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

be incorporated into a glass before disposal in a deep geological facility. However, the óSafety 

Caseô for this depends on our understanding of the dissolution behaviour of such a glass over 

tens to hundreds of thousands of years. This work aims to contribute to this knowledge by 

conducting accelerated laboratory dissolution tests and studies of naturally dissolved samples. 

Two HLW glasses, the International Simple Glass (ISG) and the UKôs Magnox Waste glass 

with a 25% waste loading (MW25) were dissolved in ultrahigh quality water via the Materials 

Centre Characterisation test 1 (MCC-1) and Product Consistency Test B (PCT-B) procedures. 

The presence of magnesium in MW25 allowed precipitation of clays and thus more rapid 

dissolution of this glass compared to ISG (which did not contain magnesium). This magnesium 

variability may also explain alteration layer differences in MCC-1 tests: sodium-depleted layers 

initially formed on both, but the outer region was enriched in magnesium for MW25 but 

zirconium-enriched for ISG. Similarly, the later-formed outer magnesium clays on MW25 are 

absent from ISG where a further óscallopedô inner sodium-depleted region is instead observed.  

Basaltic glasses with a variable magnesium-to-calcium ratio were synthesised and dissolved 

via the above procedures to further investigate this. Again, dissolution rates increased with 

magnesium content, potentially because the alteration layer on high-magnesium glasses is less 

passivating due to decreased aluminium content. Aluminium may instead incorporate into the 

secondary precipitates that form more readily during dissolution of high-magnesium glasses.  

Surface layer 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 to the surface layers 

generated in the above MCC-1 tests provides thickness measurements comparable to those 

made using previous, though more subjective, methods. This improved definition also provides 

surface layer thicknesses for laboratory-dissolved basaltic glasses which are consistent with 

values from the equivalent naturally dissolved glasses, providing more 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.  

Worm-like (óvermiformô) features were observed to form in all of the aforementioned MCC-1 

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

formation was more progressed in this case. Features also show highly variable interaction with 

alteration layer components: the alteration layer partially fills features on basaltic glasses but 

completely fills the vermiform structures in HLW glasses (where innermost alteration layer 

components also appear to deform around the structures). Feature formation methods remain 

unclear, but biological sources are near-impossible and a precursor scratch/crack seems likely. 

Regardless, features are significant in potentially increasing glass surface areas by up to 40%. 

Samples from Dun Deardail vitrified hillfort were proposed as HLW glass analogues. These 

materials contain glass which is thought to form the highly-vesiculated aluminosilicate regions. 

By comparison with an undissolved synthesised replica glass, the microcavities and iridescence 

(initially thought to represent dissolution pits and alteration layers) in these óglassyô areas were 

re-interpreted as micro-vesicles and surface fracture expressions. However, low density, low 

atomic number surface layers occur preferentially on potentially water-exposed surfaces and 

so may represent alteration layers comparable to the iron-rich layers observed within vesicles.   
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1. Introduction  
1.1. Background  

Nuclear power provides a reliable source of low-carbon electricity [1] and generated ~15% of 

the United Kingdomôs electricity in 2021 [2]. However, similar to all other energy generation 

mechanisms, nuclear energy production generates waste [3]. 

This waste, known as nuclear waste, accounts for the majority of the five million tonnes 

(4,560,000 m3) of radioactive waste in the UK, with the remainder arising from defence, 

research and medical activities [4]. A small proportion (< 0.1%) of this total waste is heat-

generating High Level Waste (HLW) which emits considerable quantities of ionising radiation 

and thus poses a potential threat to health/life [5]. This threat is significant and will remain 

higher than that posed by naturally occurring radioactive materials for several hundred 

thousand years [3]. Combined, the magnitude and longevity of this hazard necessitates isolation 

of HLW from humans and nature for tens to hundreds of thousands of years [6]. 

The internationally favoured approach to achieve this is via disposal in an engineered 

underground facility termed a Geological Disposal Facility (GDF) [6]. This solution, termed 

the óGeological Disposalô concept, is augmented with the óMulti-barrierô concept (Figure 1.1), 

to ensure HLW remains contained for the required durations. This is achieved using an entire 

suite of engineered and natural systems and materials (Figure 1.1) to reduce or prevent the 

release of potentially harmful chemical elements into the anthropo/biosphere [3].  

 
Figure 1.1: The multibarrier concept of nuclear waste disposal [3]  showing the four main 

components (óbarriersô), the required properties of these, and some example materials 

 

Of these systems, arguably the innermost ówasteformô barrier is the most crucial because the 

degradation of this ultimately controls release of potentially harmful radioactive elements [3]. 

Borosilicate glass is currently used for this purpose in the UK [7] and is the internationally 

favoured option owing to its high chemical-, mechanical-, and radiation-stability, its well-

established manufacturing route and its ability to space-efficiently 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 stored over the required durations [9]. 

Wasteform  

Solid, passively safe,  

durable, radiation tolerant 

e.g. glass or cement  

  

Metal canister  

Corrosion-resistant metal  

e.g. copper or stainless steel 

Host Geology  

Ideally low porosity,  

low permeability and 

low fracture density  

 

Backfill :  

Low porosity, high 

sorbance of elements 

e.g. clay or cement 
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1.2. Aims and objectives  
This work aims to increase the scientific communityôs understanding of glass dissolution from 

a nuclear waste disposal perspective. To achieve this, various objectives have been established: 

¶ Investigate the dissolution of HLW glasses in a simple aqueous system via laboratory 

testing; providing comparisons for other works and developing dissolution models  

¶ Explore the role of magnesium (an element uniquely high in the UKôs HLW) in glass 

dissolution via laboratory dissolution of a synthesised basaltic glass series with 

variable magnesium content  

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

¶ Elucidate the properties and role of the layers developed on the aforementioned 

glasses via characterisation and development of an improved measurement method  

¶ Identify, characterise and compare the óworm-likeô (vermiform) features which form 

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  

¶ 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, chapter two reviews the academic communityôs current 

understanding of glass dissolution. This includes a description of the most widely agreed upon 

kinetic model of glass dissolution 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. 

Chapter three thoroughly 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 treatment and analysis 

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 aqueous dissolution of HLW glasses are outlined in chapter four. These 

glasses include the International Simple Glass (ISG) and a simulant of the UKôs Magnox Waste 

(or Mixed Windscale) HLW glass with a 25% waste loading (MW25). Both of these were 

dissolved via the Materials Characterisation Centre test one (MCC-1) and Product Consistency 

Test B (PCT-B) accelerated laboratory dissolution methodologies, with a pure water leachate. 

Leachants and post-dissolution glasses from these experiments are analysed and compared in 

order to develop a dissolution model for both glasses.  
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In chapter five, results from identical accelerated dissolution experiments performed on a 

basaltic glass series with variable magnesium and calcium contents are presented. PCT-B 

experiments were conducted on all five glasses from the suite (comprising basaltic glasses with 

a magnesium-to-calcium ratio of 0:100, 30:70, 50:50, 70:30 and 100:0), with MCC-1 

conducted on only the end- and mid-member compositions. Results including the dissolution 

rates and any surface layers generated during these experiments are discussed and compared, 

with the reliability of results from the two dissolution methodologies also compared.  

Chapter six considers methods used to measure glass alteration layer thicknesses, evaluating 

previous techniques before proposing 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 re-presented alongside data from longer-term natural experiments to 

gauge whether laboratory 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 MCC-1 procedure) are fully characterised and 

compared, both in two- and three-dimensions. 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 anything, materials from Dun Deardail vitrified 

hillfort may reveal about long-term glass dissolution processes. Samples are characterised via 

microscopy, tomography and X-ray Diffraction (XRD); with evidence of glassy material and 

its alteration sought. To elucidate if observed 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 water-accessibility of surfaces.  

The concluding chapter provides a final discussion of the aforementioned topics, summarising 

the new glass 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 I provides an overview of the method used to assess whether layers 

observed in X-ray Computed Tomography (XCT) of hillfort materials (as in Chapter 11) may 

have formed via dissolution. This appendix outlines how images were segmented, quantified 

and statistically treated. Techniques used both to verify method reliability and estimate errors 

are also presented.  
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2. Literature Review 
2.1. Standard model of glass dissolution  

Aqueous glass dissolution can be subdivided into the three phenomenological regimes, as 

shown in Figure 2.1. Stage I is known as the óInitialô or óForward Rateô; Stage II is termed the 

óResidual Rateô; and Stage III is otherwise known as óRate Resumption Regimeô[10].  

 

Figure 2.1: The three kinetic regimes of glass corrosion, demonstrated schematically (above) 

and as a simplified graph (below).  

Two processes occur during Stage I: interdiffusion and hydrolysis. 

Interdiffusion, or ion exchange, occurs as the inward diffusion of positively charged water 

species (H2O and H3O
+) causes the concurrent outward diffusion of glass modifier cations 

(such as alkali metals) in order to maintain electric neutrality [11]ï[15]. This selective release 

of alkalis is aided by the low stability (low energy of hydration) of silicon-oxygen-alkali bonds 

[15], and leaves a hydrated (water-enriched) glass layer.  

The hydroxyl ions (OH-) formed during interdiffusion increase the solution pH [15], [16] and 

cause rapid hydrolysis of the covalent bonds linking oxygen with network forming elements 

such as silica:  

 
ḳ3É/ 3Éḳ /(  Oḳ3É/(ḳ3É/  Equation 2.1 

This effect is then amplified via positive feedback, as the Si-O- from Equation 2.1 can combine 

with water molecules to produce another hydroxyl ion: 

 
ḳ3É/ (/  Oḳ3É/(  /( Equation 2.2 
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which can then hydrolyse another siloxane bond as in Equation 2.1 [17]. Eventually, once all 

four bonds on the silica tetrahedron have been hydrolysed, an orthosilicic acid molecule 

(Si(OH)4) is released into the solution.  

In a static/closed system, dissolution will continue in this way until the concentration of 

orthosilicic acid in the solution reaches saturation. At this point an amorphous silica alteration 

layer precipitates on the glass surface [11], [12], [18] and the dissolution rate then falls during 

a órate dropô phase. Dissolution rates are likely limited during this phase by affinity and/or 

protective layer effects. In the former, as the solution concentration of silicic acid reaches 

saturation there is a reduced thermodynamic driving force for dissolution [19]. In the latter, the 

alteration layer formed on the glass surface may act as a transport barrier ï minimising ion 

exchange between the glass and solution [20]ï[23]. This may be encouraged by re-organisation 

of the gel-layer to minimise porosity [16]. Most authors consider both affinity and protective 

effects as contributing factors to the rate drop (e.g. [20], [24]), [25]); however, some instead 

favour the chemical affinity mechanism (e.g. [26], [27]) or protective gel theory (e.g. [28]).  

Following the rate drop, dissolution is slowed by three to four orders of magnitude (compared 

to initial rates) during the óResidual Rateô [16], [29], [30]. Here, two mechanisms are operative: 

secondary phase precipitation can promote dissolution, whilst limited interdiffusion through 

the alteration layer can impede it [12], particularly if the alteration layer densifies.  

Silicate mineral precipitation consumes elements from both the solution and the alteration 

layer. This leads to a dual-effect: consumption of leachate elements promotes glass network 

hydrolysis [31], [32]; whilst consumption of network formers in the alteration layer reduces 

the layerôs ability to passivate [12], and/or leads to its continuous destruction and reformation 

[33], [34]. However, during Stage II, slowed interdiffusion (relative to initial rates) can act to 

counterbalance these effects. Decreased interdiffusion may be associated with alteration layer 

pore-closure [34], [35], other passivating layer property changes [36], [37], or silica-saturation 

of the pore solution in the interdiffusion zone [36]; however insufficient evidence exists to 

determine which of these dominates [10], [24]. 

A third ñRate Resumptionò stage can - in some cases - follow, with dissolution resuming at 

rates approximately comparable to those in Stage I [38], [39]. This appears more probable in 

glasses with elevated Ca, Al, Fe or Mg (Section 2.2); and in high pH (>10.5), high temperature 

(>90 °C), and/or high sample surface area to leachant volume ratio (SA:V) systems [11], [16], 

[40], [16]. Stage III is typically hypothesised to result from precipitation of silicate minerals at 

the gel-solution interface [16], [39], [41]; however other explanations are speculated (see [16]).  

Precipitates, like those formed during Stage III, are unlikely to offer any protection to the 

dissolving glass [42]. Instead, their precipitation is commonly hypothesised to promote 

accelerated dissolution by consuming elements from the alteration layer and thereby decreasing 

its passivating ability [10], [11], [39], [42], [43]. Some argue a different mechanism for this, 

however, whereby secondary phase precipitation increases the thermodynamic driving force 

for further glass dissolution by consuming H4SiO4 from the leachant [40], [44]. This theory is 

less widely accepted, however, because H4SiO4 consumption has not yet been shown to cause 

dissolution rates to climb to rates comparable in magnitude to forward rates [45], [46].  

Typically, secondary phases are aluminosilicate compositions [42], however experimental 

parameters (including glass and leachant composition, temperature and time) strongly control 

this. Zeolites (particularly analcime and phillipsite) and clays (especially smectites) are most 
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common [15], [16], [47]. Experimentally determining minerals precipitation rates for these 

remains challenging, but accelerated dissolution testing can allow identification of probable 

phases [40]. Predicting which secondary phases will precipitate is paramount, because these 

strongly control dissolution rates and/or the occurrence of rate resumption [46].  

2.2. Role of magnesium in glass dissolution 
A comparison of international nuclear waste compositions (Table 2.1) illustrates that the UKôs 

HLW is uniquely elevated in magnesium [48]. This element, entrained during spent fuel re-

processing, is derived from the Magnox alloy used to clad nuclear fuel in the UK [49], [50]. 

Oxide 

(wt%)  

USA 

(Hanford) 

UK  

(Magnox) 

France 

(UOX1) 

Belgium 

(SM58) 

Russia 

(Myack) 

Japan 

(Tokaih) 

Al 2O3 - 19.6 - - - - 

Cr2O3 1.21 1.6 3.15 - 0.58 1.69 

Fe2O3 29.09 10 18.06 10.81 6.07 9.02 

K2O - - - - 22 - 

MgO - 21.6 - - 2.07 - 

Na2O 15.15 - - 33.33 27.98 16.46 

NiO 0.6 1.2 2.54 0.91 3.39 1.48 

P2O5 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 

Table 2.1: Comparison of International HLW compositions, on a weight percent (wt.%) calcine 

oxide basis. Note that the UKôs Magnox waste is uniquely high in magnesium (highlighted in 

yellow). Table edited from [51] and references therein. FPO refers to Fission Product Oxides. 

This elevated magnesium is widely considered to limit the durability of UK HLW glass [52], 

[53] and can explain differences observed between the French nuclear waste glass and itôs 

inactive analogue [54]. However, the mechanistic reason for this is unclear and requires further 

research. Furthermore, studies investigating whether similar effects can be noted in other 

glasses (including analogues such as basaltic glasses) remain lacking.    

Magnesium content may have little effect on Stage I behaviour, with variable Mg:Ca ratios 

having minimal effect on the initial dissolution rate of MW25 glass [48], [50]. However, 

tentative evidence suggests Stage I may be prolonged in high-magnesium leachates at modest 

temperatures (60 °C) ï though this effect appears inoperative at higher temperatures (90 °C) 

where stage divisions are clearer [55]. This potential temperature dependence requires further 

research given the temperature variability between other studies and the likely evolving 

temperatures in a GDF environment. The potential for compositional effects must also be 

considered given that other alkaline earth elements can increase Stage I dissolution rates by 

promoting Fe-Si mineral precipitation [16], [56], and that elevated iron or diminished alkali 

contents can reduce Stage I duration [57]ï[59] by delaying alteration layer formation [42]. 

Whether magnesium can cause similar effects remains unclear.  

Magnesium content likely has a greater influence on residual dissolution rates. Backhouse [60] 

found that residual dissolution rates increased with increasing Mg:Ca ratio, and hypothesised 

this to result from either (1) more rapid formation of Mg-containing precipitates and/or (2) 

decreased alteration layer passivation [60]. High magnesium has been correlated with increased 

secondary phase formation and thus increased residual dissolution rates in other studies [31], 

[42], [48], [54]. This effect occurs as the silica required for secondary phase precipitation is 
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gained from either the leachate (increasing the chemical driving force for dissolution [42]), the 

alteration layer (degrading its passivation ability [61]), and/or the glass itself (catalysing its 

degradation directly [31]). High magnesium may also cause formation of a secondary alteration 

layer which can disrupt the passivation of the primary alteration layer [48]. However, elevated 

magnesium can also improve the passivation ability of the alteration layer, thereby causing the 

reverse effect: a decrease in residual rates with increasing Mg [54]. Magnesium can replace 

sodium in the alteration layer [62] and this replacement may hinder diffusion through the gel 

[54]. The relative dominance of these counter processes is still debated, but appears dependant 

on leachate pH, with high pH (pH > 9) favouring secondary phase precipitation, whilst more 

acidic conditions favour Mg incorporation into the gel [54]. This pH dependence leads to a 

self-buffering cycle, as shown in Figure 2.2: secondary phase precipitation (favoured at high 

pH) causes a pH drop as divalent cations (Mg2+) and hydroxide ions (OH-) are removed from 

the leachate simultaneously [63]. The wider effect of glass composition on these reactions, 

however, requires further research as it is currently unclear how these synergetic and further 

non-linear effects may interact [54]. Experiments aiming to elucidate the balance of this dual-

effect are also complicated by a potential surface-area-to-leachant-volume (SA:V) dependency 

[64]. At higher SA:V ratios, oversaturation with respect to Mg clays is more probable, 

favouring the precipitation of Mg-silicates. However, at lower SA:V ratios the opposite holds 

true: oversaturation is less probable and so Mg incorporation into the alteration layer is 

dominant [64]. 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 of rate resumption is highly dependent on glass composition [16], with 

magnesium likely remaining influential. As with Stage II, high 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 layer [54], [65] which may trigger Stage III. 

 
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 glass. At high 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 secondary precipitate formation is less likely.  
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2.3. Glass alteration layers  
The term óalteration layerô encompasses all of the surface layers (alteration layer components) 

formed at the water/glass interface during glass alteration (Figure 2.3). This includes any 

hydrated glass layer; any amorphous, porous, silica gel layer; and any secondary precipitates.  

 
Figure 2.3: Schematic showing the surface layers encompassed by the term ñAlteration layerò.  

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 characteristic of a hydrated 

glass layer [66].  

Previously, it was hypothesised that hydrated layers (produced by selective cation removal) 

formed on synthetic ósimplerô glasses; whereas gel layers (generated by reprecipitation) formed 

during dissolution of more complex or naturally-altered glasses [67]. However, these layer 

components and formation models are no longer thought to be mutually exclusive [66]. Instead, 

the dominant constituent and formation mechanism may depend on alteration conditions.  

2.3.1. Formation and destruction  

The hydrated layer is theorised to form as soluble cations rapidly diffuse out of the glass to 

leave a porous skeletal silicate network [47] which undergoes in-situ reorganisation [11], [42], 

[68], [69]. This theory is supported by isotopic evidence [68], diffusion-consistent sigmoidal 

cation depletion profiles through alteration layers [34], [70], [71], and the presence of alteration 

layers which are more polymerised than the parent glass they formed from [13].  

Contrastingly, the silica gel layer is hypothesised to form via condensation and reprecipitation 

of species from the aqueous solution [66], [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 silica [66]. Formation in this way, via condensation and 

reprecipitation, is evident as atomically sharp chemical and structural-interface between the 

alteration layer and pristine glass [66] and the presence of compositionally banded alteration 

layers on archaeological and nuclear glasses [74]ï[76].  
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Secondary phases form via direct precipitation from solution, or through transformation of the 

thermodynamically unstable gel layer into crystalline phases [11]. The exact timing and process 

behind the latter is unclear [8], however some authors theorise that crystalline phases form via 

sequential transformation of metastable phases until the most stable state is achieved [46].  

