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Abstract

This report evaluates the role of analogues relevant to the long-term performance of vitrified high level waste in the UK. Evidence natural, archaeological and historic glass analogues shows that the mechanisms and rates of glass degradation depend both on the glass composition and the physical and chemical properties of the environment in which the glass has been held.  Some of the industrial, historical and natural objects and materials are considered as good analogues to the vitrified waste and can provide supportive information about long-term behaviour of glasses. Areas where no satisfactory analogues can be found are identified. 

Executive summary

The current disposal route for high level wastes (HLW) generated within the United Kingdom (UK) is vitrification in a borosilicate glass. The process was adopted from the French AVM process (Atelier de Vitrification de Marcoule) and commercial vitrification plants are currently in operation at Sellafield in the UK and Marcoule and Cap de la Hargue in France. 

A feature of glass is that it tends to slowly devitrify over time, albeit at a very slow rate. The objective of this report is to synthesize available evidence from industrial, historical, archaeological and natural materials that can provide analogues of the long-term behaviour of vitrified HLW waste forms relevant to the United Kingdom waste management programme. 

Evidence from such analogues shows that the mechanisms and rates of glass degradation depend both on the glass composition and the physical and chemical properties of the environment in which the glass has been held.  Key environmental parameters that control the long-term behaviour of glass include:

· Temperature;

· pH;

· ratio of glass surface area to volume of solution (SA/V);

· flow rate;

· glass composition;

· solution composition (concentration of Si and alkali ions);

The most important processes in determining the long-term behaviour of glass are:

- 
dissolution (short term, in the case of contact with water);

- 
recrystalization (at long time-scales);

- 
leaching.

Basaltic glasses provide the best analogues to UK vitrified HLW waste, in terms of their composition, degradation processes, creation of a dehydrated layer and retention of trace metals within the material. In the laboratory, after initial ion exchange, the dissolution of basaltic glass becomes congruent until the production of secondary phases on the glass surface. Generally, these are aluminium and iron hydroxides followed by aluminosilicates when the silica activity increases.

In natural systems, the first phases to form are generally termed palagonite. The palagonite is generally similar in morphology to the gel formed on vitrified HLW and seems to be formed by precipitation of minerals having reached their limit of solubility, following the congruent dissolution of glass. The next phases to appear are generally amorphous clays, followed by more crystalline zeolites.

In continental and oceanic environments the glass dissolution rates are generally less than 50 (m/1000a and the rate appears to diminish with time. This decrease may be related to a diffusion mechanism involving key chemical species and controlled by the mineralogy of the palagonite layer. Corrosion in seawater was much slower than in distilled water. 

Furthermore, such dissolution rates tend to be lower than measured in short-term laboratory experiments and tend to be slower than assumed in many performance assessments. However, dissolution rates derived from analogues are usually derived by measuring the thickness of the alteration products on the surface of the glass, determining the age of the glass, and then simply assuming the alteration product has been produced uniformly since glass formation. This obviously involves a number of assumptions. In particular, that the alteration process is constant with time, whereas in fact it changes with temperature, groundwater composition, available glass surface area, and most certainly slows down as the alteration product develops. It also assumes that the alteration layer has not been lost at some point during the history of the studied sample, for example by abrasion. Taking all these uncertainties into consideration, it is clear that, while the very low dissolution rates calculated for the analogue samples are encouraging, it may be non-conservative to place anything more than a qualitative weighting on the data regarding rates used in performance assessments. 

The long-term durability of basaltic glass in natural environmental conditions has been clearly shown by analogue studies and although few volcanic glasses are older than 25 Ma several much older have been found. In any case, this time span is far beyond that considered for a HLW repository performance assessment. Within this period, natural basaltic glasses showed efficient durability to hold trace elements under different conditions and environments. The knowledge gained from basaltic glass studies carried out so far can thus be used in a qualitative form to add general support for the use of glass waste forms as suitable material for HLW encapsulation.

The greater durability of high silica glasses (rhyolitic ones) makes it tempting to also use existing data qualitatively to support the use of glass but here the analogy is much weaker and must be used with greater care.

Some materials (archaeological glass, ferrite material etc.) could also provide useful information, mainly about processes that the glass matrix undergoes but the analogy is not always as clear. Archaeological glasses can be used as analogues for long-term behaviour only with caution, due to their different composition and relatively short time span involved. 

Not all processes could be addressed satisfactorily using glass analogues: for example radiolysis, thermal fracturing, interaction with metals, cement and other engineered barriers remain without ideal analogues. 
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1 Introduction

In many national high level waste (HLW) disposal concepts, radioactive waste is immobilised in borosilicate glass and this vitrified waste form will be encapsulated in metal before subsequent emplacement in a geologic repository for long-term storage or final disposal (cf. Nagra, 1994; JNC, 2000). The principal role of solid waste forms should be to immobilise the radionuclides within a stable waste form, so delaying releases from the engineered barriers to the surrounding repository host rock (Ondraf / Niras, 2002).

One potential waste matrix is borosilicate glass, which was first proposed for immobilisation of HLW in the 1950s (see McKinley et al., 2007 for details). Glass has many advantages as a waste form, primarily that it is a massive, stable and durable material. In addition vitrified material can chemically incorporate high levels of radioactive waste, can physically tolerate large radiation doses and can accept wide variations in the composition of the waste streams.

