and titanium in quantities estimatéichine5.3.
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Figure 5.14. SEMEDS image of a 50Ca50Mg basaltic glass monolith dissolved via the MCC
1 methodology for 112 days to show #laminium enrichment and elemental contents of
surface particles (arrowed in red).

Element| Wt. % (SD)
Al 14.02 (0.7)
Si 4.44 (1.06)
Fe 4.63 (2.06)
Mg 1.46 (0.93)
Ti 0.27 (0.15)
Table 5.3. Composition of particles shown gure5.14. These particleare approximately
representative of all other similar particles.

PCT-B/BSE

Figure5.15 shows representative images from each basaltic glass coropatigsolved via

PCT-B. No continuous surface layer was observed on any composition, at any dissolution
duration. Powders remain highly fractured, as also observed for pristine (undissolved) samples
(Figure4.1). Fractures are now also occasionally filled by fine fragments of a lower contrast
(6darkero6) material, whi ch al so &igupe&3r s on
These particlesar e never present i n |l aterally <conti
approximate resolution of EDS imaging). Aside from these darker discontinuous surface (or
fracturefilling) layers, on some particles a discontinuous surface laye8(~ m i n wi dt h)

observed with a greyscale comparable to that of the glaSgieg€¢5.17).

PCT-B/EDS
EDS of PCTB powders revealed no significant compositional variation towards exposed
surfaces and no compositionally significant features at the achievable resolution.
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