2.3.2. Properties  

The composition and properties of an alteration layer are spatiotemporally variable and depend 

on multiple intrinsic/environmental parameters [77], [78], however microstructural and 

compositional commonalities do exist [47].  

Typically, alteration layers are amorphous and have a honeycomb morphology with an open 

porosity that is indicative of their low density (0.8-2 x 103 kg/m3; [11], [47]). These layers are 

frequently pitted (see Section 2.4.1), with scattered pits occasionally combining to produce 

óchain-likeô patterns that may evolve into a ridge-and-furrow micro-topography [47]. The 

friable, delicate nature of these layers [75], [79]ï[81] means they are readily damaged and/or 

destroyed (intentionally or otherwise) during both laboratory and natural experiments.  

Layers are highly inhomogeneous through their depth and across their surface [11]. The former 

is exemplified by the frequent presence of compositional sub-layers [60], [82] with typical 

thicknesses of 0.5-2 ɛm [47]. Contrastingly, lateral inhomogeneity is evident as 

compositionally variable gel ópatchesô [15] and changes in the relative thickness of each 

compositional layer across the surface [37].  

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 or iron [66]; 

and a depletion in easily-leached cations including sodium and calcium. Alteration layers also 

often contain molecular water [13], [83] and/or hydrogen [66].  

2.3.3. Passivation mechanism  

The degree to which an alteration layer can suppress dissolution (its ópassivation abilityô) likely 

depends on its thickness, diffusivity and porosity [11]. However, even with knowledge of these 

factors, alteration layer passivation ability remains impossible to predict because of our limited 

mechanistic understanding of how, exactly, an alteration layer can limit dissolution [37]. 

Though alteration layers may prevent outward diffusion of some species [37], kinetic models 

employing only this mechanism are unable to reproduce residual dissolution rates [11], [25], 

[84]. The diffusion barrier theory cannot totally explain an alteration layerôs passivation ability.  

Instead (or additionally), water accessing the pristine glass may be slowed due to its 

confinement in constricted micropores [13], [85]. The submicroporous alteration layer may 

readily allow passage of small atoms (e.g. deuterium), but not molecules larger than a 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 wider applicability remains unproven [11]. 

Complete gel porosity closure may prevent water ever reaching the pristine glass [34], [87]. 

This could occur as the gel layer undergoes restructuring and densification [34], [35], or as 

crystalline phases precipitate into the pores [88], [89], [37]. Though this porosity closure has 

been inferred to occur in some glasses [37], equally alteration layer passivation has been noted 

despite lack of any porosity closure [12].   
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2.4. Localised attack in glass 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 corrode at a much slower rate. The characteristic micron-

scale features generated via this process are of interest because they may influence overall 

dissolution rates [90] (e.g. by affecting exposed surface areas [14], [47]) and could offer insight 

into mechanisms of glass corrosion. Formation of these features may also be a key mechanism 

in the glass dissolution process [91], with localised attack and gel layer 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 glasses [76], [93]ï[96], naturally 

dissolved glasses [97]ï[99] and laboratory-dissolved glasses [14], [47], [82], [91]. Boring 

microorganisms can generate these features (and are occasionally assumed to have done so 

without adequate evidence [100]), as colonising microbes carve out hemispherical cavities 

mirroring their own shape and size [101], [102]. However so too can abiotic dissolution 

mechanisms [103] controlled by simple diffusive processes [102].  

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

[14], [47]. Pits are approximately hemispherical, with diameters <10 ɛm [14], [92]; though 

they may be elongated with lengths up to 100 ɛm [14]. The features may be solitary [14] or 

may combine to produce óchain-likeô patterns [47] or pitted troughs [91]. Pits may also show 

orientation effects as they align into rows [14], [47].  

Pitting abundance appears to increase with dissolution duration and aggressiveness (e.g. high 

temperature/pH [47], [91], [92]). Pitting prevalence may also be positively correlated with 

surface precipitate abundance [47], with pits potentially forming preferentially around these 

precipitates [91]. The presence of a calcium-rich alteration layer may also favour pitting [104]. 

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

due to either mechanical removal or dissolution of individual spheres (óglobulesô) in the glass 

structure [99]. However, this theory was short-lived and is rarely, if ever, considered now. 

More commonly, analogies to the metallurgical theory of óPitting Corrosionô are drawn. In this, 

selective attack begins at a scratch, lattice defect, or compositional heterogeneity [105], [106]. 

This generates a cavity with a geometry which slows diffusion to and from the site, accelerating 

its further dissolution and deepening as a highly aggressive local chemistry develops at its tip 

[107]. Though this theory may not be directly applicable to 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 alkali-rich areas [46], [92], [94], [108] or phase-separated components 

[91], [109]. Preferential dissolution around high energy sites is also possible, with these sites 

formed during sample production (e.g. residual un-annealed stresses [47], [91]) or sample 

preparation (e.g. cracks, or grinding/polishing defects [90], [91], [110]). Even without these 

flaws, all glasses inherently contain high energy sites due to their amorphous nature and 

variable bond angles. Finally, pits may also form due to localised pH increases (which enhance 

Si dissolution) in leachate trapped between the gel layer and hydrated/pristine glass [14], [47], 

[90], [111].   



 11 

2.4.2. Vermiform features  

Features resembling tunnels, borings, tubes and ówormholesô have also been postulated as 

evidence of localised attack during glass dissolution. These have been observed by authors 

from a range of disciplines (see below), however never 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 features in question 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 

of singular to tens of microns. These ñtubesò may be hollow or filled and can be distinguished 

from fractures given their short (finite) length, smoothly curved non-angularity and rounded 

(high radius) termination.  

Material scientists at The Immobilisation Science Laboratory in Sheffield have struggled to 

reach a consensus on the nomenclature surrounding these features (Table 2.2). Heath [112] was 

one of the first to observe the features during MCC-1 dissolution testing of a Hot Isostatically 

Pressed (HIPed) clinoptilolite. In reference to their resemblance of biopores (óburrowsô) 

formed by earthworms in the drilosphere [113], Heath playfully termed these features 

ñwormholesò. Mann & Thorpe [114] noted similar (though longer; ~170 ɛm), features on 

discarded glass bottles from Peakdale (Derbyshire, England). They termed these 

ñchemiturbation channelsò in reference to their resemblance of bioturbation channels (in 

ichnotaxonomy) but without implications of a biological origin (hence substitution of the prefix 

ñbio-ñ by ñchemi-ò). Backhouse [60] used both of the aforementioned terms to characterise the 

~30 ɛm penetrating tunnel features formed during PCT-type dissolution testing of a simplified 

borosilicate glass. Fisher [91] observed morphologically similar features, though only ever in 

surface views, and termed these ñchannelsò or ñtroughsò where they formed on the surface of 

nuclear-type 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 (methodologies, 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 features is also widely acknowledged by earth scientists studying 

volcanic (predominantly basaltic) glass alteration. However, these occurrences have already 

been comprehensively reviewed by those in this discipline (see [102], [115]). Again, however, 

a consensus has yet to be reached on naming, with morphologically-similar features referred 

to as ñputative endolithic microboringsò [116], ñLongish structuresò [117], ñEtch planesò 

[100], ñCurved-branched irregular micropitsò [118], ñAsperitiesò or ñGroovesò [110], 

ñTunnelsò [119], [120], or ñTubular structuresò [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 made with a unifying scientific theory. 
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Author 

[reference] 

Representative 

SEM Image 

Name 

assigned to 

feature 

Experiment conditions: 

¶ Glass type, 

¶ Alteration environment 

¶ Exposure duration 

Heath 

[112] 

 

Wormhole 

features 

¶ Vitreous phase(s) in 

clinoptilolite 

¶ MCC-1 (90°C, UHQ) 

¶ 28 days 

Mann & 

Thorpe 

[114] 

 

Chemiturbation 

channels 

¶ Soda-lime-silica óBottle Glassô 

¶ óNaturalô environment  

(hyper-alkaline water at 8-9 °C) 

¶ 2-70 years 

Backhouse 

[60] 

 

Wormhole or 

Chemiturbation 

channels 

¶ Nuclear waste glass analogue 

¶ PCT-B experiment (50 °C, 

KOH) 

¶ 112 days 

Mann 

[82], [122] 

 

Not discussed 

or named 

¶ ISG 

¶ PCT-B (30 °C, cement water) 

¶ 672 days 

Fisher [91], 

[92] 

 

(Alkali -) 

Channel  

or trough 

¶ Nuclear waste glass analogues 

¶ SPFT experiment (40 °C; high-

pH (> 9) TRIS buffer solution) 

¶ 100 days 

Table 2.2: Vermiform features observed at The University of Sheffieldôs Immobilisation 

Science Laboratory, including their author-assigned 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 are able to form borings that are morphologically similar to those 

discussed herein by continuously excreting substances like acids, chelating agents and enzymes 

which dissolve the glass [102]. Why microorganisms evolved to do this is debated, with the 

main theories [123] 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 whether a biological origin, such as that 

outlined above, is possible. Considerations here include the geological/experimental context, 

the featureôs morphology and any geochemical evidence, as outlined in Figure 2.4 [116]. 

Whilst some authors neglect to acknowledge potential abiotic generation mechanisms [100], 

others go as far to state that microtubes such as those shown above have never been recreated 

in laboratory experiments (even via biological mechanisms) [124]ï[126] and ñTextures of 

biocorrosion features are too complex and too reminiscent of biological processes to be 

explicable by an abiotic processò [127, p. 2]. However, abiotic explanations are possible [100].  

Abiotic formation mechanisms, developed principally by material 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.  

2 ɛm 

200 ɛm 

5 ˃ m 

50 ˃ m 

25 ˃ m 
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Figure 2.4: Schematic of microboring biogenicity-distinguishing criteria from [116].  

Structural precursors may include lower-angle, and thus more highly strained, bonds in the 

glasses ringed micro-structure (Figure 2.5a). Contrastingly, postulated chemo-structural 

precursors include percolation channels (also known as alkali channels; Figure 2.5b). These 

may dissolve preferentially during Stage I dissolution and thereby cause a localised pH increase 

and accelerated attack due to the decreased silica solubility at high pHs [46], [91], [92]. The 

presence of these alkali channels has been inferred in some HLW glass previously [128], [129]. 

Preferential attack around more macro-scale compositional regions has also been considered, 

with purely chemical precursors including phase-separated alkali areas [109].  

Morphological features, such as surface damage, cracks, scratches and polishing remnants may 

act as high-energy sites capable of promoting accelerated dissolution [60], [82], [110], [114], 

[130]. These features may break through a compressively-stressed surface layer, exposing 

regions of tensile stress below that dissolves more readily [112], [114]. Alternatively, these 

scratches/cracks may promote retention of the highly-aggressive high-pH leachate that forms 

during initial dissolution and this may promote localised attack [110], [130].  

Many of the formation mechanisms relevant in pit formation (Section 2.4.1) may also be 

relevant to these features; with pit-coalescence itself another postulated cause [91], [131]. 

Preferential dissolution along lines of stress is also a possibility [100]. Finally, pre-existing 

contamination (e.g. dirt, finger grease etc.) may also provide preferential sites for corrosion 

[132], [133], however adequate sample washing should prevent this in laboratory experiments. 
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Figure 2.5: Potential structural precursors of vermiform features, including low-angle bonds 

(a) as shown in the continuous random network model [134], [135]; and alkali-channels (b) 

as shown in the modified random network model [136]. 

Aside from formation via dissolution [100], the focus of this work, other potential abiotic 

causes include burial metamorphism of organic matter or un/misidentified ambient inclusion 

trails [124]. Ambient inclusion trails form as mineral inclusions forcibly migrate through a 

material with enough force and energy to erode a hollow tubular structure [124], [137]. These 

can often be excluded where the diagnostic features (a terminal crystal and longitudinal striae) 

are missing [117], [138] and none of these mechanisms are relevant to laboratory-dissolved 

crystal-free glasses. Similarly, though some authors [139] have interpreted morphologically 

similar features to be microcracks [126]; cracks are distinguished herein on the basis of their 

sharp pointed terminations or infinite length. 

Despite there being more studies conducted on abiotic glass alteration than biotic [140], the 

reverse appears to be the case when analysing these features specifically. Further experiments 

are needed to explore the abiotic explanations of these features [115], [116]. Such investigation 

are of pertinence to multiple scientific disciplines: earth sciences, palaeontology, biological 

sciences, material science [141] and even interplanetary science (given that subaqueous 

basaltic glass alteration on Mars has been postulated to involve both abiotic and biotic 

processes [142]). 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 

wasteforms [114]. The latter is of particular importance given that features similar to those 

discussed herein have been known to increase glass surface areas by 240% [143].  

These possibilities, as well as the findings of other studies [103], [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 surface area decrease with 

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 factors: (1) the 

chemical complexity of nuclear waste glasses and (2) the necessarily large experimental 

timescales involved in dissolving these. To overcome the first of these, many researchers study 

ósimplifiedô nuclear waste glass compositions or alternative compositions which are often 

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 

considered as óanaloguesô: samples or systems that are analogous to the conditions or materials 

of interest in a nuclear waste repository [146], [147].  

All of these analogues can contribute to the knowledge necessary to allow prediction of long-

term nuclear waste glass corrosion as in Figure 2.6. Comparing studies of the same (analogue) 

glass after its dissolution in the laboratory and in nature allows laboratory-based techniques to 

be proven representative of the óreal worldô [148]. The ability of an analogue glass to model a 

nuclear glass can then be further tested by comparing the results of laboratory tests on both 

nuclear and natural glasses. Simplified glass analogues may provide a óstepping-stoneô to 

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 glasses. Simplified glasses provide a valuable starting point for piecing together 

understanding and allow inter-study comparison [8]. Finally, naturally dissolved 

geo/archaeological analogues contribute significantly towards developing models which can 

subsequently be applied to predict nuclear waste glass corrosion (Figure 2.7).  

However, prior to their confident application to long-term nuclear waste glass durability 

studies, the phenomenological and mechanistic comparability of analogue systems must be 

proven [29] [149]. Reliability must be evaluated to ensure analogues are suitably similar to the 

nuclear waste system/materials and that any differences are acknowledged [149].  

 

 

Figure 2.6: Principle of reasoning by analogy and comparison. If all comparisons (vertical 

arrows) and all analogies (horizontal arrows) are proven reliable, then short-term 

experimental data may be used to predict nuclear waste glass corrosion. Figure after [149].  
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Figure 2.7: The role of analogues in the development and validation of glass corrosion models 

applicable to nuclear waste glass corrosion 

 

2.5.1. Basaltic glass 

Geological glasses have been used as nuclear waste glass analogues for decades [150]ï[153]. 

Of these, basaltic glasses are considered the most reliable [151] based on their comparable 

silica content to nuclear waste glass (40-55 wt.% SiO2 for basalt compared to ~35-50 wt.% 

SiO2
 for nuclear waste glasses [151], [154]). Both basaltic and nuclear waste glasses are known 

to have similar alteration mechanisms/kinetics [149], [155]ï[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 clays, [15], [47], [60], [151]) and similarities in the composition, zonation and 

morphology of alteration layers [151], [152]. Comparable trends in alteration layer thickness 

development with time and temperature have also been observed [151]. Finally, similar debate 

concerning methods of alteration layer formation exists in both basaltic and nuclear waste glass 

discussions [155], [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 high-pH environments, for example, the secondary phases evolution for basaltic 

and simulant nuclear waste glasses can differ considerably [60]. Many authors attribute such 

differences to the lack of appreciable boron and lithium in basaltic glasses compared to their 

nuclear counterparts [154], [159]. Comparisons with naturally altered basalts are further 

limited by the absence of appreciable thermal or radiation-damage effects in basaltic glasses 

and the incompatibility between the submarine environments (where most natural glasses are 

collected) and the GDF or laboratory environments [154], [159].  

Previous studies reveal that basaltic glasses exposed 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 palagonite [15], [158] and is hypothesised 

to transforms from an amorphous state (ógel-palagoniteô) to a poorly-crystalline form (ófibro- 
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palagoniteô) with time [155], [158]. Typically, this palagonite layer contains Si, Al, Fe and Mg 

in proportions that resemble ferromagnesian clay minerals [15]. An enrichment, relative to the 

óparentô glass, in iron and titanium and a depletion in alkalis/alkaline earths is also often 

observed [15], [155]. However, some palagonites can be compositionally near-identical to their 

parent glasses, only differing in their far greater (20-30%) water content [160].  

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 differences between the dissolution of nuclear and basaltic glasses [60]. 

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 analogues [149], with glasses 

from vitrified hillforts being a particularly novel example of these [161]. These vitrified 

hillforts were constructed in the late-Bronze to Iron-age by fusing together (vitrifying) the wall 

rocks of hilltop fortifications across Europe [162]ï[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 nuclear waste glass analogues 

[161], [164]. Furthermore, the vast array of glass compositions found at a single site benefit 

compositional-dependency studies, whilst the large compositional diversity between sites 

ensures a compositional range broad enough to overlap with nuclear waste glass compositions 

[165]. Finally, the environmental history of vitrified hillfort sites can be well-characterised if 

they are of archaeological importance or are in the vicinity of ancient settlements [81]. 

However, providing high-certainty long-term geochemical constraints for archaeological sites 

ï a necessity for any analogue study [29] ï remains challenging. Furthermore, vitrified hillfort 

glasses are low in boron and lithium compared to nuclear glasses [161] and the surface 

alteration conditions may differ from those expected in a GDF. The low-temperature oxidising 

environment in which vitrified hillfort glasses alter may be a poor proxy for the warmer more 

reducing environment at depth. Alteration mechanisms may also differ as surface weathering 

and erosion of vitrified hillfort materials is expected to be replaced by exclusively chemical 

corrosion in the GDF. The biological actors that can be influential in vitrified hillfort glass 

degradation [81] 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 to those interested in nuclear waste glass dissolution and/or the use of 

vitrified hillfort materials analogues of this. Broborg vitrified hillfort, in Sweden, is the only 

site which is well-studied from a nuclear waste glass analogue perspective [165]. Here, initial 

studies devised a ñtop-downò analysis technique whereby non-destructive characterization of 

excavated samples (via XCT and photography) was to be followed by semi-destructive 

techniques (including dry-cutting to allow SEM analysis) and finally by destructive analyses 

[81]. The importance of water and oil-free preparation in this was emphasised, to avoid biasing 

results or irreversibly contaminating samples [165]. 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 and Ca [81], [166]ï

[168]. Alteration of the clear glass was evident as micron-scale semi-circular 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 the vitrified material indeed had bio-corrosive properties [169]. Contrastingly, dark 

glass surfaces without organic material showed pitting; however, no semi-circular alteration 

patterns were found irrespective of the presence or absence of organics on the dark glass [81], 

[166]. These glasses remain under active investigation, with potential glass alteration phases 

within micro-cracks [170], corrosion-related surface layers [171] and biological factors [172] 

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 material were collected from within the excavated trenches 

of this site in 2015 [173], [174]. This material, unearthed from beneath a well-humified peat-

rich topsoil, is known to comprise variably vitrified clasts of calcareous pelite and schist 

alongside porphyry and quartz-diorite [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 boulders) [175]. 