The long half-lives of many fission products and actinides in HLW requires that they must be isolated from the biosphere for 103 – 106a and so the long-term stability of such materials in the repository environment needs to be demonstrated. Analogues provide a means of demonstrating the long-term stability of glasses to a greater extent than can be achieved in the laboratory and can provide an indirect means to build confidence in the conceptual model used by providing a means to extrapolate laboratory data to timescales of relevance to repository performance assessment (Petit, 1991). 

Analogy has long been implicitly recognised as a scientific method (Petit, 1992) and various guidelines for selecting appropriate analogues for investigations have been proposed (e.g. Von Maravic and Smellie, 1996). According to Chapman et al. (1984): 

1. The processes involved should be clear-cut.

2. The chemical analogy should be good. The limitations should be fully understood.

3. The magnitude of various physico-chemical parameters involved (p, T, pH, Eh, concentration etc.) should be determinable.

4. The boundaries of the system should be identifiable.

5. Time scale of the process must be measurable.

More specifically, the main areas for analogue use in the performance assessment of waste forms were identified by a panel of experts (IAEA, 1989) to be:

· development of conceptual models;

· acquisition of data, definition of initial and boundary conditions;

· validation of models.

Ideally, analogue studies should be developed from the ‘top down’, with a formal assessment of the weightings given to the wider aims of a national analogue programme, taking account of secondary aims associated with the ‘safety strategy’ and other national disposal programme constraints. Unfortunately, to date most analogue studies have been very much ‘bottom up’, initiated by specialists in the technical aspects of the specific analogue study, and this is certainly the case for most studies of natural and archaeological glasses.

This immediately limits the applicability of such studies and so the objectives of this report is to critically analyse existing evidence from industrial, historical and natural analogues that relate to vitrified HLW waste forms of relevance to the UK national programme. Where possible, information that is directly applicable will be highlighted, as will studies that are of little or no relevance. Finally, some thought will be given to any future work that could provide data of relevance to the UK vitrified HLW programme.

Timelines for some representative analogues are shown in Figure 1. and those examples that are cited in the text are denoted by a numbered reference in square brackets [ ].
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Fig 1. The timescales of the most representative glass analogies referred to in the text. The age and literature source used are shown. The analogues are identified by a [number in square brackets] in the text.

2 Glass 

2.1 History of glass 

Glass has been produced for approximately 3,500 years first appearing in Egypt and Mesopotamia. It was a luxury material and was often used as a substitute for precious stones. Glass has become inexpensive following the discovery of glassblowing (approximately 50 - 0 BC). By this time, many glassworks appeared throughout Europe and the Mediterranean and due to mass production glass became an everyday object and was removed from the list of luxuries.

A soda-lime glass was produced around 1000 AD when potassium-lime glass started to be produced in Northern and Western Europe (Kaplan, 1980b). In the 11th century new ways of making sheet glass by blowing spheres were introduced in Germany. This technique was perfected in the 13th century on the Venetian island of Murano, where glass called cristallo was produced. Despite their efforts to keep the technology secret, it soon spread across Europe.

Until the 12th century, stained glass (i.e. glass with some colouring impurities, usually metals) was not widely used. Around 1688, a process for casting glass was developed causing glass to become a more commonly used material. The invention of the glass-pressing machine in 1827 allowed the mass production of inexpensive glass articles. The cylinder method of creating flat glass was first used in the USA in the 1820s and it was used to commercially produce window glass. This and other types of hand-blown sheet glass were replaced in the 20th century by rolled plate.

2.2 Glass structure 

Glass may be defined (Bouska et al., 1993) as an amorphous solid substance formed from a melt by cooling below its melting, or liquidus point, without crystallization or spinoidal decomposition with viscosity greater than 10 Pa.
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Fig. 2: Structure of a) SiO2 (quartz) regular lattice, b) irregular quartz glass lattice and c) Na-quartz glass structure (Hlavac, 1988)

The basic structural unit for silicate glass is tetrahedral (SiO4)4-. The difference between crystalline quartz and glass is shown in Figures 2 and 3. For crystalline silicates the Si-O distance is 0,16 nm, but XRF of glasses shows deviations from the regular tetrahedral configuration. Glass is a biologically inactive material. When in tension, glass is brittle and will break into sharp shards. When in compression, pure glass can withstand a great amount of force. The properties of glass can be modified by the addition of other compounds or heat treatment.
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Fig 3: Stick model of quartz glass lattice and Na-quartz glass (Hlavac, 1988)

With some exceptions, the inorganic glasses are non-stoichiometric compounds. They are complicated systems with variable compositions, including substances that do not form glass themselves. Oxides used for glass production can be divided into net-forming (SiO2, B2O3, P2O5, GeO2) and modifiers (CaO, BaO, Na2O, K2O). The latter modify the silicate net by incorporating cations into the structure. Glass types can be divided according to their composition: 

a) soda calcic glass (basic glass - sheet glass, bottles etc.);

b) borosilicate glass (containing borax B2O3);

c) lead glass (optical use);

d) other oxide glasses (aluminosilicate glass, orthophosphate glass etc.). 

The most common are silicate and borosilicate glasses (Hlavac 1988). The most usual glass forming raw materials (90 – 95%) are sand (quartz SiO2) + soda (Na2O) + lime (CaO) + dolomite (CaO, MgO) + feldspar (K2O, Al2O3, SiO2)+ glass shards. Over 60 different elements have been used so far in glass production, some of them only at the laboratory scale (Smrcek and Voldrich, 1994). Transition metals and rare earth can be also added as colourings. 