Previous mineralogical analysis has implied vitrification temperatures were 850-1100 °C, with 

Mössbauer spectroscopy indicating reducing conditions [176]. 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 remnants of a 

supporting timber framework) was also found [173], [174]. Radiocarbon dating of this and 

other organic matter indicate a 5th Century BC construction for the Dun Deardail hillfort, with 

inhabitation between the 5th ï 2nd Century BC and vitrification in ~310 BC [176]. Evidence of 

re-occupation post-vitri fication was found [177], alongside a crucible fragment and 

metalworking waste which were both inferred to evidence ferrous and non-ferrous 

metalworking during occupation [173]. Two hearths, paved flooring [177] and an un-vitrified 

internal dividing wall was also found alongside a heavily corroded iron object, speculatively 

identified as a knife [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 alteration [8]. These glasses also provide a óbenchmarkô 

which allows comparison of results from differing research groups, using differing analytical 

methods and experimental techniques [10]. Contrastingly, inactive glass analogues are 

essential to researchers because these are more manageable, in terms of synthesis and 

processing, than their radioactive counterparts. However, the reliability of both as analogues to 

ótrueô nuclear waste glasses should be evaluated prior to their use.  
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Simplified glass 

The International Simple Glass (ISG) is one of the most widely studied simplified nuclear 

waste glass analogues. This simplified six-oxide glass was devised by the International Glass 

Corrosion Working Group [10] such 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 formed to incorporate spent-fuel reprocessing products in France [10], [179]). Though 

researchers generally agree that this glass adequately replicates the dissolution behaviour of 

French HLW glass [25], [179], it is not a perfect or óreplicaô analogue. ISG remains less durable 

than SON68 and develops different phyllosilicate secondary phases after extended dissolution 

durations [25]. More complex glasses can better analogue this HLW glass [25] because more 

complex glasses are more able to reproduce the cumulative and/or synergistic effects of major 

and minor oxide constituents in nuclear waste glass [16], [60]. 

The comparability of the French HLW glass system and the UK HLW glass system may also 

be questioned. Simulants of the UKôs nuclear waste glass (MW) have been found to dissolve 

faster than SON68 by a factor of ten in neutral pH conditions [31]; and by a factor of two 

compared to ISG in alkaline environments [60]. The secondary phases developed on MW in 

both of these experiments also differed from those developed on SON68 or ISG [31], [60].  

Inactive glass 

The reliability of modelling nuclear waste glass dissolution using non-radioactive (inactive) 

glasses must also be considered [180]. Radiation may alter the composition, microstructure and 

bonding within a glass, thereby impacting dissolution rates and behaviour [181].  

Generally, initial dissolution rates of radioactive glasses and their inactive analogues differ 

minimally [182]ï[187]. This likely results from the inherently high radiation stability of glass 

[3] and the glass compositions already containing significant amounts of the elements produced 

(in a comparatively small quantity) by transmutation [188]. Radiation also appears to have 

minimal effect on alteration layer properties including thickness, composition and morphology 

[180]. This implies that inactive glasses are able to well-model the dissolution rates and 

mechanisms of their radioactive equivalents during early stages [187].  

However, longer-term (e.g. Stage II) rates have been shown to vary more considerably with 

radiation effects. Long-term dissolution rates are typically ten to fifteen times greater in active 

relative to inactive glasses [189]; with the majority of this attributable to radiation-induced 

structural changes [190]. In some cases, radioactive waste glasses may be up to 40 times more 

durable than their inactive counterparts, as radiolysis-induced acid generation suppresses or 

delays rate resumption [180].  

Evidently, careful considerations must be made when comparing the expected dissolution of 

the UKôs nuclear waste glass with the dissolution of ósimplifiedô compositions (potentially 

based on other nationôs HLW glass compositions), inactive simulants, or other glass types (e.g. 

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 so their 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 outlined in Figure 3.1 and below.  

 

 

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 two 500-gram annealed blocks of 

the International Simple Glass (ISG) for this study. These glasses were produced by Mo-Sci 

Corporation (Rolla, MO, USA) and were melted in a platinum-rhodium crucible within an 

electric furnace at 1300 °C for four hours. The melt was cast into a graphite mould, with the 

resulting ingots annealed at 569 °C for six hours before being cooled to room temperature at 1 

K min-1 [13]. Two batches, both with the composition shown in Table 3.1, were used in this 

work: Lot L12012601-M12042001 and Lot L12012601-M12042501. Batches were assumed 

to be identical, hence further traceability was not maintained.  

 

Oxide Mol. %  

SiO2 60.32 

B2O3 16.43 

Na2O 12.65 

Al 2O3 3.68 

CaO 5.27 

ZrO2 1.64 

  

Table 3.1. Analysed composition, in oxide molar percent (Mol. %), of the International Simple 

Glass (ISG) used in this study, as stated (originally in mass %) in reference [191].  

Samples used 

herein 

Synthesised samples  Acquired samples  

ISG Vitrified hillfort  

samples 

Synthesised from 

oxide precursors 
Synthesised from 

frit & calcine  

MW25 Hillfort replica  

glass 
Basaltic  

glass series  

0Ca100Mg  

basaltic glass  

30Ca70Mg  
basaltic glass  

50Ca50Mg  

basaltic glass  

70Ca30Mg  

basaltic glass  

100Ca0Mg  

basaltic glass  
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3.1.2. Hillfort sample acquisition 

Seven vitrified stone samples were provided for this project by Amanda-Jane Dolan (of The 

University of Stirling). Samples were originally collected by the AOC Archaeology group (on 

behalf of the Nevis Landscape Partnership and Forestry Commission Scotland) from Dun 

Deardail vitrified hillfort in August 2017 [178]. For traceability purposes, sample numbers used 

herein are preserved from the original archaeological record card provided with the samples. 

The prefix three digits (e.g. ó601-ô) 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 ócontextô numbers appear to be consistent with those used in 

accompanying archaeological reports [178]. The latter implies that all samples studied in this 

work (with context numbers beginning ó6éô or ó4éô) are from the vitrified ramparts 

uncovered at Trench 6 and Trench 4 of the site (Figure 3.2).  

Samples were not washed upon collection; however, they were left exposed to the elements 

after collection for an unspecified duration. Ordinarily, on-site wet-sieving is typically 

conducted during archaeological excavations, however this was not completed at the Dun 

Deardail excavations due to the absence of nearby running water [175] and the logistical 

challenges associated with carrying sufficient quantities of water to the hill-top location.  

Hillfort samples were thoroughly catalogued and photographed before preparation. The 

potential archaeological significance of the samples necessitated minimisation of destructive 

testing and retention/re-use of by-products wherever possible.  

 

 
Figure 3.2. A photograph taken during archaeological excavations at Dun Deardail (left) and 

a site plan (right) showing the location of the archaeological trenches. Photograph shared with 

permission from Dr Amanda-Jane Dolan, with Trench Location Plan shared with permission 

from AOC Archaeology Group [178]. 
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3.1.3. Basaltic glass batching  

A standard tholeiitic basaltic glass composition [156] was modified such that the total molar 

percentage of magnesium- and calcium-oxide remained constant whilst the ratio between these 

constituents varied from 0:100 to 100:0 (at 30% intervals) as in Table 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 

(Table 3.3), before melting as described in Section 3.1.6.  

Oxide 

Oxide mol. % 

Techer 

et al. 

[156] 

0Ca 

100Mg 

30Ca 

70Mg 

50Ca 

50Mg 

70Ca  

30Mg 

100Ca 

0Mg 

SiO2 53.654 53.295 53.295 53.295 53.295 53.295 

Al 2O3 9.478 9.414 9.414 9.414 9.414 9.414 

Fe2O3 4.439 4.409 4.409 4.409 4.409 4.409 

Na2O 2.815 2.796 2.796 2.796 2.796 2.796 

Li 2O 2.187 2.172 2.172 2.172 2.172 2.172 

CaO 12.642 0.000 7.779 10.844 18.151 25.932 

MgO 12.791 25.932 18.151 15.088 7.779 0.000 

P2O5 0.046 0.046 0.046 0.046 0.046 0.046 

SrO 0.227 0.225 0.225 0.225 0.225 0.225 

MnO 2 0.143 0.142 0.142 0.142 0.142 0.142 

K 2O 0.132 0.131 0.131 0.131 0.131 0.131 

TiO 2 1.448 1.438 1.438 1.438 1.438 1.438 

Table 3.2. 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 SiO2 Loch Aline sand 99.5% 

Sodium carbonate Na2CO3 Sigma-Aldrich 99.9% 

Calcium carbonate CaCO3 Sigma-Aldrich 99.9% 

Potassium carbonate K2CO3 Alfa Aesar 99% 

Magnesium carbonate, hydrated MgCO3 Fisher 99% 

Aluminium hydroxide Al(OH)3 Sigma-Aldrich 99% 

Ammonium dihydrogen phosphate NH4H2PO4 Alfa Aesar 98% 

Titanium (IV) oxide TiO2 Sigma-Aldrich 99.8% 

Strontium nitrate Sr(NO3)2 Aldrich >=98% 

Lithium carbonate Li 2CO3 Alfa Aesar 99% 

Iron (III) oxide Fe2O3 Alfa Aesar 98% 

Manganese (II) carbonate MnCO3 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 Dispersive X- ray Spectroscopy (SEM-EDS; 

Section 3.4.2) was used to estimate the composition of the assumed-glassy material within the 

vitrified stone samples. Seven SEM-EDS spectra were taken from featureless (crystal-free) 

locations within the interior of Sample #410-401; with the average composition of these used 

to give a ótarget glass compositionô (Table 3.4). This glass was synthesised by batching and 

mixing oxide precursors (Table 3.3), before it was melted as in Section 3.1.6.  

 Mol. %  

Oxide 

Actual 

Hillfort 

ñglassò 

Replica 

hillfort 

glass 

SiO2 61.55 62.74 

Al 2O3 11.36 11.05 

K2O 6.91 5.44 

Na2O 11.08 11.03 

Fe2O3 2.36 2.50 

CaO 4.58 5.20 

MgO 2.16 2.03 

   

Table 3.4: Composition of areas hypothesised to be glassy in an actual hillfort sample (ñActual 

Hillfort óglassôò) and the replica glass synthesised based on these values (ñreplica hillfort 

glassò). Compositions, in oxide mole percentage, as measured by SEM-EDS. 

 

3.1.5. MW25 glass batching  

Alkali borosilicate base glass ófritô (MW0.5Li) and simulated Magnox waste ócalcineô 

(WRW17), both provided by Mike Harrison at NNL, were combined in proportions calculated 

to ensure the final glass comprised 25 weight percent Magnox waste (MW25 glass; Table 3.5). 

The effect of de-nitration upon heating was mitigated by calculating the expected nitrate loss 

(RN%) using Equation 3.3  

 
ὙὔϷ ρππ  

ύ ύ

ύ ύ
 Equation 3.3 

where is ύ  is the mass of empty crucible (g), ύ  is the mass of crucible and calcine sample 

before heating to 1000 °C (g) and ύ  is the mass of crucible and calcine (g) after heating to  

1000 °C. The required calcine quantity can then be calculated using Equation 3.4  

 
ὡ ρππ

ςυ

ρππὙὔϷ
 

Equation 3.4 

 

 

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

Lithium carbonate (Table 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 equal to the lithium already present in the frit. These components 

were added to a platinum-rhodium crucible and melted as outlined in Section 3.1.6.  
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Oxide  Mol. %   Oxide  Mol. %  

Al 2O3 2.80  Na2O 8.84 

B2O3 15.86  Nd2O3 0.36 

BaO 0.20  NiO 0.32 

CaO 0.00  Pr2O3 0.11 

CeO2 0.43  RuO2 0.37 

Cr2O3 0.26  SiO2 50.50 

Cs2O 0.25  Sm2O3 0.07 

Fe2O3 1.19  SnO 0.00 

La2O3 0.12  SrO 0.18 

Li 2O 8.93  TeO2 0.07 

MgO 7.52  Y2O3 0.05 

MnO 2 0.00  ZnO 0.00 

MoO3 0.65  ZrO 2 0.74 

Table 3.5. Nominal composition of MW25 glass in oxide molar percentage [192], [193]. 

 

3.1.6. Glass melting  

All batched reagents/components were then added to separate platinum-rhodium crucibles and 

were melted under the conditions outlined in Table 3.6.  

 

Basaltic 

glass 
MW25 

Hillfort 

glass 

 

Melt temp, °C 1450 1050 1650  

Melt duration (static + stir), hours 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 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 for this study. 

 

Basaltic and MW25 melts were then poured into a pre-heated 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 crucible was partly 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 provided in Table 3.7, 

with further details below. Monolith testing was completed to allow 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 the greater evaporative loss in these tests).  

 MCC PCT 

Sample type Glass monoliths Glass powders 

Temperature 90 °C (± 2 °C) 50 °C (± 2 °C) 

Glass SA 

Leachant V 

SA:V 

0.0004 m2 (400 mm2; ± 10%) 

0.00004 m3 (40 ml; ± 10%) 

10 m-1 

0.02 m2 (20000 mm2 ± 5%) 

0.00001 m3 (10ml; ± 5%) 

2000 m-1 

Glasses tested:   

B
a
s
a
lt
ic

 g
la

s
s 

0Ca100Mg V V 

30Ca70Mg U V 

50Ca50Mg V V 

70Ca30Mg U V 

100Ca0Mg V V 

 ISG V V 

 MW25 V V 

Leachant UHQ (Ultra High Quality) water UHQ (Ultra High Quality) water 

Atmosphere Oxic (atmospheric air) Oxic (atmospheric air) 

Timesteps 

(days) 
28, 56, 112, 224, 461(/468), 672  7, 14, 28, 56, 112, 224 days 

Table 3.7. Summary comparison of dissolution experiment parameter used in this study.  

 

3.2.1. MCC-1 

Chosen glasses from the synthesised basaltic glass series (0Ca100Mg, 50Ca50Mg & 

100Ca0Mg) alongside both ISG and MW25 were prepared following the Materials 

Characterisation Centre Test-1 (MCC-1) procedure, as defined by ASTM standard C1220-17 

[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 surface area to leachant volume (SA:V) ratio 

of 10 ± 0.5 m-1. 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 temperatures > 100 °C). Samples were tested in triplicate, with two 

additional blank vessels containing only leachant, prepared per timepoint. 

For this, glass ingots were cut into ócouponsô (measuring ~10 x 10 x 5 mm) using a Struers 

Secatom-50 and/or Buehler Isomet slow saw, both with a diamond blade and Isomet cutting 

fluid. Coupons were then ground (using P600-, P800- and P1200-grit SiC abrasive papers 

successively) and polished using a Buehler EcoMet 250 Pro and/or a Kemet 300 Lapping and 

Polishing wheel (the three-stage polishing procedure utilised a 6 ɛm and 3 ɛm oil-based 

diamond suspension liquid with separate MetPrep planocloths and then 1 ɛm oil-based 

diamond suspension with a MetPrep cashmere cloth). Coupons were subsequently placed in an 

ultrasonic bath containing 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 an in-house modified version of the method 

outlined in ASTM C1285 [195]) Savillex 60 ml perfluoralkoxy (PFA) Teflon standard vessels 

containing a support screen (óbasketô) of the same material. Leachant, in the form of Milli-Q® 

Ultra-High Quality (UHQ) water (with a resistivity of 18.2 Mɋ), was added in appropriate 

quantities to these vessels using a FinnPipette F1 variable-volume pipettor, with 10 ml 

FinnPipette tips. The required leachant volume for each timestep was calculated based on the 

average geometric surface 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 time-spent making arbitrarily fine adjustments. 

Subsequent calculations (Section 3.2.3) utilised monolith-specific surface areas. 

Vessels (containing leachant and a monolith) were then closed and placed into a 90 °C GenLab 

MINO/40 oven, as shown in Figure 3.3. After the durations (ótimestepsô) outlined in Table 3.7 

the vessels were removed from the oven, weighed and allowed to cool to room temperature 

before the monolith was removed and allowed to air-dry for 24-48 hours before further 

processing. Two aliquots of solution were then taken using a FinnPipette F1 variable-volume 

pipettor (as previously): The first 10-15 ml aliquot was transferred into a polypropylene 

centrifuge tube where the pH was measured as in Section 3.4.3. The second, similarly sized, 

aliquot was forced (using a polyethylene/polypropylene syringe) through a Puradisc 0.2 ɛm 

cellulose acetate filter and then acidified with 1 vol. % ultrapure concentrated nitric acid (to 

avoid precipitation of secondary phases prior to elemental analysis). Any remaining solution 

was disposed of; however, the first (unfiltered/un-acidified) aliquot taken was speculatively 

retained for possible further investigation. Acidified solutions were subsequently analysed via 

ICP-OES (Section 3.4.2), with monoliths prepared for SEM analysis (Section 3.4.2). 

 

 

Figure 3.3: Schematic representation of MCC-1 procedure 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 (PCT-B) as defined by ASTM standard C1285-14 [195]. This temperature-

controlled static test utilises powdered samples submerged in a leachate in quantities to ensure 

an SA:V ratio of 2000 m-1. 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 temperature = 50°C) in the UK 

[196]. Temperatures of 40-50 °C are also more consistent with geothermal gradients which 

state that temperature typically increase by 25-30 °C with every kilometre of depth [197]. 

Experiments were undertaken in triplicate, with duplicate blank vessels per timepoint. 

Glass ingots were size-reduced using a percussion pestle and mortar and were sieved to obtain 

the 75-150 ɛm size fraction. Powder samples were then cleaned (to remove adhered fines) in 

an ultrasonic bath containing UHQ water and isopropanol sequentially until each waste 

solution was visibly particulate-free (circa 30-60 minutes per washing stage). After oven-

drying (at 90°C for ~8 hours), powder density (measured via pycnometery in Section 3.4.1) 

was used to calculate the sample volume required to achieve the desired target surface area 

(Table 3.7). These geometric surface area calculations assumed spherical particles of a fixed 

diameter equal to the mean of the size fraction [195]. 

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 C1285 [195]. UHQ water, of 

the same type added in Section 3.2.1, was added to these vessels (using the same pipettor/tips 

outlined in Section 3.2.1), before vessels were closed, tightened and placed into a 50 °C 

GenLab MINO/40 oven, as shown in Figure 3.4.  

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

 

After a given time interval (Table 3.7) vessels were removed from the oven, allowed to cool to 

ambient temperatures and then weighed. Two aliquots of solution were then taken: One seven 

millilitre aliquot was filtered and acidified (as in Section 3.2.1), whilst the remaining 2-3 ml 

was removed and used for pH measurement (Section 3.4.3). No un-acidified solutions were 

retained, however acidified solutions were subsequently analysed via ICP-OES (section 3.4.2). 

Vessels (containing glass powder and minimal leachate) were then placed into a modestly-

heated (30 °C) drying oven for 8 ï 48 hours before powder was removed and prepared for SEM 

analysis (Section 3.3.1). 
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3.2.3. Leachate normalised mass loss calculations  

Leachate concentrations (from ICP-OES analysis, Section 3.4.2) were numerically processed 

to correct for four factors: (1) evaporative loss of solution during testing (post-dissolution 

vessel mass was used to estimate this); (2) background elemental concentrations (potentially 

derived from inadequate vessel cleaning or leaching of the vessel itself and measured from a 

ñblankò vessel containing only leachant); (3) glass surface area (based on the measurements 

made on individual samples, including the monolith dimensions in MCC and the exact powder 

mass for PCT), and; (4) the initial glass composition. 

These corrections were made via the calculation of a normalised mass loss (NLi; in gm-2) for 

each element (i) in each glass, as outlined by ASTM [194], [195] and given by 

 
ὔ Ὥ

ὅ ὅȟ
ὼ ὛὃȾὠ

 
Equation 3.5 

 

 

where Ci and Ci,b are the average concentration (in g m-3) of element i in the triplicate analysed 

leachates and duplicate ñblankò vessels (containing only UHQ water) respectively; SA/V is the 

sample Surface Area (m2) to leachant Volume (m3) ratio (m-1); and ὼ (unitless) is the elemental 

fraction of i in the initial glass composition.  

The uncertainty in the normalised mass loss was calculated, following Backhouse [60] using 

 

„ ὔὒ
„ ὅ „Ӷȟ ὅӶȟ

ὅ ὅӶȟ
„ „ „  Equation 3.6 

 

where „ denotes the relative uncertainty in the subscripted parameter and the macron diacritical 

mark denotes the average of the accented parameter (e.g., ὅӶȟ denotes the average 

concentration of element i in the blank vessels: the average ὅȟ). Relative uncertainties are 

equal to absolute uncertainties on a given measurement divided by the value of that 

measurement. Absolute uncertainties for xi, SA and V were taken to be 5%, 15% and 5% 

respectively; the term óuncertaintyô can be equated to óstandard deviationô for average 

measurements.  
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3.3. Post-dissolution 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 some cases even the static 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 crucially samples were not washed post-dissolution. 

Two of the triplicate monoliths per composition/timestep were placed into plastic sample clips 

(which themselves also likely caused localised alteration layer damage), before being mounted 

in epoxy resin (80% Buehler EpoxiCureTM 2 Epoxy Resin thoroughly mixed with 20% 

Buehler EpoxiCureTM 2 Epoxy Hardener) which was then allowed to set for at least 12 hours. 

The remaining monolith of the triplicate samples was stored (unmounted) under ambient 

conditions within a standard 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 

ópasteô/óslurryô was transferred into a cylindrical plastic sample clip (~0.5 mm in diameter) and 

additional epoxy/hardener was poured around this. The remaining (~0.8 g of) powder was 

stored in a sealed plastic vial prior to, in some cases, XRD analysis. 

To reveal a cross section, epoxy-mounted samples were then ground and polished to a 1 ɛm 

finish as outlined for MCC monoliths in Section 3.2.1. Considerable effort was made to limit 

alteration layer damage by minimising platen speed (~121 rpm) and applied 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 (Section 3.4.3) was also conducted at this 

stage (prior to carbon coating).  

After preparation, copper-tape was applied to electrically connect the bottom and top of the 

resin-mounted samples which were then carbon-coated using a Quorum Q150T ES Plus. This 

was conducted to allow incident electron dissipation and prevent óchargingô during SEM 

analysis, as this can cause beam repulsion and image stability and contrast issues [198], [199].  

Based on initial observations, three vitrified hillfort samples (Samples #410-401, #601-607 and 

#601-602) were selected for further analysis. These were observed to contain optically vitreous 

material and had evidence of exposure to an aqueous alteration 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 water-soluble alteration 

products, preparation involved no water usage and oil-based lubricant was used only when 

strictly necessary (partly because of the difficulties envisaged in subsequently removing this 

from the highly porous samples). Samples #410-401 and #601-607 were prepared, in a water-

sensitive manner, as double-polished geological thin sections (30 ɛm thick) by The Open 

University, with sampling location carefully considered (Figure 3.5). A fragment was also cut 

from Sample #601-602 using a hand-operated Vitrex tungsten carbide-tipped tile saw without 

lubricant. To minimise additional sample modification/preparation, and to allow unhindered 

Raman analysis subsequently, hillfort samples were not carbon coated prior to SEM analysis. 

Instead, the óCharge Reductionô SEM mode was used to introduce a small amount of 

atmospheric air into the sample chamber, thereby allowing some electron discharging.  
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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 surface-exposure (roots, arrowed in blue). 

 

XRD was conducted on dissolved and undissolved PCT powders without further preparation. 

For XRD of hillfort materials, a fragment of Sample #601-602 was removed (using a geological 

hammer) and crushed into a powder (of ~100 ɛm) using a percussion pestle and mortar. 

 

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 epoxy-mounted MCC monoliths without further size 

reduction, however trial scans of this type (and at the desired resolution) contained significant 

noise. This likely resulted from excess sample thickness which greatly attenuated x-rays 

reaching the detector despite the high beam power. The necessitated high beam power also 

potentially over-saturated the detector after the sample had rotated and the significantly thinner 

dimension was scanned. XCT samples should be of a minimal thickness and aspect ratio [200]; 

parameters not fulfilled by MCC monoliths prior to further size reduction. 

Instead, epoxy-mounted post-dissolution monoliths were size reduced into slender ópillarsô 

using an Isomet slow saw (as above). The resulting samples, shown and prepared as in Figure 

3.6, comprised: a glass pillar with an intact alteration layer embedded in epoxy; a standalone 

glass pillar without the attached alteration layer or epoxy coating; and an alteration layer 

embedded into the surface of an epoxy ópillarô. Such sample diversity was necessitated by the 

novel nature of this methodology.  

Samples selected for XCT monolith analysis were of a single glass 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, allows self-comparison 

of XCT data; whilst the latter choice maximised the probability of observing (thick) alteration 

layers and other features.  

10 mm 5 mm 

a) b) 
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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), however 

these samples were retained and scanned. Sectioning was performed using a Buehler Isomet 

slow saw, with a diamond blade and Isomet cutting fluid.  

 

Post-dissolution PCT powders were also characterised via XCT. These were scanned as ódryô 

powders (funnelled into a plastic drinking straw capped with sponge at both ends and supported 

by adhesive tack) and as powders submerged in their original leachate (ówetô samples; 

transferred into a micro-pipette tip which was sealed using quick-bonding superglue and 

loosely placed adhesive tack, as shown in Figure 3.7). Such novel sample mounting methods 

were developed to minimise excess x-ray attenuation through containment vessels.  

Samples selected for XCT powder analysis were all dissolved 50Ca50Mg basaltic glasses. One 

sample, scanned only as a dry powder, had been subjected to 112 days of dissolution (at 

temperatures of 50 °C, as outlined in Section 3.2.2); whilst the other, scanned both ówet and 

ódryô, had been dissolving for 353 days at an increased temperature (of 90 ÁC). The latter 

sample was part of a (failed) trial to test the viability of conducting long-term PCT testing at 

high temperatures. All 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 of later-stage dissolution. For 

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

in future discussions and sample nomenclature. 

 

Figure 3.7. Schematic showing dissolved glass powder samples as prepared for XCT scanning 

both ódryô (left) and ówetô (right).  
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3.4. Characterisation/Analytical methods  

3.4.1. X-ray Diffraction  

X-ray diffraction (XRD) is used to investigate a materialôs crystal structure. It was used to 

determine if un-dissolved synthesised óglassesô and hillfort samples were amorphous; and to 

identify any crystalline components in hillfort and post-dissolution PCT samples.  

In powder XRD, an approximately parallel beam of x-rays with a known wavelength (ɚ) is 

directed at a powder specimen. These X-rays interact with the sample to generate secondary 

diffracted x-ray beams at specific diffraction angles (ɗ) that can be related to spacing between 

crystallographic planes (d) via the Wulff-Bragg equation [201]  

 ὲ‗ ςὨίὭὲ— Equation 3.7 

 

where n is the diffraction order. Braggôs law will be satisfied (to give constructive interference 

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 the diffraction (Figure 3.8). A 

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

ray beam) and measuring the amount/strength of refracted x-rays observed at each angle [202].  

Crystalline materials generate characteristic diffraction patterns (peaks with specific positions 

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

of sharp óBraggô peaks, the diffraction patterns of amorphous materials, which lack long-range 

crystallographic order, are dominated by a single broad peak corresponding to the average 

short-range atomic distances between pairs/clusters of atoms [201].  

 

Figure 3.8. Illustration of the Wulff-Bragg Law (Equation 3.7). 

 

Experimental parameters  

Powder samples (with a grain size of approximately 75-150 ɛm) were front-loaded into a zero 

background (polymethyl methacrylate/PMMA) sample holder before the sample surface was 

made flush with the container using a glass microscope slide. The sample and holder were then 

placed into a Bruker D2 Phaser XRD with a Cu KŬ X-ray source (ɚ = 1.54056 ¡), Lynx-Eye 

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 voltage and current of 30 kV 

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

0.6 s step-1, between 10-90 Á2ɗ, in scans lasting ~ 40 minutes per sample. Diffraction patterns 

containing sharp peaks were compared to those in the PDF4+ database from the International 

Centre for Diffraction Data (ICDD) for phase analysis [203].  
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3.4.2. Scanning Electron Microscopy and Energy Dispersive X- ray Spectroscopy 

Scanning Electron Microscopy (SEM) is used to characterise sample morphology at a  

(sub-)micron scale, with the accompanying Energy Dispersive X-ray Spectroscopy (EDS) able 

to elucidate compositional heterogeneity.  

Typically in an SEM, electrons (produced via thermionic emission from a tungsten filament) 

are accelerated through a potential difference down a column towards an anode. The 

accelerated electrons, now in a beam, are then shaped 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 coils) across the sample as shown in Figure 3.9. 

The electron beam then interacts with a small volume of the sample (known as the interaction 

volume) to generate backscattered electrons, secondary electrons, Auger electrons and X-Ray 

photons. Secondary electrons result from inelastic collision of incident electrons with specimen 

electrons. Because of their low energy (<50 eV), only secondary electrons emitted close to 

materials surface (<20 nm) are detected [198]; hence these can be used to provide topographical 

information [204]. In contrast, backscattered electrons (BSE) result from elastic collision 

between incident electrons and nuclei in the specimen surface (depth < 1 ɛm). These result 

from the coulumbic force of the nuclei (which repels the incident electron away), hence their 

abundance depends on the size (atomic number) of the element: More backscattered electrons 

are generated from regions with a higher atomic number, hence their appearance as óbrighterô 

areas in BSE images [205]. BSEs are collected close to the beam aperture because they are 

scattered ~180°. X-ray photons are generated when electrons in the beam cause ejection of a 

so-called Auger electron from a low-energy orbital in the target atom to leave a vacancy. An 

electron 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 of X-ray radiation [206]. The amount of energy 

released is unique for each element, hence elemental composition can be determined via 

Energy Dispersive X-ray Spectroscopy (EDX/S). Composition can then be approximately 

quantified by measuring the number of emitted X-rays per given energy per unit time (i.e. 

ñpeak heightsò [207]). 

 Electrons of all types (distinguished on the basis of their energy and scatter angle) and x-rays 

are collected and amplified by detectors. The number of interactions (ócountsô) of each type 

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 Plus SEM coupled with Bruker Quantax 

70 EDS. An accelerating voltage of 15kV and a beam current of 2x10-9 A was used at a working 

distance of seven to nine millimetres and various magnifications. EDS spectra were collected 

for at least ten minutes, with BSE images collected at the maximum available resolution. 

Micrograph post-processing (including segmentation and quantification) is described in 

subsequent sections.  
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Figure 3.9: Schematic of Scanning Electron Microscope including inset showing beam-sample 

interaction volumes. Adapted from [207] 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 content) in the basaltic glass series. 

Raman spectra were also taken from unaltered regions of the nuclear-type glasses to allow 

comparison with other work. 

In this technique, a laser (most commonly producing radiation in the visible range of the 

electromagnetic spectrum (400-660 nm), but also potentially the ultraviolet or near-infrared 

range) produces monochromatic radiation that is focussed onto a point on the sample using a 

confocal microscope (which utilises spatial filtering -a pinhole aperture- to eliminate out-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 Raman-active molecules a small proportion of incoming 

photons (roughly 1 in 106-1015) are inelastically scattered at a wavelength differing from 

(typically lower than) the radiation source. The wavelength difference, or Raman shift (in  

cm-1), between the incident (ɚincident) and scattered (ɚscattered) photon wavelength is given by  
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Equation 3.8 

 

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

molecular bonds.  

In the Raman technique, this scattered radiation is collected and focussed (using a concave 

mirror) onto a diffraction grating containing a certain number of lines or grooves on its surface 

per unit length. This grating (part of a ódispersiveô or Czerny-Turner spectrometer as shown in 

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-

dimensional 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 and intensity of features in the 

spectrum reflect the molecular structure and are attributable to specific chemical bonds.  

Experimental parameters  

For this study, Raman spectra between 100-2000 cm-1 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 of 50x. 

Samples of dissolved glass powders were analysed using this technique, however only grain 

interiors were measured. These were assumed 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 after [204]. 

 

3.4.4. X-ray Computed Tomography  

X-ray Computed Tomography (XCT), which primarily provides data concerning sample 

morphology and local density, was used for two purposes in this study: first, to broadly 

characterise hillfort samples (including their probable glass content) before seeking potential 

evidence of dissolution in them; and second to characterise the alteration layers and features 

formed on laboratory-dissolved 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 MCC- and PCT-type materials post-dissolution; and the development of 

quantitative techniques to analyse surface-features and their potential relation to aqueous 

surface processes in naturally weathered macro-porous (pumiceous) materials.  

In XCT, electrons are generated (typically via thermionic 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 specified by the ñspot sizeò) on a target material of 

tungsten, molybdenum or copper, as shown in Figure 3.11. The interactions of these electrons 

with the target material generates Bremsstrahlung X-rays and characteristic radiation. The 

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 level [208]. These X-rays are then released from the X-ray 

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 path of this beam, interacts with these incident X-rays 

via two processes: the photoelectric effect (whereby an incident x-ray photon collides with and 

ejects an inner-shell electron from the sample, causing characteristic x-ray photon emission as 

an outer electron ójumpsô down an energy-level to take its place) and Compton scattering 

(whereby incident photon is deflected as it collides with an outer shell electron in the target). 

The magnitude of these effects can then be quantified using Lambert-Beerôs law for 

monochromatic x-rays [208] 

 Ὅ ὍὩ  Equation 3.9 

 

Here, the x-ray intensity transmitted through the sample (I) can be related to the initial X-ray 

intensity (I0) via the beam travel distance (ὼ) and the local linear attenuation coefficient (ɛ). 

The latter (energy-dependant) 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 the X-ray energies typically used in XCT; [209], 

[210]). Notably, because of the co-dependency of the local linear attenuation coefficient, 

neither density or composition can be determined or quantified without a priori knowledge of 

one of these factors. Instead, quantitative XCT results are usually considered as relative rather 

than absolute numbers [211]. 

Any transmitted X-rays then travel through a scintillator (converting the x-ray photons to 

visible light) and potentially also a series of high-resolution detector optics (lenses), before 

being converted into an electrical signal by a detector (typically a CCD). This produces a two-

dimensional radiograph (sometimes termed a óprojection,ô ótomogramô or óshadowô) showing 

local variations in ɛ throughout a sampleôs entire thickness. The sample is then rotated, step by 

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

Two dimensional tomograms can then be óreconstructedô into a three-dimensional volume 

using computational algorithms. Most commonly this involves using is a filtered back 

projection algorithm to back-project a one-dimensional dataset across two dimensions (Figure 

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, blurring and imaging artefacts; however these artefacts are frequently 

impossible to entirely eradicate and are often considerations in XCT studies [208], [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 provided in Appendix I.  

Experimental parameters  

XCT was completed in two ócyclesô for this study.  

The first experimental óbatchô analysed only vitrified hillfort materials and was conducted at 

the Manchester X-Ray Imaging Facility (MXIF), with image acquisition by Daniel Sykes. In 

this, all six hillfort samples were scanned with a Nikon XT H 225 XCT scanner (Figure 3.12) 

equipped with a 190 kV, 50-58 uA X-Ray beam and a 0.25 mm copper filter. Table 3.8 

illustrates how beam current and resolution were varied inter-sample to account for variable 

sample densities and dimensions, whilst maximising spatial resolution and contrast [213], 

[214]. 
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Figure 3.11. Schematic illustrating a typical XCT system, including insets showing an x-ray 

generation method (below; left), and how a three-dimensional dataset is constructed by taking 

projections at various angles (below; centre), and then back-projecting one dimensional 

dataset across two dimensions (below; right) and 2D datasets into 3D space.  

 

 

 

  

Sample 

number 

Beam 

current 

(ɛA) 

No. of 

projections 

Voxel 

size 

(mm3) 

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 

Table 3.8. 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 air ï a correlation which is inverted during image reconstruction (see below).  

 

A second experimental plan was devised to study laboratory-dissolved (PCT and MCC-type) 

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 laboratory-dissolved samples (described in Section 3.2.1) were scanned in a Zeiss Xradia 

620 Versa equipped with a 30-160 kV, <25 W X-Ray beam and 0.25 mm copper filter. The 

620 Versa is also equipped with a range of objective lenses (0.4x, 4x, 20x, 40x) and various 

Zeiss proprietary filters. The latter, used to filter low energy x-rays, were selected by the 

operator to optimise the quality of each scan.  

Table 3.9 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 

sizes) utilised represent the initial low resolution ñoverview scansò which were used to identify 

regions of interest to be re-scanned 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 area (see [195] for 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 quantity of gas is introduced 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 mass, to calculate the sample density.  

Experimental parameters  

Circa one gram of glass powder (<75 ɛm) was measured per composition using an AccuPyc II 

1340 Gas Displacement Pycnometry System. The average density measurement across ten 

purge cycles was calculated using helium introduced at 2.23 kPa s-1.   
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Scan 

no. 
Res. 

Diss. 

dur. 

(days) 

Diss. 

exp. 

type 

Sample 

type 
Filter  kV µA 

Objective 

lense 

mag. 

No. 

of 

proj.  

Pixel 

size 

(ɛm) 

309 Low 672 MCC 
Glass + 

A.L. 
Air  60 108 0.4x 801 8.6 

310 High 672 MCC 
Glass + 

A.L. 
LE3 120 146 20x 1601 0.7 

311 High 672 MCC 
Glass + 

A.L. 
LE3 120 146 20x 1601 0.6 

312 Low 353 
PCT  

(90 °C) 

Dry 

powder 
LE3 110 141 4x 801 1.37 

313 Low 353 
PCT 

(90 °C) 

Dry 

powder 
LE3 110 141 4x 1601 1.37 

314 High 353 
PCT 

(90 °C) 

Dry 

powder 
LE6 110 141 20x 1601 0.55 

315 Low 353 
PCT 

(90 °C) 

Wet 

powder 
LE3 110 141 4x 801 1.37 

316 High 353 
PCT 

(90 °C) 

Wet 

powder 
LE3 110 141 4x 1601 1.37 

317 High 353 
PCT 

(90 °C) 

Wet 

powder 
LE6 110 141 20x 1601 0.55 

318 Low 468 MCC 
A.L. 

only 
Air  90 133 4x 1601 1.00 

319 High 468 MCC 
A.L. 

only 
LE2 90 133 20x 1601 0.54 

320 High 468 MCC 
A.L. 

only 
LE2 110 141 40x 1601 0.35 

321 Low 468 MCC 
Glass 

only 
LE2 110 141 4x 1601 1 

322 High 468 MCC 
Glass 

only 
LE4 120 146 20x 1601 0.54 

333 High 468 MCC 
Glass 

only 
LE5 140 150 40x 1601 0.34 

 

Table 3.9: Scanning parameters used in XCT of laboratory-dissolved 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.) and the Zeiss 

proprietary Low Energy (LE) filters used for each scan. For more details of dissolution 

experiment meanings/parameters see Section 3.2. 
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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 leachates post-dissolution. 

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

it combines with argon gas to produce an aerosol spray as shown in Figure 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 torch, the aerosol 

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: inelastic scattering of an electron (e) from an 

atom (M) to leave this atom in an excited state (M* );  

 Ὡ ὓᴼὓᶻ Ὡ Equation 3.10 

 

and by recombination of an ion (M+) with an electron (e) which leads to photon (hv) emission: 

 ὓ ὩO ὓ ᶻ Ὤὺ Equation 3.11 

 

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.  

Emitted photons pass through a ówindowô positioned axially and radially to the plasma (a 

óduoô-type setup which combines the improved sensitivity provided by axial views with the 

increased precision when analysing multi-elements given by radial viewing [215]). These 

optical photons then travel through a high-resolution optical system including a spectrometer 

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

to an electronic one).  

Using an accompanying computer, the intensity of the characteristic emission is quantified 

before being compared to a calibration curve generated apriori by measuring a set of standard 

solutions that contain all measured elements in a range of concentrations.  

 

Figure 3.13. Schematic of a standard ICP-OES system after [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 Sheffieldôs Faculty of Science Mass Spectrometry Centre - ICP Facility). 

For this, all seven glass types studied herein (five basaltic glasses, MW25 and ISG) were 

provided as fine (< 75 ɛm) powders. Prior to ICP-OES analysis these were fully 

digested/dissolved in Teflon beaker containing ultra-pure hydrofluoric acid.  