Like modern window and container glass, early glass consisted of silica mixed with a substantial amount of alkali oxides (lime, magnesia). In mainland European glassmaking centres (such as Germany and Bohemia), potash, obtained from wood ash, superseded soda as the main source of alkali. Venetian glassware (16th and 17th century) was purified to such an extent that less-soluble stabilising constituents such as lime and magnesia were removed and therefore it is more susceptible to decay (Ryan et. al., 1993).

3 Degradation/transformation processes in glass

Glass durability (including inorganic, borosilicate, natural or ancient man-made glass) depends on many variables, including glass composition, SiO2 content, surface area, volume and pH of the leaching solution, ions present in the corrosive solutions and their concentrations, humidity and temperature of the environment etc. (Ryan et al., 1993). In the following part of the report the most important processes are listed in the context of the comparison of analogues and vitrified HLW. 

3.1 Dissolution

Water in contact with glass, first diffuses into the matrix (hydration) and then participates in exchange reactions with the most highly mobile modifiers (interdiffusion). A reaction zone is created within which a hydration and H+ - alkali metal interdiffusion profile is formed. The release of single glass constituents into solution is controlled either by matrix dissolution, by solubility, or sorption processes. Many glass components (the actinides, the REEs, Fe, Zr, Al, etc.) are expected not to enter solution but recombine in situ in an amorphous surface “gel” layer (Vernaz and Dussossoy, 1992). 

The dissolution processes includes mass transport, ion exchange and hydrolysis. These processes can occur simultaneously and are mutually interlinked. Moreover, dissolution of glass is not thermodynamically controlled because the glass is a metastable material. This means that the glass and co-existing liquid phase can never reach true equilibrium and thus dissolution is not solubility limited and is controlled instead by the kinetics of the alteration processes.

The physical chemistry of the interface between altered natural or nuclear waste glass and aqueous solution has been the subject of numerous studies (e.g. Gordon and Brady, 2002; Lutze and Ewing, 1988; Lutze et al., 1985, Lutze and Grambow, 1992, Werme et al., 1990, Wolf-Boenish et al., 2004, Yan and Neretnieks, 1995 etc.). Several environmental parameters were shown to play an essential role in glass dissolution, especially in the long time span. Temperature, pH, ratio of glass surface area to volume of solution (SA/V), flow rate (groundwater flux), glass composition (Si content) and solution composition (concentration of Si and alkali ions) are the most important parameters. It was also observed that weathering was typically controlled by the pH-dependent detachment of framework cations (e.g. Al and Si) from the solid surface (Stumm, 1987; Grambow et al., 1988; Magonthier et al., 1992). 

During the long-term reaction of glass with water, three stages were distinguished, which are schematically shown on Figure 4 (Bates et al., 1996; Grambow, 1991; Lutze and Ewing, 1988). Stage I is the initial stage of the corrosion process in which the release rate of elements is congruent and linear because the elemental concentrations in solution are lower than the solubility limits of most phases. Stage II occurs after loss of silica from the glass, when the dissolution rate decreases as the silica concentration in solution reaches a higher level. Glass reaction during Stages I and II commonly results in the formation of a reaction layer that may or may not be partially crystalline. It is called palagonite and consists of mixture of a hydrated glass matrix with authigenic minerals. 

The alteration products have been studied in detail for basaltic, rhyolitic and radioactive waste glasses under a wide range conditions (e.g. Crovisier et al., 2003, Gordon and Brady 2002, Lutze and Ewing, 1988; Lutze et al., 1985, Lutze and Grambow, 1992, Werme et al., 1990, Wolf-Boenish et al, 2004, Yan and Neretnieks, 1995). Ewing and Jercinovic (1987) characterised palagonitization as non-isochemical alteration process. The composition of palagonite commonly differs from sample to sample and chemically different palagonites can originate from chemically and physically similar glasses indicating the importance of the alteration environment. 

During Stage III, formation of surface hydration layers, adsorption of chemical species, and surface precipitation of crystalline phases occur as concentrations in solution reach the solubility limits of the principal phases. During this stage, the rate of dissolution of the glass can change discontinuously because of formation of surface layers and loss of material. The rate of glass dissolution may finally reach very low levels, but it is never zero. This observation is often referred to as the "long-term rate" of corrosion.¨

Further, as reaction continues, the precipitation of new crystalline phases may accelerate the Stage III glass dissolution process as the precipitation of aluminosilicates (e.g. zeolites) removes silicon from solution. The phases formed are dependent not only on glass composition but also on the composition of the water in contact with the glass. 
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Fig. 4: Schematic representation of reaction progress for glass dissolution. The stages are discussed in the text. (after Bates et al., 1996, and the discussion by Grambow, 1991).

3.2 Leaching

Elements incorporated into the glass matrix can be leached out and released into solution. The process is very slow and dependent on the flux of water. Moreover, the alteration/palagonite layer may become a chemical sink for released radionuclides due to the precipitation of phases, or it may be a physical barrier to diffusive loss of radionuclides. Short-term laboratory hydration and leaching experiments suggested that the alteration products act to retain a range of elements, including iron, REEs and actinides (Petit et al., 1989; Trotignon et al., 1992; Ribet et al., 2007). This dissolution remains non-selective (all the glass elements are hydrated at the same time) but becomes incongruent, i.e. not all the elements enter solution. The elements recombine in situ to form an amorphous surface “gel” layer (Vernaz and Dussossoy, 1992 and Figure 5).