Leachate analysis was 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 using high-quality Fluka elemental standards 

of a known concentration (10,000 mg L-1) which were diluted in 1% ultra-pure nitric acid to 

achieve the concentrations outlined in Table 3.10.  

 

Standard 

number 

(name) 

Elemental contents 

el. 

conc. 

(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 elemental concentration (el. conc.) of chemical standard solutions 

prepared for ICP-OES analysis. ñMajor Elementsò are those expected at concentrations > 

~10 ppm (K, Cr, Fe, Na, Al, Zr, Mn, Li, Mg, B, Ca, Si) and ñMinor Elementsò are those 

expected to be present at < ~10 ppm (Pr, Cs, Nd, Mo, Ti, Sr, La, P, Ce).  

 

 

3.4.3. pH measurement 

Leachate pH was measured post-dissolution to inform geochemical modelling and to aid in 

elucidation of dissolution mechanisms. Digital potentiometric pH meters typically comprise 

two electrodes: a measuring electrode and a reference electrode. These are housed within a 

single óprobeô in the case of combination electrode system. Both electrodes typically comprise 

an Ag/AgCl wire submerged within a potassium chloride solution 

The measuring electrode consists of a glass membrane (or óbulbô) which separates the solution 

to be tested and the internal buffer solution (KCl). Hydrogen ions in the test solution can diffuse 

into or out of the outermost layer of the glass membrane: in alkali test solutions H+ ions diffuse 

out and set up a negative potential on the outer surface, whereas the reverse is true for acidic 

solutions (Figure 3.14). Contrastingly, the electrical charge on the inside of this probe remains 

constant and thus the total membrane potential is dependent on the H+ content of the test 

solution.  
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Figure 3.14. A glass membrane and its function in a pH probe. Redrawn after [216]. 

The reference electrode is also submerged (and in electrical contact with) the test solution, 

however it does not contain a glass membrane through 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 electrodes can then be correlated to the test solution pH.  

Experimental parameters  

pH measurements were conducted at room 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 used to gain an indication of which mineral phases may be at 

saturation at each measurement timepoint. Note that this modelling gives no indication of 

mineral saturations between the timepoints.  

For each timestep, leachate elemental concentrations (measured via ICP-OES) and leachate pH 

were inputted. Boundary conditions were set identically for all timesteps, with pressure set to 

1 atmosphere and temperature set to either 50°C for PCT-B or 90°C for MCC-1. Equilibrium 

with atmospheric air (gaseous carbon dioxide and oxygen) was also set.  

These data were inputted into the PHREEQC (version 3.0) software package [217]. This used 

the aforementioned input parameters to calculate Ion Activity Products (IAP) and combined 

these with equilibrium constants (ὑ ) from the Lawrence Livermore National Laboratory 

(LLNL) thermodynamic database [218] to calculate a saturation index (SI) for each phase using  

 
ὛὍÌÏÇ

Ὅὃὖ

ὑ
 Equation 3.12 

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 particularly valuable 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 safety of communities within the hydrological 

vicinity of any GDF.  

The International Simple Glass (ISG) and the UKôs Magnox Waste (MW) glasses represent 

some of the most well-studied examples of these analogues. Significant differences have 

previously been observed during the long-term dissolution of these glasses in Ca(OH)2
 

leachants [60]; however comparative studies using simpler aqueous leachates have until now 

been absent. This is in spite of the value of ósimplifiedô leachates in elucidating key dissolution 

mechanisms and the significant uncertainty in the composition of any solutions reaching HLW 

glass in future disposal scenarios. Further investigations of these glasses is also necessary to 

elucidate any differences in their dissolution behaviour [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 MCC-1 and PCT-B procedures outlined in Section 

3.2. Dissolution rates are calculated and compared for both glasses, with glass alteration layers 

thoroughly characterised and (where available) used to develop models outlining the alteration 

mechanisms of these glasses. 
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4.2. Results  

4.2.1. Pristine glass characterisation  

SEM-EDS 

SEM (Figure 4.1) of undissolved samples shows ISG to be uniform and single-phase, as in 

other studies [219]. In contrast, unaltered MW25 samples contain clusters of angular 

precipitates, each of 1-2 µm in size. EDS indicates these predominantly comprise chromium 

and iron as quantified in Figure 4.1. Powder samples, prior to dissolution, show surface 

fracturing within a ~1 µm perimeter of their edges.   

 

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 & ICP-OES 

Glass compositions, measured via acid digest and ICP-OES are given in Table 4.1 (for 

constituents present in at least one glass in quantities greater than one weight percentage).  

 ISG MW25 

SiO2 56.35 50.10 

B2O3 18.60 17.56 

Na2O 14.10 9.01 

Al 2O3 3.57 2.55 

CaO 5.77 0.24 

ZrO 2 1.29 0.67 

Li 2O 0.00 6.93 

MgO 0.08 7.83 

Fe2O3 0.08 1.56 

Table 4.1. 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 

Figure 4.2 presents XRD patterns taken from pristine, undissolved, MW25. Diffuse scattering 

is evident as the dominant broad peak from ~15 to 40 Á2ɗ, and as a lower amplitude peak from 

~40 to 50 Á2ɗ. No other notable peaks are discernible. ISG has already been verified as X-ray 

amorphous in previous studies [219]. 

  
Figure 4.2: XRD pattern of pristine (undissolved) MW25.  

 

Raman Spectroscopy   

Raman spectra collected from both a precipitate and the ómatrixô of MW25 sample are shown 

in Figure 4.3. In the glass ómatrixô a broad (~350 cm-1 wide) double-peak was observed to be 

centred around ~340 and 480 cm-1, with another similar width peak at ~920 cm-1 containing a 

shoulder at ~875 cm-1. Lower amplitude (~200 cm-1 wide) peaks were also observed at  

~1400 cm-1 and 1680 cm-1. 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 of a narrower (100 cm-1 width) peak at ~700 cm-1.  

  
Figure 4.3: Raman spectra of pristine MW25 sample from an area observed to be crystal-free 

(óglassô) and a precipitate.   
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4.2.2. pH  

Leachate pH evolution during the dissolution of ISG and MW25 is shown in Figure 4.4, with 

error bars indicating the standard deviation between triplicate samples. 

In all experiments blank vessels, containing only UHQ water, typically have a large 

repeatability error (frequently > 1 pH units), with measured pH values of 6 - 7.5. Two blanks 

are shown for the penultimate MCC-1 timestep because samples from this timestep were 

initiated asynchronously with separate blanks for each initiated óbatchô. 

MW25 and ISG show a similar trend in MCC-1 experiments, though MW25 shows somewhat 

higher absolute pH values (typically exceeding ISG by ~0.5 pH units). Assuming a neutral 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 MW25 or continuing 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 MCC-1 tests, increasing to pH 

values of 9.9 within 14 days of dissolution before decreasing and plateauing 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 decrease to 9.2. This pH 

value is then approximately sustained until at least day 224 of dissolution. 

  

  
Figure 4.4. Measured leachate pH after MCC-1 (left) and PCT-B (right) dissolution of ISG, 

and MW25. Note that in MCC-1 experiments the pH of 50Ca50Mg and MW25 were near-

identical at 28 days, as also occurs for ISG and 50Ca50Mg at 56 days. Error is within the 

extent of the plotted datapoint in MCC-1 blank 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 elements (i) are shown in Figure 4.5 

and Figure 4.6 for MCC-1 and PCT-B experiments respectively. Elements include all those 

measured in ISG (see Table 4.1) and all elements present in MW25 in quantities greater than 

five weight percent. Zirconium, although present 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 MCC-1 experiments show similar trends to each other, 

however sodium normalised mass losses are typically 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 

MW25 this plateau is never achieved, with a circa linear increase instead observed from 112 

days of glass dissolution onwards. With regard to absolute values, NLNa and NLB values for 

ISG and MW25 are approximately within error for the first 224 days of dissolution, before 

values for MW25 begin exceeding those for ISG by an ever-increasing factor.  

Silicon normalised mass loss values show similar trends to those for Na and B with a few 

exceptions. For MW25, for example, NLSi values appear to plateau after 112 days, whilst for 

NLNa and NLB this was not observed. Absolute NLSi
 values beyond 112 days of ISG dissolution 

also exceed those for MW25 (by a factor of 1.5-2.5) in a manner not observed for NLNa and 

NLB data.  

For MW25, NLMg shows a decrease from ~0.25 g m-2 (at 28 days of dissolution) to near-zero 

values (where they remain for the remainder of the test duration) by dissolution day 56. For 

NLAl, both glasses show an exponentially decreasing trend with dissolution duration, with 

absolute values typically two to three times lower for MW25 compared to ISG.  

For ISG, calcium normalised mass losses appear approximately constant, though with some 

evidence of a modest linear increase from values of ~4 g m-2 by dissolution day 28 to ~5 g m-2 

by 672 days. Values for MW25 are consistently zero until dissolution day 672 when values 

reach ~2 g m-2, however the error on this measurement is substantial.  
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Figure 4.5. Normalised mass loss (NL) values calculated after the dissolution, via the MCC-1 

procedure, of ISG and MW25. 
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In PCT-B experiments, NLB shows a similar trend to NLNa. Values rise linearly throughout the 

experiment, but at different rates. This increase is relatively rapid between 7-28 days, with the 

greatest rate 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 NLNa and NLB values for MW25 exceed those for ISG, with this 

deviation then increasing from a difference of 1 g m-2 (at 28 days) to 3 g m-2 (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 between 112-224 days 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 

dissolution (~0.06 g m-2), before increasing to ~0.08 g m-2 by day 224. For MW25, NLSi values 

increase linearly from ~0.04 g m-2 to ~0.06 g m-2 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 g m-2 at day 112 of dissolution, which is 

recovered by alteration day 224. Absolute NLSi values for ISG and MW25 are within error for 

all dissolution durations except day seven, where MW25 has a value of  

~ 0.02 g m-2 below that for ISG.  

For NLCa, ISG shows similar trends to those for NLB: an approximate linear increase in values 

for the first 56 days of dissolution, before this rate of linear increase slows between dissolution 

day 56 and 224. For MW25, the NLCa trend is more complex: with an increase from near-zero 

values to 0.025 g m-2 between day seven and 28 of dissolution followed by a decrease back to 

zero, where normalised mass losses remain, by alteration day 112.  

ISG consistently maintains a near-zero (~0.0001 g m-2) aluminium normalised mass loss for 

the entire experiment duration. MW25 NLAl is similarly negligeable until dissolution day 28, 

before values increase to ~0.005 and then to ~0.01 g m-2 at 56 to 112 days of dissolution 

respectively. NLAl
 has fallen to zero by day 224 for MW25.  

MW25 NLMg values show a little consistent trend: decreasing from 0.025 g m-2 to 0.01 g m-2 

between seven and 14 days of dissolution, before remaining at this value until dissolution day 

28. NLMg then rapidly increases to 0.03 g m-2 by day 56, before linearly decreasing to near-

zero by day 224 of alteration.  
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Figure 4.6. Normalised mass loss (NL) values calculated after the dissolution, via the PCT-B 

procedure, of ISG and MW25. 
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4.2.4. SEM EDS analysis 

MCC-1/BSE 

Figure 4.7 shows representative SEM-BSE images from ISG and MW25 at each MCC-1 

timestep. To facilitate comparison, images are of an identical magnification and wherever 

possible are from areas free from vermiform features (see Chapter 6). Note that layer 

thicknesses are further described and quantified in Section 4.2.5. 

For ISG, two distinct surface layers are evident by day dissolution 28. The outermost óblockyô 

layer (Layer 1) has a roughly constant thickness across the monolith (see Section 4.2.5 for 

quantification), though it is laterally discontinuous due to regular breakages across its length. 

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

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

the pristine glass or Layer 1. The layer also varies considerably in depth/thickness across the 

monolith, with occasional scallop-shape protrusions penetrating microns into the pristine glass.  

By day 56 of dissolution, Layer 1 has increased in thickness (see Section 4.2.5) and the edges 

of its constituent fragmented óblocksô increasingly curl upwards at their ends to form more 

arcuate or curvilinear features than were evident previously. Layer 2 shows minimal growth in 

thickness, however the scallop-protrusions have increased in their depth of penetration (now 

reaching up to 10-15 ɛm from the apparent glass surface). Though these features appear similar 

in greyscale intensity to Layer 2 to the unaided eye, detailed analysis of greyscale histograms 

(Figure 4.8) reveal these to be slightly ódarkerô than Layer 2. This justifies classification of 

these protrusions as a separate layer: Layer 3. This is separated from Layer 2 by a thin (<1 ɛm) 

óbrightô layer which is unquantifiable using EDS, but is evident in BSE images.  

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

lit tle difference except a potential increase in thickness (Section 4.2.5). Layer 3 now penetrates 

up to ~60 ɛm from the apparent glass surface. In accordance with their semi-circular shape (in 

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 more continuous 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 entirely un-broken 

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 (approximately rectangular) protrusions which can be accompanied by isolated 

globular or well-rounded óislandsô of altered glass within the altered monolith cross sections. 

By 468 days of dissolution, Layer 3 appears compositionally-banded in BSE images. Though 

uniform for its outermost 20-30 ɛm, moving inwards from this (towards the pristine glass) the 

layer shows micron-thickness óstripesô of material similar in greyscale intensity to the outer 

zone. These are separated by óbrighterô zones of similar thickness (microns). At semi-regular 

intervals (~30 ɛm) these bright zones extend outwards (towards the leachate) in micrometre-

thin bright bands orientated perpendicular to the surface. This provides a óbread-loafô like 

morphology (as if bread rolls or bread-based patisseries have coalesced as they extended 

laterally during their batch-baking).  
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Figure 4.7. SEM-BSE images of MW25 and ISG after MCC-1 dissolution for various times. 

Images all of same scale, with a 20 ɛm scale bar and epoxy orientated towards image top.  
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Figure 4.8. Left: Histogram of pixel greyscale intensities for ISG MCC-1 monolith (dissolved 

for 112 days) with deconvolution to show the distinct contributions from three separate layers. 

Right: The three identified surface layers illustrated and segmented in an SEM-BSE 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 where it is present 

it appears thicker than after 468 days of dissolution. A second more laterally continuous sub-

layer (of similar greyscale intensity to Layer 1, hence its classification as sub-layer 1a) has 

formed atop the initial more broken/blocky layer in some places. Layer 1, where present, 

appears to have grown in depth at the expense of Layer 2 which is also frequently absent. 

Instead, Layer 1 (where present) is regularly in near-direct contact with the bright layer that 

previously demarcated the boundary between Layer 2 and Layer 3. Layer 3 may have increased 

in thickness, with the compositional sub-zoning no-longer evident. The boundary between 

Layer 3 and the pristine glass remains characterised by finger- or globular-like protrusions of 

up to 10 ɛm in length.  

For MW25, two distinct zones or layers are visible by 28 days of dissolution. The outermost 

layer at this stage (Layer 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 the presence of well-rounded globular bright occurrences approximately one to 

two microns in diameter. Layer 3, initially of a similar thickness to Layer 2, appears darker 

than the pristine glass; exhibiting a slightly scalloped boundary with it. Layer 2, much like 

Layer 3, is laterally continuous across the surface of the monolith ï with no significant breaks.  

Within 56 days of dissolution Layer 2 in MW25 appears to have increased modestly in 

thickness (Section 4.2.5), with the brighter particles at itôs boundary with Layer 3 also 

potentially having increased in average diameter (to a few microns). Layer 3 has increased in 

thickness, but in a discontinuous manner ï extending instead as penetrating ófingersô with an 

oblong or spire-shape. Protrusions appear to reach a maximum distance (~25 ɛm by dissolution 

day 56) into the glass. Those protrusions with an oblong-shape typically have a penetration 

depth equal to the maximum value, whilst those which are more ópointedô at their termination 

penetrate a lesser distance, potentially implying that features initially ógrowô in length until 

they reach a maximum depth and then they grow óoutwardsô (in width). By day 56 an additional 

layer, evident from day 112 onwards at the scale shown in Figure 4.9, is evident on the outer-

30 ɛm 
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surface of Layer 2 (i.e. at the once interface between the dissolved glass layer and the leachate). 

This layer, termed Layer 1, appears darker in BSE images than the pristine glass ï a similar 

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, however some have become 

more pronounced. Layer 1 has increased in thickness, with Layer 2 relatively constant and 

Layer 3 now penetrating to a maximum ódepthô of ~ 50 ɛm into the pristine glass (as measured 

from the alteration layer/epoxy boundary). The bright particles at the Layer 2/3 boundary show 

some evidence of having increased minimally in average radius, with many of these now 

appearing to ófanô inwards (towards the pristine glass) in a deltaic manner.  

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

depth (Section 4.2.5), with this layer now observably fibrous in morphology. Between Layer 1 

and Layer 2 an additional sub-layer is becoming increasingly evident ï comprised of sub-

micron (< 0.5 ɛm) micro-spheres of brighter material, far below the resolution of EDS. Layer 

2 remains relatively unchanged in depth, though the bright features at the Layer 2-3 boundary 

may have increased in maximum diameter. Layer 3 now penetrates a maximum of ~ 60 ɛm 

into the glass (10 ɛm more than at 112 days), and the apparent boundary from where the 

protrusions originate shows some evidence of migrating inwards. In other words, the minimum 

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 considerably and now appears ócotton woolô-like, with roughly clumps or clusters of 

fibrous materials. Bright spheres at the Layer 2-3 interface appear to have increased in average 

size, with the maximum penetration depth of Layer 3 potentially now only ~5 ɛm greater than 

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 to ~ 90 ɛm.  

Quantitative analysis of the bright ówhiteô globular features at the boundary between Layer 2 

and Layer 3 reveal an imperfect, and only very approximate logarithmic increase in the 

maximum diameter of these with dissolution duration (Figure 4.10). However, no trend is 

evident in mean sphere diameters.  

 
Figure 4.9. High magnification BSE-SEM images of MW25 after MCC-1 dissolution for 

various durations (indicated, in days, in top right). All images of same scale to aid comparison.  
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Figure 4.10. Change in maximum diameter of óbrightô features at the interface between Layers 

2-3 in MW25 with dissolution duration, as determined via SEM-BSE image analysis. 

Logarithmic trend (dotted black line) shown as guide to the eye.  

 

MCC-1/EDS 

The órawô compositions, as estimated using SEM-EDS, of surface layers 1-3 developed on ISG 

are shown for various dissolution durations in Table 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 number, boron cannot be measured in EDS, however 

it is not expected to be retained in surface layers in significant quantities [25], [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 sodium sharply 

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 abundance in pristine 

glass (Figure 4.11) 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 (maximum 1.5 times original).  

Layer 2 shows an aluminium enrichment up to 2.5 times higher than the pristine composition, 

with this enrichment showing some evidence of increasing with dissolution duration. Calcium 

may show a similar increasing enrichment trend (up to twice that of pristine) with experiment 

duration. A modest (max 1.5-2 times) enrichment in zirconium is observed, with a significant 

depletion in sodium. Silicon is typically depleted modestly (0.7-0.8 times pristine) for the first 

468 days of dissolution, with a moderate enrichment (1.2 to 1.3 times pristine) beyond this.  

The innermost layer (Layer 3) appears consistently enriched in all elements except sodium 

(typically depleted to 0.05-0.1 times that of pristine glass). This is most notable for zirconium 

(1.5-2  enrichment) and aluminium (typically ~1.7-2 ), with calcium close behind (mostly 

1.5-1.8 ). Silica is typically present in similar quantities to the pristine glass (0.85-1.15 ). 
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a) ISG Layer 1 

Element weight % 

Duration 

(days) 
112 224 468 672 

Al  1.91 (0.11) 3.71 (0.2) 3.85 (0.2) 2.09 (0.12) 

B - - - - 

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

Si 10.12 (0.44) 21.67 (0.92) 22.84 (0.97) 17.32 (0.74) 

Na 0.48 (0.05) 1.76 (0.13) 0.7 (0.07) 1.01 (0.09) 

Zr  10.94 (0.43) 11.76 (0.46) 6.25 (0.26) 14.07 (0.55) 

 

b) ISG Layer 2  

Element weight % 

Duration 

(days) 
28 56 112 224 468 672 

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

B - - - - - - 

Ca 4.91 (0.17) 5.58 (0.19) 7.86 (0.26) 6.46 (0.22) 7.44 (0.25) 8.05 (0.26) 

Si 
24.82 

(1.05) 

18.89 

(0.81) 

20.86 

(0.89) 

19.05 

(0.81) 

30.77  

(1.3) 

30.19 

(1.28) 

Na 5.62 (0.37) 0.65 (0.06) 0 (0) 0.62 (0.06) 0.86 (0.08) 0.87 (0.08) 

Zr  3.65 (0.16) 3.28 (0.15) 3.98 (0.17) 3.6 (0.16) 4.83 (0.2) 5.66 (0.24) 

 

c) ISG Layer 3 

Element weight % 

Duration 

(days) 
56 112 224 468 672 

Al  3.13 (0.17) 5.2 (0.27) 4.39 (0.23) 4.62 (0.24) 5.35 (0.27) 

B - - - - - 

Ca 5.42 (0.19) 7.63 (0.25) 6.04 (0.2) 6.84 (0.23) 6.99 (0.23) 

Si 18.31 (0.78) 27.33 (1.16) 26.26 (1.11) 25.29 (1.07) 28.79 (1.22) 

Na 0.25 (0.04) 0.26 (0.04) 0.75 (0.07) 0.51 (0.06) 0.8 (0.07) 

Zr  3.58 (0.16) 5.43 (0.23) 3.84 (0.17) 4.36 (0.19) 4.87 (0.21) 

Table 4.2. SEM-EDS estimated compositions of the surface layers developed during MCC-1 

testing of ISG: Layer 1 (a, top); Layer 2 (b, middle) and Layer 3 (c, bottom). Values stated are 

elemental weight percent with absolute measurement error in parathesis.  
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Figure 4.11. Surface layer compositions (as in Table 4.2) 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 presented in Table 

4.3a-c. Only major elements (present in more than one weight percentage 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 decreasing sodium 

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, with less sodium. 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 throughout. All layers contain negligible calcium.  

Comparisons with pristine glass compositions (Figure 4.12) show Layer 1 is highly enriched 

in magnesium, containing 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 consistent variation 

in this with dissolution duration was noted for either Layer 1 or 2. Layer 2 also appears enriched 

in magnesium ï typically containing two to three times more of this element than pristine 

glasses. Sodium in this layer is highly depleted, with silicon in similar (if not slightly lower) 

quantities 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 this layer 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.  

Average EDS-estimated compositions of the ñbright globulesò at the Layer 2/Layer 3 boundary 

are shown in Table 4.4 (for constituents > 1%), alongside a decimal comparison with unaltered 

glass compositions. This material predominantly comprises silicon and phosphorous, 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 including Zr appear depleted, though elemental 

maps imply the latter element can be enriched.  
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a)   MW25 Layer 1   Elemental weight % 

Duration    

(days) 
224 468 672 

Si 8.5 (-) 26.97 (5.52) 21.32 (0.48) 

Na 1.58 (-) 0.56 (0.71) 0 (0) 

Mg 0.44 (-) 15.21 (3.64) 9.78 (0.41) 

Al  0.67 (-) 2.08 (1.5) 1.97 (0.85) 

Fe 0 (-) 1.06 (1.36) 2.19 (0.98) 

Zr  0 (-) 0.98 (0.51) 0.49 (0.43) 

Ca 0.29 (-) 0.2 (0.21) 0.06 (0.1) 
 

b)    MW25 Layer 2                                    Elemental weight % 

Duration 

(days) 
28 56 112 224 468 672 

Si 
14.27 

(0.01) 

19.83 

(3.52) 

17.57 

(5.38) 

18.69 

(0.52) 

17.06 

(2.53) 

19.95 

(0.97) 

Na 0 (0) 0 (0) 0 (0) 0.51 (0.88) 0.58 (0.6) 0.36 (0.33) 

Mg 3.51 (0.08) 6.54 (2.27) 5.51 (0.32) 5.78 (0.88) 5.22 (0.57) 5.29 (0.6) 

Al  2.82 (0.08) 4.44 (1.51) 3.13 (0.15) 3.23 (0.84) 3.54 (0.77) 3.07 (0.57) 

Fe 4.29 (0.13) 5.42 (0.11) 3.62 (0.86) 4.3 (1.16) 3.03 (0.43) 2.54 (0.96) 

Zr  2.91 (0.08) 2.86 (0.83) 2.16 (0.19) 2.52 (0.7) 1.9 (0.59) 2.14 (0.26) 

Ca 0.06 (0.04) 0.09 (0.13) 0.04 (0.05) 0.15 (0.23) 0.06 (0.1) 0.08 (0.12) 
 

c)     MW25 Layer 3                                Elemental weight % 

Duration  

(days)  
28 56 112 224 468 672 

Si 15.09 (-) 21.05 (4.69) 17.14 (3.64) 19.15 (4.05) 23.92 (3.9) 20.29 (7.15) 

Na 0.13 (-) 0.55 (0.95) 0.09 (0.12) 0.24 (0.41) 1.86 (1.03) 0.45 (0.79) 

Mg 0.98 (-) 1.48 (0.74) 1.1 (0.45) 1.64 (1.23) 1.65 (0.4) 1.15 (0.47) 

Al  2.46 (-) 3.1 (1.44) 2.33 (0.75) 2.44 (0.94) 4.22 (0.82) 3.27 (1.34) 

Fe 2.38 (-) 2.54 (0.47) 2.27 (0.29) 2.98 (0.78) 2.54 (0.6) 4.18 (0.61) 

Zr  2.23 (-) 1.95 (0.36) 1.24 (0.43) 1.7 (1.15) 2.7 (0.77) 2.19 (1) 

Ca 0.32 (-) 0.15 (0.25) 0 (0) 0.04 (0.08) 0.29 (0.1) 0.02 (0.03) 

Table 4.3. SEM-EDS estimated compositions of the layers developed after MCC-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 parathesis (unless only one measurement possible). 

Where standard deviation is as large as measurement, value can be assumed to be zero  

 Wt. %  Pristine diff  

Si 9.74 (2.62) 0.44 

P 3.36 (0.86) 168 

Fe 1.89 (0.3) 0.63 

Mg 1.67 (0.26) 0.69 

Zr  1.59 (0.88) 0.84 

Al  1.38 (0.51) 0.62 

Mo 1.19 (0.35) 1.97 

Ni 1.11 (0.32) 1.83 

Table 4.4. SEM-EDS estimated composition of the óbrightô material at the Layer 2/Layer 3 

boundary of dissolved MW25. Values stated as: Average elemental weight percent (óWt. %ô) 

with standard deviation from average shown in parenthesis and as a fraction of pristine glass 

(óPristine diffô) where ópristineô compositions are as measured via the same technique.  
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Figure 4.12. Surface layer compositions (as in Table 4.3) 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 

Figure 4.13 shows representative BSE images taken after all experimental durations conducted 

in the PCT-B method. As noted for pristine powders, the powder particles exhibit fracturing 

within a few microns 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 air-filled void. This void separates the bulk sample and a highly-discontinuous  

(~1 ɛm thickness) surface layer, not always present, of similar greyscale to the pristine sample.  

MW25 appears near-identical to pristine powders for at least the first 28 days. By experiment 

day 56, MW25 occasionally shows evidence of a thin (~1 ɛm) discontinuous surface layer 

which is slightly darker in greyscale than the pristine glass (Figure 4.14a). Similarly, images 

taken after 224 days show evidence of darker (relative to pristine glass) roughly semi-circular 

regions surrounding the precipitates within the pristine glass where these are in the vicinity of 

particle surfaces (Figure 4.14b). By experiment day 224, MW25 powders are surrounded by a 

void (either epoxy or air filled and <1 ɛm wide) which separates a continuous dark surface 

layer of minimal thickness (<< 1 ɛm) from otherwise pristine glass (Figure 4.14c-d). In one 

instance this darker surface layer appears as a significantly thicker (up to ~ 5 ɛm) layer. This 

is accompanied by óagglomerationsô of similar-appearing material that may have detached from 

the particle surface (Figure 4.14e). This material appears somewhat ófluffyô and contains bright 

óflecksô of acicular material (<< 1 ɛm wide and 1-3 ɛm long; Figure 4.14e inset). These bright 

flecks resemble the bright dendritic features (Figure 4.14f-g), of up to 5 ɛm in size, that are 

occasionally observed elsewhere at 224 days of experiment duration.  

PCT-B/EDS 

Compositional maps and óline-scansô intersecting ISG powder surfaces showed no 

compositional variations at any magnification or dissolution duration. EDS of speculative 

surface layers tentatively highlighted in Figure 4.13 was not possible given the layerôs size and 

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 surface-proximal precipitates in MW25 

shows this region is depleted in magnesium, sodium and silicon relative to pristine values 

(Figure 4.15). This region may be enriched in zirconium and iron, however this is not evident 

in qualitative elemental ómapsô and this quantification may lack accuracy due to the feature 

size, the inability to measure boron, and the quantities of these elements in the pristine glass.  

EDS of the MW25 surface layer was only possible in the few instances where itôs thickness 

was sufficient (Figure 4.16). 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 (~230%). The 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 óbrightô dendritic forms on the surface of MW25 (Figure 4.14f/g) and within the 

darker layer (Figure 4.14e) 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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Figure 4.13. BSE images of ISG and MW25 after given durations of PCT-B experiments. 

Features formed on MW25 are illustrated at higher magnification in Figure 4.14, with the only 

observable difference (compared to pristine) for ISG described in-text and arrowed in yellow. 
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. 

  
 

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 

semi-circles 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 blue, evident at 

experiment day 224, with inset showing bright óflecksô within this; f) and g) bright flecks at day 

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 surface-proximal precipitates in MW25 after 224 days of dissolution via PCT-B. 

Difference (ñDiff.ò) between pristine (as measured via EDS) and altered compositions shown.  

 

  
Figure 4.16. BSE & EDS images, with estimated quantification of ñAlteredò dark layer 

surrounding MW25 powders after 224 days of dissolution via PCT-B. Difference (ñDiff.ò) 

between pristine (as measured via EDS) and altered compositions shown in percent.  

 

   

Na 

Si Mg 

BSE 

BSE Si Na Al  

Mg Fe Zr  Altered 

(wt. %) 

Diff.  

(%) 

Si 42.85 229 

Na 0.00 0 

Al  3.55 148 

Mg 17.41 834 

Fe 0.12 10 

Zr  2.14 194 
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4.2.5. MCC-1 surface layer thickness analysis  

Figure 4.17 shows the results from ISG surface layer thickness analysis, as performed via the 

method outlined in Chapter 6. Layer 1 thickness increases approximately linearly with time 

from day 28 (1.3 ɛm) to 224 (2.2 ɛm). However, by day 468 this layer thickness has fallen (to 

1.8 ɛm), before it sharply re-increases (to 7.4 ɛm) by dissolution day 672. In contrast, Layer 2 

shows little such consistent trend in thickness with dissolution duration, with all thicknesses 

(ranging from 0.9 ɛm to 4.4 ɛm) within error of each other. Absolute average values may 

increase linearly up to a maximum thickness (of 4.4 ɛm) by day 112, but beyond this averages 

decrease (to 2.2 ɛm by day 224), then re-increase (to 3.3 ɛm by 468 days) and finally re-

decrease (to 0.91 ɛm at 672 days). Layer 3 thickness measurements are similarly all within 

error of each other; however absolute (average) values in this case may show a step-like trend 

of increasing with dissolution duration: Thicknesses range from 1.9 ɛm to 5.5 ɛm between 28 

and 56 days, before they show a stepped increase to 33 Ñ3 ɛm between days 112-468 and a 

further step-increase to thicknesses of 73.7 ɛm by day 672.  

 

 

  
Figure 4.17. Development of surface layer thicknesses with experimental duration for ISG 

dissolved via the MCC-1 method. Measured via SEM/BSE combined and the method outlined 

in Chapter 6. Datapoints show average of two measurements, with error bars representing 

standard deviation on this.  
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MW25 surface layer thickness development is shown in Figure 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 

anomalous. Though individual datapoints at this 468 day timestep are self-consistent (see 

Figure 4.18), these have a large associated error and lack consistency with 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 such clear trend, with its thickness instead appearing to fluctuate 

around 4.0 Ñ 0.5 ɛm throughout the experiment. In contrast, Layer 3 appears to increase in 

thickness approximately logarithmically (or with a power law function) with dissolution 

duration. However, the latter cannot be argued with certainty given the high standard 

deviations. Considering these, a linear or power-law increase of Layer 3 thickness with 

dissolution duration is also possible; however a constant thickness with dissolution duration is 

not feasible (within error). 

  

 
Figure 4.18. Surface layer thicknesses development for MW25 dissolved via the MCC-1 

method, as measured via SEM/BSE and the method outlined in Chapter 6. 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 

MW25 Layer 1, individual datapoints are shown (as open symbols) at dissolution day 468.  
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Total surface layer thicknesses for both ISG and MW25 are shown in Figure 4.19. MW25 

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

for the first 112 days (~0.32 Ñ 0.06 ɛm day-1), before slowing for the remainder of the 

experiment (~0.12 Ñ 0.00 ɛm day-1 from 224 ï 672 days). For ISG, layer thicknesses initially 

increase similarly to MW25 from 28 ï 112 days, before potentially plateauing or modestly 

decreasing from 112 - 468 days and then rapidly re-increasing by 672 days. Comparison 

indicate similar total thicknesses and growth rates for MW25 and ISG from 28 ï 112 days, 

beyond which MW25 surface layer thickness consistently exceeds that of ISG.  

 

 
Figure 4.19. Total surface layer thicknesses for ISG and MW25 dissolved via MCC-1 method 

 

4.2.6. XRD 

Diffraction data collected from ISG and MW25 PCT-B samples dissolved for 224 days is 

shown in Figure 4.20. Neither show evidence of crystalline peaks. Instead, diffuse scattering is 

evident both from 15 to 40 Á2ɗ and more weakly from 40 to 50 Á2ɗ. Comparison with XRD of 

ópristineô MW25 samples (Figure 4.2) reveals no significant differences post-dissolution.  

 
Figure 4.20. XRD of MW25 (pink) and ISG (blue) PCT-B samples 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 and ICP-OES indicating 

their composition is as-expected. However, SEM and Raman spectroscopy indicate the 

presence of a minor (< 5 wt.%) crystalline precipitate component in MW25.  

The precipitates observed in pristine MW25 are hypothesised to be chromium-containing 

spinel [(Fe,Mg)(Cr,Fe)2O4], as are commonly observed in HLW glasses including MW25 

[192], [196], [221]ï[224]. This hypothesis is consistent with the dominant peak, at ~694 cm-1, 

evident in Raman data collected from the crystallites (Figure 4.3). This peak is assignable to 

the symmetric breathing mode of the AO4 unit within spinel lattice, which typically occurs at 

~690 - 700 cm-1 [223], [225], [226]. These phases typically have minimal effect on HLW glass 

durability (as tested via accelerated leaching [227]) because they are highly durable and have 

a high degree of symmetry which minimises grain boundary effects [51], [228], [229]. 

Surface fracturing of pristine ISG and MW25 powders must result from sample preparation 

and not dissolution. This damage may have arisen during powder production (via aggressive 

and repetitive impact of glass fragments within a percussion pestle and mortar) and/or during 

epoxy-mounting (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 initial pH increase inferred from Figure 4.4 (if a starting pH of 7 is assumed) is to be 

expected given the alkali/alkaline contents of the glasses. Rapid early release of these elements 

during Stage I 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 products/rates.  

Boron is widely used as a ótracerô element to indicate overall glass dissolution trends as it is 

assumed that it is not involved with the formation of secondary precipitates or alteration layers 

[25], [70], [220]. On the basis of the normalised mass losses of this element, ISG shows 

evidence of Stage I initial dissolution from 0-112 days, with steady Stage II dissolution beyond 

this. MW25 shows a similar trend, though with a less clear (or at least more rapid) residual rate 

from 112 days of experiment duration onwards. No rate resumption is seen for either glass. On 

these bases, dissolution rates can be calculated as in Figure 4.21.  

Comparisons of these with published values is shown in Table 4.5, however comparisons are 

challenging due to the range of test conditions (predominantly temperature 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 differences are consistent with the lower dissolution rates 

expected for both lower temperatures [224], [230], [231] and HLW glass dissolution in a 

saturated Ca(OH)2 compared to pure water leachant [232], [233]. Residual rates for ISG 

calculated under the same (lower temperature alkaline) conditions differ from zero by the same 

magnitude as the rates here-calculated (approximately -0.005 g m-2 d-1 herein and +0.005 g m-

2 d-1 in [60]). Residual rates for MW25 in these studies differ by an order of magnitude 

(approximately 0.004 g m-2 d-1 herein and 0.04 g m-2 d-1 in [60]).  
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Figure 4.21. Initial and residual dissolution rates in grams per metre squared per day  

(g m-2 d-1); calculated for MCC-1 on the basis of NLB and an initial rate of 112 days duration. 

Glass Leachant 
Temp. 

(°C) 

Initial and residual  

dissolution rates (g m-2 d-1) 
Author 

MW25 H2O 90 
Initial = 0.162 ± 0.008 

Residual = 0.004 ± 0.004 
This work 

MW25* H2O 90 
Initial = ~1.2 

Residual rate not stated 

Brookes et al. [234]; 

Zwicky et al. [235]  

MW25 Ca(OH)2 50 
Initial = 0.168 ± 0.02** 

Res= 0.0544 ± 0.007 ** 
Corkhill et al. [233] 

MW25 Ca(OH)2 50 
Initial = 0.087 ± 0.013 

Residual =0.047 ± 0.007 
Backhouse [60] 

ISG H2O 90 
Initial = 0.263 ± 0.046 

Residual = -0.005 ± 0.006 
This work 

ISG Ca(OH)2 50 
Initial = 0.146 ± 0.022 

Res. =0.0025 ± 0.0004 
Backhouse [60] 

ISG Ca(OH)2 40 
Initial = 0.075 ± 0.000 

Residual = 0.031 ± 0.000 

Fisher & Corkhill 

[236]  

Table 4.5. Comparison of dissolution conditions and calculated rates from this study (shaded 

rows) and others using the MCC-1 method (SA/V = 10 m-1) and boron as a tracer. Note that: 

*  Monolith used ñas cutò without polishing; ** Values initially published (in [233]) were two 

orders of magnitude lower, however this was subsequently identified as erroneous and 

corrected by Fisher & Corkhill [236]. 

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

rates for ISG appear greater than those for MW25 ï an unexpected result given PCT-B 

experiment results and given previous studies have found the reverse trend [31], [60]. These 

high rates may result from the high NLB value at 112 days (Figure 4.5). This datapoint is 

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

NLB value at later timepoints. Rates instead calculated for only the 28-0.13 56 day data  

(0.130 g m-2 d-1) may be more reliable. Unrealistic residual rates for ISG may similarly be 

caused by this anomalously high NLB value at 112 days, with rates calculated from 224-672 

days (-0.0027 ± 0.0099 g m-2 d-1) potentially more reliable, although still negative. Stating a 

ónear-zeroô residual rate for ISG is perhaps more prudent. 
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ISG  

ISG shows evidence of an alteration layer within 28 days of dissolution; with Layer 1 and Layer 

2 both evident by this time. Which layer formed first is challenging to determine, however it 

may be hypothesised that Layer 2 formed initially and uniformly across the glass surface as 

soluble network modifying cations (particularly sodium) are preferentially released via ion-

exchange compared to network forming elements (such as Al, Si and Zr) [237].  