[image: image5.png]Amorphous
nd crystalline

r

precipitated

phases

Crystalline secondary phases

\\ fresidual and

19Ae pasayy

Diffusion
and

gel layers

»
1]
Kl
0]
B
S
m





Fig. 5: Schematic representation of glass alteration with 3 layers that form as glass dissolves in water. From Lutze and Ewing (1988)

3.3 Devitrification

Over a period of time glass can devitrify (nucleate and crystallize) to a more thermodynamically stable assemblage (Figure 6). This process can affect silicate or oxyhydroxide gels that are likely to form during the alteration of the waste matrices (Marshall, 1961). In fact, this is a very similar process to “crizzling”, observed for historical glasses when hydrated glasses react on relocation to a drier environment (Ryan et al., 1993). 

Diffusion of water is assumed to control the rate of hydrothermal reconstruction. Under low temperatures and in the presence of a very small amount of water devitrification takes a long time. With abundant water supply devitrification requires only a short time (within experimental temperatures ranges of no more than about 300 (C, Marshall, 1961). Therefore, the ubiquity of water on the earth severely limits the existence of volcanic glasses. Due to this process there are no known volcanic glass or tektites older than those of the late Cretaceous (65 Ma, Marshall, 1961; Bouska et al., 1993) and most are less than 25 Ma. Indeed Ewing (1979) noted that of 425 natural glasses from North America, more than 50% were younger than 2 Ma but some were as old as 40 Ma.
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Fig. 6: Photomicrograph of a natural volcanic glass from Scotland. The devitrification process produces not only the large radiating clusters of crystals, but the grey colour of the glass is due to the presence of many thousands of smaller crystals. Field of view 1cm. From Miller et al. (2000)

3.4 Radiation induced effects

Natural glasses have so far yielded relatively sparse information about the influence of natural radiation processes on the glass matrix. Natural glasses generally contain relatively small amounts of radionuclides (e.g. U and/or Th concentrations in the range 1 – 30 ppm) and these levels are probably too low to induce long-term radiation effects on the material (Petit, 1992). In some cases, radiation damage has been observed in natural glass in close proximity to radionuclide-bearing minerals (Miller et al., 2000), but it does not make any sense to upscale such observations to the high radiation doses experienced by the vitrified waste matrices. In one case, bubbles in uranium-bearing glasses were identified that could have been caused by irradiation and could contain O2 (Laciok, 2004). However, the actual content and origin remained unknown.

A special category of archaeological glass is uranium glass that was produced from the second half of the 19th century and well-known forms of yellow and green glasses were produced mainly in Bohemia. It was estimated that through the 19th century, more than 15,000 Mg of uranium glass was produced for the manufacture of various items (vases, tumblers, ashtrays, etc.). The uranium glass is characterised by its UV fluorescent spectra caused by the presence of (UO2)2+. The following U compounds were used for glass colouring: uranium light yellow colour (Na2U2O7.nH2O), orange yellow colour (Na2U2O7), uranium yellow-red colour (Ka2U2O7.nH2O), ammonia yellow (NH4)2U2O7.nH2O) and uranium oxide (U3O8). The content of uranium is in the range of tenths of wt.%. up to 5 wt.% (Tomabechi, 1995) and production terminated in 1945. These glasses essentially provide a century long glass doping experiment, in which the affect of radiation damage on the glass and U migration through the glass may be measurable, although, to the authors‘ knowledge, no such experiments have been undertaken.
Interestingly, in the Seventies (1973 – 1976), new experiments were carried out in Czech glassworks in order to separate U compounds for glass use and also identify their combination for various types of household glasses. It was noted that U was not leached out of the glass and appears strongly locked in its structure (Hais, 1988).

Alpha radiolysis damage has been proposed to be insignificant in direct impact on both radionuclide isolation and release from a glass matrix (e.g. Pederson et al., 1984, Weber and Roberts, 1983). But the effects of radiation on glass waste forms are complex, and there remains a critical lack of fundamental understanding on the effects of radiation on glasses (from the atomic to the macroscopic level) that prevents meaningful predictions of long-term waste form performance. The limited existing databases cannot, in any case, be easily extrapolated to larger doses, lower dose rates, different temperature regime, or different glass compositions. However, competition between the reducing effect of container materials and host rock and the oxidising effects of radiolysis may influence the behaviour of potential redox sensitive species (Pu, Np) during glass dissolution (SCVRW, 1996).

3.5 Thermal cracking

This process occurs during the cooling process, immediately after the liquid waste is poured into the metal canister (e.g. Chomat et al., 2007). Thermal stresses (unavoidable for such large blocks of glass) lead to a multiple fragmentation and a complex crack network appears in the glass block, thereby increasing its specific surface area considerably. Interestingly, although Ondraf/Niras (2002) states that this does not appear to significantly effect the overall alteration processes of the vitrified HLW, Nagra (2002) includes a factor of 15 increase in the glass surface area, giving a final dissolution rate of  ~1 part in 105a-1.

3.6 Weeping

This process is typically observed in archaeological glasses. Weeping is sweating of water droplets when glasses, having been stored or buried under hydrated conditions, come into contact with air with less moisture, i.e. hydrated glass loses absorbed liquid (water). Some Renaissance and Baroque goblets [8, 9 in Figure 1] appeared to exude droplets of water when moved to be stored under normal museum conditions (Kaplan, 1980a). This process is of no relevance to vitrified HLW and is mainly a feature of archaeological glasses reacting in a humid, rather than saturated, environment (Miller et al., 2000).

3.7 Crizzling

This is advanced stage of archaeological glass deterioration. Networks of tiny cracks form all over an object’s surface and can become so dense that the object (primarily Renaissance and Baroque glass) appears opaque (Kaplan, 1980a). This process is of no relevance to vitrified HLW unless the waste is to be disposed of in a hydraulically unsaturated environment (Miller et al., 2000). 

3.8 Pitting

The processes causes formation of pit-like scars by abrasive action or chemical dissolution leaving holes filled with weathering products. Two types of pitting occur. One is associated with weathering layers. When these layers are mechanically detached from the object, areas of a deeper layer may be seen. 

The second type of pitting clearly involved the complete dissolution of the silica matrix and occurs only on potassium lime stained glass windows. The powdery substance found in the centre of the pit was identified as gypsum (CaSO4.2H2O, Kaplan, 1980a, Ryan et al., 1993). Neither of these processes is of relevance to vitrified HLW and is mainly features of archaeological glasses reacting in a humid, rather than saturated environment (Miller et al., 2000).

3.9 Layering

Here, on archaeological glasses a filmy iridescent surface consisting of multiple layers of mica-like minerals forms. Microscopic investigations indicate that the weathered surface can be resolved into a laminar structure whose layers range from 0,3 μm – 15 μm in thickness. These layers consist primarily of hydrated silica and the iridescence is caused by interference of light between these layers (Kaplan, 1980a). This process is of no relevance to vitrified HLW and is mainly a feature of archaeological glasses reacting in a humid, rather than saturated, environment (Miller et al., 2000).

3.10  Crusting

This type of weathering is restricted to medieval windows. A weathering crust (powdery, amorphous and opaque residue form) showing no laminar structure. X-ray diffraction show that the crust consists of a mixture of gypsum and syngenite (K2SO4.CaSO4.H2O) with no trace of silica remaining. This process is of no relevance to vitrified HLW and is mainly a feature of archaeological glasses reacting in a humid, rather than saturated environment (Miller et al., 2000).

Sources of analogues 

3.11 The strength of the analogy

Borosilicate glass is widely used as the matrix for high-level waste immobilisation and these vitrified wastes have complex chemical compositions with more than 30 different oxides. The main components are (( 45 %), B2O3 ((14 %) and Al2O3 ( ( 5 %) and waste oxides (20-25%). The structure of borate glass structure, for example, is dependent not only on alkali-metal oxide content but also on the nature of alkali-metal cations (Kamitsos, 1989). However, the boron content lowers the silica content in glass, so lowering the viscosity and melting point of the glass. The UK vitrification process was originally adopted from the French AVM process (Atelier de Vitrification de Marcoule) and the composition of both French and UK typical vitrified HLW is compared with samples of natural glasses in table 1.

Table 1: Example of chemical composition (wt. %) of typical natural glasses in comparison with radioactive waste glass. 

	
	Basaltic glass (Mazer, 1994)
	Rhyolitic glass (Mazer, 1994)
	Tektite (Mazer, 1994)
	French vitrified HLW (Savage,1995)
	UK vitrified HLW (Defra, 2005)*

	SiO2
	50.7
	74.9
	74.4
	45.2 
	47.2

	Al2O3
	11.7
	14.2
	12.17
	4.9
	

	Na2O
	4.5
	4.68
	1.32
	9.8
	8.6

	K2O
	0.7
	4.59
	2.61
	
	

	CaO
	10.6
	0.53
	1.52
	4.0
	

	MgO
	6.7
	0.02
	1.85
	
	

	FeO
	-
	0.49
	-
	
	

	Fe2O3
	13.1
	0.29
	5.58
	2.9
	

	LiO2
	
	
	
	
	2.0

	B2O3
	
	
	
	13.9
	17.3

	Waste oxides
	0.0
	0.0
	0.0
	19.3
	24.9




* Waste streams 2D02/C and 2FO1/C

With the exception for uranium and plutonium removed during reprocessing, all the fission products and minor actinides from spent fuel assemblies will enter the glass composition. Thus the French vitrified waste contains nearly 20 % of oxides of fission products, actinides and zirconium, suspended fines and platinum group metals (( 1.5 %) and the UK waste contains around 25% of ‘waste oxides’ (Defra, 2005). During the first 300 years, very minor compositional changes are expected due to the transmutation of strontium into zirconium and of caesium into barium. Up to 10 ka, very slight compositional changes are also expected in the actinides and rare earth elements. However, radioelement transmutations affect only a small percentage of the glass (Lemmens et al., 2005).

Long-term borosilicate glass behaviour and dissolution mechanisms have been extensively studied in the laboratory (e.g. Werme et al., 1990; Ribet et al., 2007) but most tests are relatively short-term. Moreover, the use of natural or historical glasses as analogues can help in the treatment of uncertainties, especially in extrapolation to long-time durability. 