Layer 1 may then have formed above Layer 2 and within 28 days of dissolution, as illustrated 

in Figure 4.22. Zirconium, highly enriched in this layer, is 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 

dissolution-reprecipitation method, Zr-containing phases precipitate from the leachate after Zr 

in the leachate reaches saturation [60]. This formation mechanism is supported by the 

heterogenous distribution of Zr within alteration layers formed on ISG in highly-alkaline (pH 

>11) solutions [60], [68]; however is less compatible with observations of low Zr solubility at 

pHs below 10.5 [34], [87], [238]. Instead, at lower pHs, the zirconia-enriched layer may form 

via glass network reorganisation following the release of more readily dissolved elements (B, 

Na, Ca) [86]. The latter mechanism, however, is contrary to findings that Zr hinders silicate 

network hydrolysis and gel restructuring due to the greater cross-linking it allows through its 

high coordination number [34], [87], [239]. Although Figure 4.4 shows pH values some authors 

have correlated with low Zr solubility, the heterogenous distribution of zirconium throughout 

the alteration layer shown in Table 4.2 and the continued growth of Layer 1 at later timepoints 

implies this layer most likely formed by reprecipitation, however this cannot be definitely 

concluded.  

The onset of Layer 1 formation may have triggered formation of the sub-layer at the base of 

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

have formed at the inward-migrating diffusion/dissolution front (at the base of Layer 2) via 

elemental precipitation or a reduction in the driving force for a specific chemicalôs removal.  

Regardless of which formed first, the calcium within these earliest-formed layers (5.9 ± 2.2 

weight percent calcium across both layers) likely gives these alteration layers a highly 

protective effect [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 in the alteration 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 supplied by dissolution of the glass to form Layer 3. This 

dissolution is hypothesised to be via the same interdiffusion and ion-exchange mechanism as 

Layer 2 (hence the similarities in compositions shown in in Table 4.2 and Figure 4.11). 

However, by 56 days this process has become increasingly localised, leading to the distinctive 

scallop morphology observed. Given the semi-circular shape of these features, it may be 

speculated that their formation is around loci either within the alteration layer or at the 

glass/solution interface. This óscallopedô interface is widely observed in other studies [15], 

[74], [122], [236] and has been proposed to occur due to preparation-induced defects on the 

original glass surface [236]. Similarly, lateral alteration layer heterogeneities have been 

speculated [11] and observed [15] in other studies. A combination of any or all of these factors 
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may have caused the scalloped interfaces observed in Figure 4.7: Layer 1 and/or 2 may contain 

structural or compositional heterogeneities which disrupt their passivation ability; or sample 

preparation may have led to micro-weaknesses/cracks on the sample surface. Preferential 

dissolution below these features could conceivably lead to a scalloped morphology. 

Layer 3 shows limited evidence of continued growth between day 56-112; with Layer 1 and 2 

remaining a constant thickness as dissolution continues in the forward 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 illustrated in Figure 4.22 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. It may be hypothesised that this was due to an increase in 

alteration layer passivation ï potentially caused by pore closure and/or restructuring of one or 

more of the alteration layer components [22], [33], [241], [242]. This is coincident with a 

termination in Layer 3 growth, potentially after 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 unfavourable, allowing formation of rare trapezoid fingers penetrating from the 

otherwise laterally continuous layer.  

Between 224-468 days, dissolution remains in the residual regime and alteration layers remain 

broadly unchanged in thickness. However, Layer 3 now shows clear zonation and internal 

heterogeneity, as may be further evidence of continued alteration layer restructuring.  

Residual rates are maintained, according to NLB data, between 468 and 672 days of dissolution. 

However the alteration layer during this time appears much 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 (speculatively precipitation) of an additional ósub-layerô of Layer 1. Dissolution and 

reprecipitation of Layer 1 during this time is supported by the doubling of NLZr
 values between 

468 days (0.09 g-1 cm-2) to 672 days (0.18 g-1 cm-2). PHREEQC geochemical modelling also 

indicates that at 468 and 672 days of dissolution calcium zirconate (CaZrO3) is highly saturated 

in the solution, potentially after calcium and 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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Figure 4.22. Schematic illustration of ISG dissolution in MCC-1 experiments.  

  

Pristine glass 

Layer 1 

Layer 2 

Layer 2a 

Layer 3 

Heterogeneity 

 Restructuring  

Restructured  

Layer 3 

Diffusion  

Precipitation  

0d 
28d 56d 

112d 224d 

468d 672d 

 

Legend 



 74 

MW25 

Two surface layers 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 NLB 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 early dissolution stage supports formation of both layers via 

interdiffusion as the inward migration of protonated water species is allowed by outward 

diffusion of weakly-bound network modifiers [69]. However, which layer formed first, if 

formation was not synchronous, is impossible to confidently state. Synchronous formation is 

possible as sodium is leached into the solution from both layers whilst magnesium effectively 

migrates outwards from Layer 3 into Layer 2.  

Alternatively, the logarithmic growth trend of Layer 3 (Figure 4.18) can be back-projected to 

intercept the y-axis at ~13 days of experiment duration. Based on these data it may be 

speculated that Layer 2 formed prior to Layer 3. However, back-projection in this manner is 

unreliable and Layer 3 thickness measurements are distorted by its distinct ófingerô-like 

morphology (the circle-fitting method often falsely identifies the narrower ófingerô width as the 

ólayer thicknessô; as further discussed in Chapter 6). However, this unique morphology may 

also provide some chronological evidence. 

The finger-like penetrations of Layer 3, also observed in other studies [235], are likely evidence 

of non-uniform (ólocalisedô) attack and thus may imply the presence of local heterogeneities. 

These heterogeneities appear to interact minimally with Layer 2, potentially implying the 

heterogeneity results from or formed after Layer 2. As discussed for ISG, these heterogeneities 

may be surface defects or the alteration layer heterogeneities speculated/observed in other 

studies [11] [15]. It thus may be hypothesised that the first-formed Layer 2 contains structural 

and/or compositional heterogeneities which disrupt its passivation ability and allow the unique 

morphological development of Layer 3.  

The óbrightô phosphorous-enriched particles separating Layer 2 and Layer 3 are challenging to 

identify. PHREEQC modelling indicates no phosphorous-containing phases would be saturated 

at 28 days and post-dissolution XRD shows no crystalline peaks. However, previous studies 

(of Magnox glass dissolved via MCC-1 in UHQ water) identified rare-earth/Zr phosphate nano-

particles at the glass/alteration layer interface [31], [91]. Alternatively, apatite has also been 

identified as a glass alteration product [243] and was saturated (though only beyond 56 days) 

in geochemical modelling. These phases may be highly beneficial in a GDF environment 

because they can act as a sink for some long-lived fission products [31]. Their continued growth 

with dissolution duration, also potentially beneficial, is likely via Ostwald ripening.  
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Layer 1, with a magnesio-aluminosilicate composition, is evident in SEM-BSE from day 56. 

Magnesium-enriched alteration layers such as these are typically interpreted as secondary 

phases or M-S-H (Magnesium-Silicate Hydrate) phases in other MW-glass dissolution studies 

[60], [82], [91], [233]. However, here the presence of aluminium in Layer 1 (Table 4.2) and 

the crystal-like morphologies shown in Figure 4.23 imply this layer comprises crystalline 

phases. These minerals likely started precipitating after a silicon and/or magnesium reached 

saturation [240]. These are observed to rest atop gel layers (Layer 2-3), as is widely seen 

elsewhere [36], [244], [245]. Alignment of these fibrous clays perpendicular to the glass 

surface (Figure 4.23) is also widely observed in natural systems [246], [247] and an analogous 

ñfuzzy blanketò of phyllosilicates has also been identified following PCT-B dissolution of other 

HLW glasses [248, p. 197].  

 

 
Figure 4.23. Alignment of crystalline phases (highlighted in red) perpendicular to the surface 

of MW25 glass (delineated in blue) dissolved under MCC-1 conditions for 468 days. 

 

Geochemical modelling (Table 4.6) implies these phases are most likely saponite and/or 

nontronite. Smectites such as these have been similarly identified after comparable aqueous 

dissolution of MW [31], [82], [91] and other HLW glasses [54], [246], [248], [249]. SEM-EDS 

compositions (Figure 4.24) support this identification, indicating some nontronite-like minerals 

and some intermediaries between saponites and hectorites. All are broadly compositionally 

comparable to those in other aqueous MW25 dissolution studies [31].  

 

  
Figure 4.24. Ternary diagram comparing composition of clays observed on MW25 (measured 

using SEM-EDS), in comparable works (Curti et al. [31]) and in other works (Newman [250] 

and references therein).   

5 ɛm 
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Phase Formula  
Saturation Index (SI) at day # 

28 56 112 224 468 672 

Amesite Mg4Al 4Si2O10(OH)8 + + + + + + 

Celadonite KMgAlSi 4O10(OH)2 + - - - + + 

Clinochlore Mg5Al 2Si3O10(OH)8 + + + + + + 

Montmorillonite  

(Ca/Mg) 

Ca0.165Mg0.33Al1.67Si4O10(OH)2 

/ Mg0.495Al1.67Si4O10(OH)2 
+ - - - - - 

Nontronite 

(Ca/H/K/Mg/Na)  

Ca0.165Fe2Al 0.33Si3.67H2O12 

H0.33Fe2Al 0.33Si3.67H2O12 

K0.33Fe2Al 0.33Si3.67H2O12 

Mg0.165Fe2Al 0.33Si3.67H2O12 

Na0.33Fe2Al 0.33Si3.67H2O12 
 

/ + + + + + 

Phlogopite KAlMg 3Si3O10(OH)2 + + + + + + 

Saponite 

(Ca/H/K/Mg/Na) 

Ca0.165Mg3Al 0.33Si3.67O10(OH)2 

H0.33Mg3Al 0.33Si3.67O10(OH)2 

K0.33Mg3Al 0.33Si3.67O10(OH)2 

Mg3.165Al0.33Si3.67O10(OH)2 

Na0.33Mg3Al0.33Si3.67O10(OH)2 
 

+ + + + + + 

Table 4.6. Potential magnesio-aluminosilicate silicate phases precipitated during MW25 

dissolution, as identified using PHREEQC modelling. Common smectites identified in bold. 

Saturation index calculated for each experiment timestep based on the measured elemental 

abundances and pHs of the leachate at the time of sampling. ñ+ò indicates a potentially 

saturated phase, ñ-ò a phase unlikely to be saturated and ñ/ò indicates a lack of data.  

The precipitation of these minerals can explain the 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 magnesio-aluminosilicate mineral 

precipitation [54], [251]. The formation of these phases may also explain the 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 network [12], [224], [240]; thereby increasing dissolution rates. This effect is 

widely reported for MW-glass dissolution studies performed in both pure aqueous [31], [52], 

[234], [252] and more complex leachates [82]. Aggressive Stage II dissolution of other 

borosilicate glasses, including ISG [91], has also been correlated with phyllosilicate 

precipitation [55], [84], [240].  

Secondary phase precipitation has also been hypothesised to hinder gel layer growth; as both 

alteration products compete for the same dissolved glass constituents [82]. This may explain 

why the magnesium-rich Layer 2 remains a constant thickness from 56 days (Figure 4.18). 

Magnesium and silicon sourced from dissolution (to form Si/Mg-depleted Layer 3) is no longer 

consumed to form (gel) Layer 2, as it is now utilised in precipitation of Layer 1. The alteration 

layer destruction hypothesised as the source of these elements in other studies [240] was not 

evident as a decrease in Layer 2 silica content (Table 4.3) or in layer thickness (Figure 4.18).  

Residual dissolution rates are maintained during and following this mineral precipitation, 

without evidence of rate resumption by 672 days. Continuation of residual dissolution rates in-

spite on mineral precipitation is similarly observed in other HLW glass corrosion studies [248]. 

Residual rates are often maintained during phyllosilicate (smectite) phase formation, with the 

precipitation instead of zeolite-type phases implicated with rate resumption [248].  
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4.3.3. PCT-B experiments  
Continuing the use of boron as a tracer element, MW25 shows Stage I (initial) rate behaviour 

in PCT-B experiments from 0-28 days, with Stage 2 beyond this. Stage II continues until at 

least 112 days, with the next and final datapoint potentially indicating rate resumption (Stage 

III), although this cannot be confidently asserted without further data. ISG shows a similar 

trend, though qualitatively the initial rates (approximately from 0-28 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 dissolution rates presented in Figure 4.25 can be calculated.  

 
Figure 4.25. Dissolution rates in grams per metre squared per day (g m-2 d-1) calculated using 

NLB data and an initial rate regime from 7-28 days with residual rates from 28-112 days  

These values can be compared to others in Table 4.7; however caution is again required as 

parameters including temperature, SA/V and leachant type vary, and dissolution rates are 

highly dependent on these [231]. Caution is also necessary given that some particle coalescence 

was observed in the present PCT-B experiments. Though NLi data appears minimally impacted 

by this and coalescence was lesser than for basaltic glasses (Chapter 5), this may adversely 

affect NLi data by reducing the effective surface area in contact with leachate and thus leading 

to a discrepancy between assumed and actual SA/V values. Rates presented in Figure 4.25 may 

thus be underestimated. This coalescence has similarly been observed by authors studying 

comparable systems (within a few days of MW25 corrosion via PCT-B in UHQ water [235]).  

For MW25, initial and residual rates appear consistent with the most reliable comparable 

studies using UHQ water at 40-90 °C [30], [31], [252], [253]. Though in some cases rates from 

these (40-90°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 rates measured in this work.    

Rates calculated in Table 4.7 are also lower, by a factor of 2-8, than those elsewhere calculated 

for more aggressive (Ca[OH]2) leachates [53], [60], [252]. For ISG, initial rates are of a similar 

magnitude to those calculated for dissolution in UHQ water between 25-90 °C [254], [255], 

with no comparisons between residual rates available. Rates here-calculated for UHQ are a 

factor of 15-35 lower than those calculated for aggressive alkali leachates [53], [60], [236], 

[252]. These differences are consistent with other studies comparing HLW glass dissolution in 

a saturated Ca(OH)2 and pure water leachant [232], [233].  
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Experimental pH values (Figure 4.4) initially rapidly rise, if a near-neutral start is assumed, to 

9.1 and 9.3 for ISG and MW25 dissolved for 7 days respectively. As in MCC-1 experiments, 

this is likely a characteristic of the initial dissolution regime, as alkali/alkaline earth elements 

in the glass are rapidly exchange with protonated water species in the solution [69].  

Glass 

type  

Leachant 

type 

Temp. 

(°C) 

SA/V 

(m-1) 

Initial and residual  

dissolution rate (g m-2 d-1) 
Author 

MW25 H2O 50 2000 
Initial = 0.010 ± 0.000 

Residual = 0.002 ± 0.001 
This work 

MW25 H2O 90 1200 
Initial rate not stated  

Residual = 0.001 ± 0.001 
Curti et al. [30], [31] 

MW25 H2O 40 1200 
Initial = 0.024 ± 0.004 

Residual = 0.003 + 0.000 

Schofield et al. [53], 

[252] 

MW25 H2O 90 2000 
Initial rate not stated  

Residual = ~ 0.12* 
Brookes et al. [234] 

MW25 H2O 90 1200 
Initial note stated  

Residual = ~ 0.01** 
Zwicky et al. [235] 

MW25 Ca(OH)2 40 1200 
Initial = 0.023 ± 0.002 

Residual = not stated 

Schofield et al. [53], 

[252] 

MW25 Ca(OH)2 50 1200 
Initial = 0.062 ± 0.008  

Residual = 0.017 ± 0.002 
Backhouse [60]  

ISG H2O 50 2000 
Initial = 0.002 ± 0.000 

Residual = 0.000 ± 0.000 
This work 

ISG H2O 40 1200 
Initial = 0.016 ± 0.002 

Residual rate not stated  

Schofield et al. [53], 

[252] 

ISG H2O 25 2000 
Initial 0.005 ± 0.0002 

Residual rate not stated 

Thorpe et al.  

[254] 

ISG H2O 90 2000 
Initial 0.039 ± 0.005 

Residual not achieved 

Calculated from  

Smith [255] 

ISG Ca(OH)2 50 1200 
Initial = 0.051 ± 0.007 

Residual = 0.0034 ± 0.001 
Backhouse [60] 

ISG Ca(OH)2 40 1200 
Initial = 0.0329 ± 0.0047  

Residual rate not stated 

Schofield et al. [53], 

[252] 

ISG Ca(OH)2 40 1200 
Initial = 0.0356 ± 0.000  

Residual = 0.002 ± 0.000 

Fisher & Corkhill 

[236] 

Table 4.7. Comparison of dissolution conditions and calculated rates from this study (shaded 

rows) and others using the PCT-B method and boron as a tracer. Readers should note that: 

* Brookes et al. [234] identified residual rates as probable over-estimates because they were 

calculated from the earliest (hypothesised fastest) stages of residual dissolution and 

** Zwicky et al. [235] observed significant powder coalescence within days of the experiment, 

leading the authors to identify these rates as probable overestimates. 

ISG and MW25 NLB data indicate initial dissolution continues until experiment 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 expected during alteration layer formation. 

Similarly, no distinguishable alteration layer is evident in SEM. However, the degree of surface 

fracturing (relative to that observed in pristine samples; Figure 4.1) may have increased. These 

fractures are often associated with sample preparation [82] and are readily correlated with the 
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drying of a hydrated layer [74], [75], [256]ï[258]. Increased fracturing may thus imply the 

formation of a hydrated layer via the aforementioned migration of water species into the glass. 

De/hydration is known to cause fracturing of rhyolitic [259] and basaltic [260] glasses [261].  

Within 56 days NLB data imply both glasses have entered residual dissolution. From this 

duration onwards, NLi data also imply the drawdown of elements to form an alteration layer.  

For MW25, NLMg and NLAl
 decreases constantly from this point until the experiment 

termination, with NLSi decreasing until at least 112 days. EDS analysis of the layers formed on 

MW25 MCC-1 monoliths (Table 4.3) implicate these elements in alteration layer formation, 

supporting the hypothesis of alteration layer formation over this time in PCT-B. SEM of post-

dissolution powders also show an alteration layer on MW25 from 56 days onwards. Though 

significantly thinner (likely due to the less aggressive conditions), these layers appear 

consistent with Layers 2/3 in MCC-1 experiments; with both appearing slightly darker in BSE 

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

NL i data for ISG similarly implies alteration layer formation, though this alteration layer is not 

observed in SEM until after 224 days. Decreasing NLAl
 and NLSi from day 56 until at least day 

112 is consistent with formation of layers with a comparable composition to those formed in 

the equivalent MCC-1 experiments (Table 4.2). These hypothesised surface layers may not be 

evident in SEM due to instrument resolution and the lesser thickness generally of ISG surface 

layers compared to MW25 (as observed for MCC-1 surface layer thicknesses in Figure 4.19).  

Residual dissolution continues for both experiments until at least day 112; with no noteworthy 

changes observed in NLi or SEM from 56-112 days. By 224 days of dissolution, most 

observations imply both glasses are in the residual rate regime, however this cannot be verified 

with certainty without further data. Both glasses show a significant increase in NLB
 from 112-

224 days, with the rate of increase particularly high for MW25, however this is not 

hypothesised to be rate resumption. This interpretation is supported by the lack of observed 

zeolite phases (typically associated with rate resumption [43], [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 in Figure 4.4. Instead, for MW25 at least, 

magnesio-aluminosilicate precipitation is hypothesised to sustain relatively rapid residual 

dissolution rates via silica consumption [31], [54], [262], as observed in MCC-1.  