Analogues to borosilicate glasses have been proposed from nature and archaeology. Natural glasses are of volcanic origin and form when a lava or magma cools too quickly for crystallisation to take place. Natural glasses occur with a wide range of compositions. Typically, it is the basaltic glasses that are considered the most analogous to borosilicate glasses because they have similar SiO2 contents of around 50 to 60%. Nonetheless, no natural glasses exist with high boron or radionuclide contents. In chemical terms, therefore, basaltic glasses can be considered to be only partially analogous to the borosilicate glass waste form. Other differences between natural and waste glasses occur. Most significantly, natural glasses tend to occur in aggressive oxidising conditions in submarine environments (e.g. the sea floor) or subaerially where conditions are significantly different from the passive, reducing conditions in a repository near field.

 These differences mean that it is not appropriate, in most cases, directly to apply a degradation rate derived from a natural analogue to a waste glass in a performance assessment calculation. Nevertheless, comparison between glass degradation observed in nature on basaltic glasses and in the laboratory on borosilicate glasses qualitatively suggests that the two glass types degrade by the same mechanisms, if not at the same rates (Crovisier et al., 1992; Mazer, 1994). As a consequence, analogue studies on basaltic glasses may provide useful qualitative information on glass degradation processes that can be used to constrain conceptual models for borosilicate glass evolution in a repository environment.

3.12 Natural glasses 

Although Ewing (1979) was not the first reported use of natural glasses as analogues of vitrified HLW (see for example Marshall 1961), it was probably the first focussed study to include modelling, data interpretation and perhaps more importantly, discussion of the limitations of such analogues. Natural glasses are relatively common and include volcanic glasses, asteroid impact glasses and tektites, fulgurites and other rare forms (Bouska et al., 1993). Some of these types are claimed to be good analogues for HLW borosilicate glass – mainly the basaltic and rhyolitic glass. 

The analogues evaluated here were usually focused on assessing the long-term glass stability and release of elements from the matrix by study of the dissolution, devitrification, and leaching rates of the glass and retardation of trace element species on alteration products. The rate of natural glass deterioration is usually presented as alteration rates (in (m/1000a). 

Excluding studies of exotic glass forms (e.g. lunar material), the research activities have been focused on frequently occurring silica-rich (volcanic and impact glasses) and silica-poor glasses (basaltic glasses). Typical compositions are listed in Table 1. 

Basaltic glasses are the most similar to UK vitrified HLW in terms of chemical composition (silica content), alteration products, alteration structure and morphology, and alteration rates derived from laboratory experiments. The age of studied samples ranges from some tens of years to tens of millions of years (see Figure 1). The studied environments range from ocean-floor and sub-ocean sediments to subglacial, hydrothermal and subaerial conditions.

Basaltic glasses occur on the outer surface of volcanic flows of basaltic magma when they come into contact with air or water and cool very rapidly. Similar processes of degradation and palagonite layer formation found with borosilicate glasses were observed for these natural glasses. Unfortunately, not all studies have reported details of the corresponding environmental conditions (for example water chemistry and water flux).

For example, natural alteration by cold fresh and rain water under subglacial conditions were studied on samples from Iceland (Crovisier et al., 1992). Crovisier studied samples of various ages (0.09 - 2.4 Ma [23]) and found mean alteration rates ranging from 0.004 to 0.33 (m/1000a. Studies by other authors derived similar values. 

The hyaloclastite samples from British Columbia (Grambow et al., 1985) originated from subglacial eruptions during the late Pleistocene. The thickness of alteration layers was highly variable (2 - 138 (m) and the derived apparent alteration rates ranges from 0.1 to 13.8 (m/1000a. The authors proposed a palagonitization mechanism of progressive glass dissolution with contemporaneous re-precipitation of phases at the glass surface. Sharp boundaries between palagonite and glass and the presence of etched pits were noted with the conclusion that authigenic mineralization generally occurs during the late stage of palagonitization. 

Redistribution of REE, U, and Th in altered basaltic glasses (Figure 7) was characterized in samples studied by Bernotat (2001) and Bernotat et al. (2002). Here younger (2,000a and 100 ka) and older samples (3 - 4 Ma) with alteration rims less than 50 (m and 200-300 (m, respectively were examined. Derived alteration rates were higher for younger samples (around 1 (m/1000a) and lower for older samples (around 0.05 (m/1000a). REEs had been progressively enriched in the gel layer and it was proposed that this was due to the higher solubility of other elements.
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Figure 7: Altered layers in Iceland volcanic glass (Bernotat, 2001).

Rhyolitic acidic glasses (obsidians) occur after rapid cooling of magma of rhyolitic composition. However, the SiO2 in obsidian is much higher than for UK vitrified HLW (see Table 1).

However, rhyolitic glasses still have value as analogues of vitrified HLW as follows: 

· chemical composition (durability of high Si glasses is proposed as an upper limit of the durability of nuclear waste glasses); 

· enrichment in Fe (analogy for secondary phases); 

· enrichment in incompatible elements, such as the REEs, U and Th (analogous to radiotoxic elements; Magontier et al., 1992);

Many studies performed with natural obsidians in the laboratory (accelerated under increased temperatures) revealed that hydration can be explained by an ion-exchange model and involves interdiffusion of H3O+ and alkali ions (for example McGrail et al., 1988). It was also shown that the hydration rate was strongly affected by the initial water content of the glass. This is also postulated as being the reason for the extremely high durability of tektites and one of the reasons for the slow predicted degradation of vitrified HLW waste forms as they contain only up to 0.1 wt. % of initial water. 

Alteration of obsidian samples in a natural subaerial environment revealed the occurrence of hydrated altered layers, known as perlite. The thickness of secondary phase layers ranged from 1 to 50 (m. Consistent with other studies, there is no evidence of formation of the secondary minerals during obsidian corrosion in terrestrial environments (Friedman and Long, 1984, and references therein). 

There are only a few studies assessing the degradation of obsidians in water, partly due to the limited availability of such samples (e.g. Luo et al., 1998, Jantzen and Plodinec, 1989, [29]. A rare example is reported by Magonthier et al. (1992) who studied alteration of a 52,000a old rhyolitic glass subjected to subaerial weathering and interaction with subglacial melt waters. Unlike the samples altered under essentially dry conditions, the alteration layer consisted of amorphous iron-rich aluminosilicate and crystallized aluminium trihydroxide. Hydration rates derived from different sites were found to be of the order of (m/1000a.

Studies of very old obsidians (e.g. 1100 Ma glass from Canada; Palmer et al., 1988) and of lunar samples that were older (around 3700 Ma, Husain and Schaeffer, 1973) indicate their longevity can usually be ascribed to water free conditions (Miller et al., 2000).

Archaeologists and geologists have studied the hydration of rhyolitic glasses to develop a technique for dating obsidian artefacts (obsidian artefacts have survived for more than 30,000a in different environments, see for example, Luo et al., 1998 [19]). These studies demonstrated that the rate of obsidian corrosion was controlled by water diffusion processes in humid environments and that the hydration of natural obsidian can be reproduced reasonably well in the laboratory. 

Taking into account all the results noted above, it can be concluded that although there are differences in chemistry between rhyolitic glasses and UK vitrified HLW, obsidians could be used to support laboratory data on glass longevity under unsaturated humid conditions, such as would be expected in the US Yucca Mountain repository design (see Arthur and Voegele, 2006 for details). However, this will also be the case for those repository designs which employ a bentonite buffer around the HLW-containing canisters (e.g. JNC, 2000) or where the repository will be in a relatively low permeability host rock (e.g. Nagra, 2002), as it is expected that the glass will remain isolated by the canister, (and therefore dry) for several hundreds to several hundred thousand years.

Tektites are slightly exotic glasses, (Figure 8), formed by cooling of molten material (usually assumed to be due to asteroid impact. Those are usually acidic silicate (SiO2 content higher than 65%) glasses with high melting point. (Bouska et al., 1993). The four main strewn fields occur in Australasia (australites), the Czech Republic (moldavites), the Ivory Coast and North America (Glass, 1984; McCall, 2001). Studied tektites vary in age from 0.7 Ma australites to the oldest known 65 Ma samples from Haiti (Glass, 1984 [31]). If older tektites had existed they were destroyed by different processes, mainly by devitrification, dissolution, mechanical damage during transport or leaching etc. For example, Rost (1969, in Bouska et al., 1993) assumes that a 2 – 7 mm thick layer was etched from the surface of moldavites (14,7 Ma, [28]) since they were deposited. 

As with rhyiolitic glasses, the chemical composition of tektites and vitrified HLW glass (see Table.1) is so strikingly different so that tektites can only be used as an analogue with caution. However, Miller et al. (2000) note that they could potentially be used to study the long-term evolution of novel Pu waste forms..
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Figure 8:  Typical forms of tektites (generally 2.5 – 5 cm across). Image courtesy of Mila Zinkova (http://home.comcast.net/~milazinkova/Fogshadow.html).

3.13 Natural shock glasses

Fulgurite or lechatelierite is a highly vesicular shock-fused quartz glass. Formation of lechatelierite requires a very high degree of metamorphism and starts only at the onset of whole rock melting (Schrand and Deutch, 1998). Lechatelierite also forms when high pressure shock metamorphism during asteroid impact causes the target rock to melt. However, in comparison with tektites the melted material is not projected away from the impact site. High-pressure experiments have shown that pressures of 85 GPa are needed to produce lechatelierite in the quartz grains of the granite samples tested. 

Natural fulgurites (lechatelierite) usually show a high content of silica and therefore like tektites they are less relevant to vitrified HLW borosilicate glass with its lower Si content.

3.14 Nuclear shock glasses

During a nuclear explosion melt glass is produced from the condensation of vaporised rock, the shock melting of native rock and the melting of the neighbouring rock in contact with the melt and vapour (Borg et al., 1976, in Smith and Bourcier, 1998; [4]). For example, approximately 107 tonnes of basalt was melted from 1965 to 1996 during French nuclear explosions beneath the Mururoa and Fangataufa atolls in the South Pacific and the American tests in Amchitka Island in the Aleutian chain. Long-lived radionuclides were partitioned into the melt glass and are being released by dissolution with seawater under saturated conditions (Smith and Bourcier, 1998).

Another type of nuclear shock glass was found following atmospheric tests at Alamogordo, New Mexico (USA). Here radioactive debris was fused with the local soil into glassy material, named trinitite (Parekh et al., 2006). Both these glasses potentially could be used as analogues for estimation of release rates of radionuclides that have been incorporated into glass matrices. However, the time span of the existence of nuclear shock glass is relatively short – 60 years (Alamogordo) and it is highly heterogeneous (Schwartz et al., 1984), making use of the data highly problematic.