Within 224 days of experimental duration, the alteration layer hypothesised 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 sample-preparation by this stage; however why 

dehydration is more pronounced can only be speculated. Samples may have been air-dried for 

longer or in more aggressive conditions after test termination (sample drying was uncontrolled 

and variable), or samples may have become increasingly hydrated (pre-drying) with dissolution 

duration. Elucidation of 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 MCC-1 experiments may offer some insight. Comparison of the single layer 

observed in PCT-B with MCC Layer 3 are least plausible given this layer was last-formed and 

had a unique scallop-morphology never observed in PCT-B. Comparison with Layer 2 in 

MCC-1 experiments are supported by the previous hypothesis of this layerôs early formation 

via a process, ion exchange, that would make it highly susceptible to the dehydration observed 
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in PCT-B. However, in MCC-1, Layer 2 appeared darker than pristine glass in BSE - which 

was not observed for PCT-B. Instead, MCC-1 Layer 1 was of comparable greyscale to the 

pristine glass, however this layer occurred only in tandem with a second layer which was never 

seen in PCT-B. Furthermore, Layer 1 in MCC-1 was consistently thicker than Layer 2, so why 

Layer 2 would now, in PCT-B, be thicker or more readily observed remains unclear. EDS and 

NL i
 data are unable to provide further insight: EDS of MCC-1 Layers 1 and 2 indicate a 

predominantly aluminosilicate composition (consistent with NLSi and NLAl PCT-B decreases), 

with the only notable difference being the greater zirconium content of Layer 1. However, in 

PCT-B, NLZr 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 Layer 1 or 2 in MCC; however any comparison is at-best speculative.  

MW25 shows multiple notable features in SEM by 224 days. The first is a ~5 ɛm thick surface 

layer which appears fibrous (ófluffyô) and darker than pristine glass (in BSE). This magnesio-

aluminosilicate layer appears comparable to the hypothesised precipitate layer (Layer 1) 

formed in MW25 MCC-1. Both have a similar mineral habit, magnesium enrichment, and 

chemical composition. Geochemical modelling again indicates saponite precipitation is 

possible from day 7 onwards, with potential nontronite precipitation from day 28 onwards. As 

previously stated, the precipitation of these phases can explain the rapid residual dissolution 

rates, as the dissolution driving force is increased by consumption of silicon and magnesium 

[12], [224], [240]. Identification of the brighter dendritic forms within this precipitate layer is 

more challenging owing to their size, absence in post-dissolution XRD, and the lack of EDS 

data. However, geochemical modelling indicates manganese, iron and zirconium-containing 

phases become increasingly saturated beyond 28 days of dissolution and rare-earth/Zr 

phosphates have previously been identified during aqueous Magnox glass dissolution [31], 

[91].  

The arcuate depleted zones surrounding near-surface spinel crystallites 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 been observed in previous HLW glass corrosion studies 

[236]; however explanations are elusive. Multiple possibilities exist: crystallite formation may 

have locally 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 crystallites was noted pre-

dissolution, and spinel phases are relatively durable [51], [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 minimal [51], 

[228], [229] and samples were annealed to minimise stresses post-casting. Regardless of their 

cause, the overall effect of these features 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 MCC-1. Alteration layers may contain crystallites or local 

precipitate clusters [60] which may promote dissolution of the underlying glass in a comparable 

way to the spinel in MW25 PCT-B experiments. This localised dissolution requires further 

investigation to establish the causes and magnitude of any effects.  
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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 MCC-1 and PCT-B procedures. Dissolution rates and 

alteration products were found to differ, both between glasses and 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 this trend (Figure 4.26). In this 

period (ñStage Iò) behaviour is associated with formation, via interdiffusion and ion exchange, 

of two sodium-depleted layers in each 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 this new innermost layer is compositionally comparable to its neighbouring sodium-

depleted layer, though now with a distinctive scallop-morphology. For MW25, this third layer 

compromises crystalline smectites (probable saponites/nontronites) formed at the leachate 

interface. The scalloped boundary of altered layers with pristine glass for ISG is thought to 

result from localised attack comparable to that which forms the ófingerô-like morphology 

between pristine MW25 glass and the alteration layer. ñStage IIò behaviour is achieved within 

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 magnesio-aluminosilicate minerals did not form on ISG 

potentially because this glass composition lacks the required magnesium for their formation. 

Rate resumption (ñStage IIIò) was not observed for either glass, however ISG alteration layers 

show evidence of significant instability and restructuring between 468-672 days of dissolution 

and the rapid residual rates shown by MW25 could be interpreted as rate resumption if NLB 

values were the exclusive consideration.  

 
Figure 4.26. Comparison of dissolution rates (calculated using NLB data) for ISG (green) and 

MW25 (pink) in both MCC-1 (left; solid bars) and PCT-B (right; striped bars) experiments. 

Note that MCC-1 initial rates calculated for ISG from 28-112 days appear anomalous (faded) 

relative to the more-reliable (unfaded) rates calculated from 28-56 days.  

In PCT-B experiments, initial dissolution appears again more rapid for MW25 than ISG (Figure 

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 

the expected ñStage Iò behaviour (interdiffusion and ion exchange) and alteration layers may 

be below the achievable instrument resolution. This may have formed a hydrated layer which 

readily fractured during sample preparation (drying) of both glasses. Solution data imply 

alteration product formation and ñStage IIò dissolution behaviour for both glass compositions 
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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 saponite clay 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 glass dissolution 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, this 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 via the same 

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 rates of dissolution 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 in Basaltic 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 the UKôs HLW. Without this, the UK may see 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 of magnesium on any observed trends. Elevated magnesium contents are already 

hypothesised to limit UK HLW glass durability [52], [53], however, the mechanistic causes 

and the magnitude of this effect requires further research. 

Natural óanalogueô glasses offer useful insight into long-term durability in both natural and 

laboratory environments. Basaltic glasses are considered some of the most useful glasses for 

this purpose [151], however the role 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 outlined in Chapter 3. MCC-1 

experiments, utilising glass monoliths, were completed on the mid- and end-members of the 

basaltic glass series; with PCT-B experiments 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 alteration layers developed 

during dissolution. A comparison 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  

SEM-EDS 

Micrographs of all samples prior to their dissolution (but after their mounting in epoxy resin) 

shows all glasses to be uniform and homogenous (Figure 5.1). All powders appear equally 

highly fractured and fragmented within a 1-3 ɛm perimeter of their surface.  

 
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 & ICP-OES 

Pristine glass compositions, as measured via external acid-digest & ICP-OES are stated in 

Table 5.1. All  were within tolerance of the ótargetô (batched) compositions shown in brackets. 

Mol. %  0Ca100Mg 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) 

Al 2O3 9.13 (9.4) 9.2 (9.4) 7.62 (9.4) 8.27 (9.4) 7.9 (9.4) 

Fe2O3 4.56 (4.4) 4.43 (4.4) 4.56 (4.4) 4.37 (4.4) 4.51 (4.4) 

Na2O 3.08 (2.8) 3.01 (2.8) 3.26 (2.8) 2.94 (2.8) 3.05 (2.8) 

Li 2O 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) 

P2O5 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) 

TiO 2 1.53 (1.4) 1.5 (1.4) 1.51 (1.4) 1.45 (1.4) 1.49 (1.4) 

Table 5.1. Compositions, as measured (and as batched, in parathesis) in oxide molar percent, 

of basaltic glasses. Errors not originally stated, but assumed to be circa ±3%.  
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XRD 

Figure 5.2 shows XRD of the synthesised basaltic glasses prior to their dissolution. A region 

of diffuse scattering is evident from 15 to 40 Á2ɗ. In addition to this, higher magnesium glasses 

(0Ca100Mg and 30Ca70Mg) also show evidence of narrower, though not sharp, peaks at circa 

36, 44 and 63 Á2ɗ. The intensity of these peaks decreases with decreasing magnesium content.  

 
Figure 5.2. XRD patterns of the pristine basaltic glasses, with variable Mg:Ca contents, 

synthesised in this study.  

 

Raman  

Raman spectra (Figure 5.3) from all glasses show two broad peaks centred around 510 cm-1 

(with a width of circa 280 cm-1) and centred around 970 cm-1 (with a slightly larger width at 

circa 330 cm-1). In higher magnesium glasses (Ca:Mg җ 70:30) these broad peaks appear 

subdued due to the presence of a more dominant peak at 672 cm-1 (with a width of ~150 cm-1). 

High magnesium glasses also show low intensity peaks at 320 and 460 cm-1, both with widths 

of circa 100 cm-1.  

 
Figure 5.3. Raman spectra of pristine basaltic glass series containing variable Mg:Ca.  
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5.2.2. pH 

Figure 5.4 shows the evolution of leachate pH in basaltic glasses dissolved via the PCT-B and 

MCC-1 methodologies. Error bars indicate measurement repeatability error (standard deviation 

between triplicate samples), not the instrument error which some users estimate to be as large 

as one pH unit (Colleen Mann, personal communication). Trends in the pH of blank vessels 

are as described in Section 4.2.2, but are also shown here for completeness.  

In MCC-1 experiments, leachate pH appears high (pH 9.0 to 9.5) for the first 28-56 days, before 

falling modestly (to pH 8.5 to 9) for the remainder of the test. A compositional dependency 

may also be evident: in most cases the 100Ca0Mg and 0Ca100Mg 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 672 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 pH (8.5 ï 9.5) for the first 14 days 

falling to lower (pH 8 - 8.5) values from 14 to 112 days. Leachate pH may then re-rise (to 8.5 

ï 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.  

 

 
Figure 5.4. pH measurements of blank (below) and experimental (above) leachates derived 

from MCC-1 (left) and PCT-B (right) experiments of the basaltic glass series.  
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5.2.3. Normalised mass losses 

Normalised mass loss (NLi) values calculated for MCC-1 and PCT-B experiments are shown 

in Figure 5.5 and Figure 5.6 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 than 0.5 g m-2 

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, NLi
 values for these elements appear to decrease, particularly for the end 

members. However this NLi decrease is notably dependant on a single timestep (672 days), so 

may lack significance. Compositional dependencies are consistent and clear in NLLi, NLNa and 

NLSi values: for a given timestep, and where values are not within error of each other, 

0Ca100Mg consistently shows the largest normalised mass losses, with 100Ca0Mg having the 

lowest.  

In contrast, NLAl decreases with dissolution duration for all compositions, though with an 

approximately exponential decrease for 0Ca100Mg basaltic glasses and an approximately 

linear decrease for 100Ca0Mg samples. NLNa values for the latter samples (100Ca0Mg) are 

also approximately twice those for 0Ca100Mg and 50Ca50Mg glasses. Magnesium, where 

present, shows a decrease in normalised mass loss with duration ï with an approximate inverse 

logarithm trend for 0Ca100Mg 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 until the final (672 day) timepoint, where NLSr sharply rises for 100Ca0Mg and 

NLP sharply increases for 0Ca100Mg.  

In PCT-B experiments NLLi, NLNa and NLSi again all show similar trends: values appear 

constant for all composition between 7-14 days (for NLLi) or between 7-56 days (for NLNa) 

before increasing approximately linearly for the remainder of the test duration. For NLLi values, 

the rate of this increase appears to be compositionally-dependent, with high/mid magnesium 

compositions (0Ca100Mg, 30Ca70Mg, 50Ca50Mg) showing the largest rate of increase. These 

compositions also consistently show higher normalised mass loss values for a lithium, sodium 

and silicon at a given timepoint than lower magnesium glasses (70Ca30Mg, 100Ca0Mg). 

However this compositional dependence is less clear in the NLSi and NLNa data where all values 

are within error for a given timestep.  

The trend of high/mid magnesium compositions (0Ca100Mg, 30Ca70Mg, 50Ca50Mg) 

showing the largest normalised mass losses, holds similarly true for NLP values. However, for 

NLSr this compositional-dependency trend appears reversed: the highest magnesium glass 

(0Ca100Mg) consistently has the lowest NLSr. Compositional dependency of the NLMg and 

NLCa data is undiscernible as most values are within error of each other.  
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Figure 5.5. Normalised mass loss values calculated for the MCC-1 experiments completed on 

basaltic glasses with a range of MgO:CaO ratio.   
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Figure 5.6. Normalised mass loss values calculated for the PCT-B 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 SEM-BSE images from each basaltic glass composition at 

each MCC-1 timestep. To aid comparison all images were taken at an identical magnification 

and are from areas which are relatively unaffected by vermiform features (see Chapter 6). 

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 occasionally broken into block-like segments by fractures that are approximately 

perpendicular to the surface. In places, this surface layer can cleave into sub-layers (Figure 

5.8): with two layers evident by 28 days and three layers emerging after 468 days. These sub-

layers are frequently separated by a (layer of) fluffy material, and are evident in both 

100Ca0Mg and 50Ca50Mg glasses. The epoxy-filled void that separates the alteration layer 

from the pristine glass and the sub-layers from each other is presumed to arise during sample 

preparation and as a result of dehydration shrinkage.  

The surface layer is also highly heterogeneous in greyscale intensity, as indicates internal 

compositional non-uniformity. Though the bulk surface layer is typically of similar greyscale 

intensity to the unaltered glass, a óbrighterô sub-layer (Figure 5.9) within this is also evident. 

This bright region, typically of 0.5-2 µm in thickness, is evident within the surface layer 

developed on 0Ca100Mg and 50Ca50Mg basaltic glasses by 112 days of dissolution. This sub-

layer is particularly evident within vermiform features where it is typically centrally located 

within the features. Away 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 

0Ca100Mg at 468 and 672 days in Figure 5.7).  

Resting atop this layer, situated at the layer/leachate interface during dissolution, are less 

sharply-defined globular, equant, acicular, fibrous or bladed occurrences (Figure 5.10). 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 compositions, these 

precipitates may be marginally more abundant in high-magnesium glasses; however a 

statistical comparison to verify this has not been completed.  
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Figure 5.7. Representative SEM-BSE images of a cross section made through basaltic glass 

monoliths (with variable Mg:Ca ratios) after dissolution via the MCC-1 procedure. All images 

are 115um across, with the pristine glass oriented towards the bottom of the image.  

 

 
Figure 5.8. SEM-BSE images to show cleaving of the surface layer evident in 50Ca50Mg and 

100Ca0Mg basaltic glasses after dissolution via the MCC-1 procedure for various durations. 

Glass composition and dissolution duration specified in text insets.  
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Figure 5.9. SEM-BSE images of óbrighterô sub-layer (arrowed in red) within the surface 

layer (bound by yellow arrow) developed on basaltic glasses, with variable Mg:Ca, after 

dissolution via the MCC-1 procedure 

 

 

 
Figure 5.10. SEM-BSE images of particles (arrowed) resting atop the more continuous surface 

layer developed on all glass compositions after > 56 days of dissolution via MCC-1. 
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MCC-1/EDS 

The unprocessed composition of surface layers measured on all basaltic glass composition at 

all timesteps are presented in Table 5.2a-c. All layers comprise silicon, iron, aluminium and 

titanium, whilst the layer developed on the end-member glasses also contain their calcium or 

magnesium constituent and the mid-member contains both. Sodium content was negligible. 

  

a) 100Ca0Mg            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 (0.1) 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 (0.4) 5.3 (0.3) 7.9 (0.4) 3.9 (0.2) 

Al  5.6 (0.3) 8.4 (0.4) 6.3 (0.3) 7.5 (0.4) 6.1 (0.3) 

Ti 0.5 (0) 1.8 (0.1) 2.3 (0.1) 2 (0.1) 1.6 (0.1) 

Ca 1.6 (0.1) 1.8 (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) 

 

c) 0Ca100Mg            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 (0.5) 8.5 (0.5) 6.6 (0.4) 

Al  10.5 (0.5) 7.2 (0.4) 8.5 (0.4) 9.3 (0.5) 7.3 (0.4) 

Ti 2.5 (0.1) 3.9 (0.1) 3.1 (0.1) 2.8 (0.1) 2.9 (0.1) 

Ca 0.3 (0) 0.1 (0) 0 (0) 0.3 (0) 0.1 (0) 

Na 0.5 (0.1) 0.8 (0.1) 0.3 (0) 0.2 (0) 0.3 (0) 

Table 5.2. SEM-EDS estimated compositions of the surface layers developed during MCC-1 

testing of basaltic glasses with variable magnesium/calcium contents: 100Ca0Mg (a, top 

table), 50Ca50Mg (b, middle table) and 0Ca100Mg (c, bottom table).Values stated are mean 

elemental weight percent, as measured from two or more locations, and the standard deviation 

on this mean (in parentheses).  
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Figure 5.11 shows surface layer compositions recalculated as a proportion of elemental 

abundances in each respective pristine glass. All surface 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 was marginally more 

pronounced in high-magnesium glasses (Ti enriched by a factor of 2-4 in 0Ca100Mg, compared 

to an enrichment factor of two for 50Ca50Mg and a factor of 2-3 for 100Ca0Mg). Iron was 

enriched by a factor of circa two in 0Ca100Mg and 50Ca50Mg glasses, and by a factor of 2-3 

in magnesium-free 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 glasses (100 ± 30%). 

Where present in the parent glass, magnesium appears in the surface layer in quantities 

comparable to parent glasses (100-110%) for 0Ca100Mg glasses but in larger quantities (100-

200%) for 50Ca50Mg glasses. Sodium was on average present in quantities 30% of the parent 

glass (though this ranged from sodium-free to 70% of pristine glass values).  

 

 
Figure 5.11. Surface layer compositions, as outlined in Table 5.2, recalculated as a proportion 

of the pristine glass: 100Ca0Mg (top left), 50Ca50Mg (bottom) and 0Ca100Mg (top right). 

Note that 100Ca0Mg glass contains no magnesium. 
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EDS maps of the óbrightô sub-layer observed in BSE reveal this to be further enriched in iron 

and titanium (Figure 5.12). Compositional quantification of this sub-layer was not possible 

owing to its slender nature and limited imaging resolution, however line scans (Figure 5.13) 

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 generally). Figure 5.13 also 

indicates that there may be an additional sublayer, closest to the outer-edge of the main layer. 

This second sub-layer can be defined by a modest (~0.25%) enrichment in aluminium and 

magnesium relative to the surface layer as a whole.  

 

 
Figure 5.12. SEM-EDS map of a 0Ca100Mg basaltic glass monolith dissolved for 672 days. 

Note the presence of a thin Fe- and Ti-rich sub-layer proximal to the surface layer/pristine 

glass interface. Dashed arrow shows location of linescan shown in Figure 5.13.  

 

 

 
Figure 5.13. SEM-EDS line scan across the 672 day dissolved 0Ca100Mg basaltic glass 

monolith shown in Figure 5.12. Note the presence of a thin sublayer containing 250 - 300 % 

of the Fe and Ti content of the pristine glass. 

 

 

EDS of the particles resting atop this layer (Figure 5.14) show these to be highly enriched in 

aluminium relative to the parent glass. SEM-EDS maps further reveal that these particles can 

penetrate into the surface layer. As well as aluminium, particles contain appreciable iron, 

silicon, magnesium and titanium in quantities estimated in Table 5.3.  
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Figure 5.14. SEM-EDS image of a 50Ca50Mg basaltic glass monolith dissolved via the MCC-

1 methodology for 112 days to show the aluminium 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 in Figure 5.14. These particles are approximately 

representative of all other similar particles.  

 

PCT-B/BSE 

Figure 5.15 shows representative images from each basaltic glass composition dissolved 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 

(Figure 4.1). Fractures are now also occasionally filled by fine fragments of a lower contrast 

(ódarkerô) material, which also appears on some powder surfaces as shown in Figure 5.16. 

These particles are never present in laterally continuous layers thicker than 1 ɛm (the 

approximate resolution of EDS imaging). Aside from these darker discontinuous surface (or 

fracture-filling) layers, on some particles a discontinuous surface layer (~1-3 ɛm in width) was 

observed with a greyscale comparable to that of the glass is (Figure 5.17). 

 

PCT-B/EDS 

EDS of PCT-B powders revealed no significant compositional variation towards exposed 

surfaces and no compositionally significant features at the achievable resolution.  
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