3.15 Archaeological artefacts 

The first comprehensive study of archaeological glass as an analogue for vitrified HLW waste was performed by Kaplan (1979 [16]). Four materials were assessed: Egyptian blue, enamels, faience, and glazes. Unfortunately, Egyptian blue and Egyptian faience have quite different chemical composition to vitrified HLW and enamels are predominantly Pb glasses of low durability. Glazes (particularly Chinese, [14]) were evaluated as durable, but they were covered with a coating (Kaplan, 1980b). The author summarised that ancient glasses display a wide range of weathering products that appeared to be correlated with the chemical composition of the glass (see Figure 9 and their method of storage and display (see Miller et al. 2000 for an overview) and are of little relevance to vitrified HLW (see also comments in section 2). 
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Figure 9: Composition of ancient glasses and associated weathering products (Kaplan, 1979)

Cooper and Cox (1994 [13]) assessed 31 glass samples from 5 sites from Great Britain originating from 3 terrestrial (shallow burial) and 2 marine sites. The samples were from 230 to 1,700 years old. Corrosion rates could not be measured because the original sample thickness was not known. A lower limit for the corrosion rate was estimated from the crust thickness - an approximate upper limit was given by: 

((5 mm - thickness of pristine glass) / 2 (burial time)( ……………………….equation 1. 

The alteration rates were estimated in the range 1,400 - 3,400 (m/1000a, although the actual rate was probably at the lower end of this range. The density of the silica gel was about 28% of the original glass (which originally contained around 46 wt. % SiO2). Accompanying laboratory experiments using flow-through leach test were presented in Cooper and Cox (1994). It was found that corrosion in dilute water is slower than the corrosion in damp soil, which can be explained by environmental factors. Unfortunately, the deposition conditions are of little relevance to deep geological disposal of vitrified HLW.

Manichev et al. (2004) studied colourless, blue and greenish glass items from the ancient city of Panichino, Ukraine [10] that were dated to the first century B.C. The size of pieces varied in the range of 1 - 6 cm; 3 samples were studied in detail. Altered layers were depleted in Na, Ca and partially Si and relatively enriched in Al. These layers were characterized by pronounced lamellar and lamellar-porous structure. The thickness of the layers was in the range of several tens to hundreds (m. The surface part of alteration layers contains various crystalline phases detected by X-ray diffractography (hydromica, smectite, Ca-bearing zeolite). Organic matter was also detected in surface layers, although their role in glass dissolution is not clear. The constraints on this study are the same as exist for most archaeological analogue data; the material examined has encountered conditions more dynamic or aggressive than those applicable to repository conditions, so the degradation rates are in any case conservative. In addition, the glass chemistry is of little relevance to vitrified HLW.

One possibility, which has not yet received much attention is that so-called glass slabs such as the one from Bet She’arim in Israel (Figure 10). This massive slab weighs some 8 tonnes (Freestone, 2005) and was fabricated around 1100 BP. Although it is unlikely that this particular example could be sampled for analysis, it was customary to break these slabs up into large chunks for transport to other workshops to be remelted to make glass vessels locally. It may be worth investigating sites of the original glass foundries (such as at Bet Eli’ezer in Isreal where 17 furnaces have been identified) to assess if a range of sizes of glass samples from the same block are available. Potentially, they could provide information on the influence of thermal cracking of vitrified waste by examining the effects of surface area on long-term alteration (although it should be noted that the glass chemistry differs somewhat from vitrified HLW).
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Figure 10: The glass slab at Bet She’arim, Israel. Dimensions are  3.40 x 1.95 x 0.45 m 
(from Freestone, 2005).

3.16 Industrial materials

Industrial materials that can be used as analogues for HLW glass behaviour are mentioned mainly in Chapter 7 as analogies for the contact of HLW with repository materials. Those include glass fibres in contact with iron constituents (analogues for glass interaction with container material) and glass/silica reinforcement in cement material (analogy of interaction with backfill). To date studies of such materials have not been carried out in the context of HLW disposal so it is difficult to extract any data of relevance. Moreover, the time span is usually short term (several years).

Yan and Neretnieks (1995) calculated the kinetic characteristics for the glass phase in some coal fly ashes, being disposed in landfills. It was found that the dissolution rate is not always a limiting factor in the leaching processes. The silicon content exerts one of the most important influences: the higher the silicon content, the lower the dissolution rate. 

4 Stability of glasses 

4.1 Unsaturated environment

Natural glass samples (a volcanic tuff) usually studied in subaerial conditions are exposed to unsaturated conditions and react with precipitation (directly at the surface, in soil, or in near surface sediments) and humid air. The ages of glasses span from several hundred years to around 1 Ma. An example of such a study can be found in Arai et al. (1989 [15]) who studied samples 280 and 2,800a old from the foot of the Mount Fuji in Japan. The alteration rate of this material was estimated to be several (m/1000a. The palagonites formed in unsaturated conditions exhibit physical and chemical characteristics similar to those formed in subglacial conditions and saturated conditions. The secondary precipitated minerals (occurring mainly in older samples) often include smectite clays, phillipsite, chabazite, analcime and calcite. However, it is difficult to use these data in performance assessment as little information is provided in this study on mechanisms or processes and the fact that tuffaceous deposits tend to be microcrystalline means that the surface areas available for reaction are many orders of magnitude greater than that expected for vitrified HLW in a repository (see also comments in section 2.5).

Maximum in-situ weathering rates of basaltic glass measured in the unsaturated zone in New Mexico (El Malpais National Monument) are of the order of 2 – 5x10-19 mol cm-2 s-1 (Gordon and Brady, 2002). Rates of weathering calculated for such conditions were equivalent to 1.7 – 5 % of the surface per 100a. Measured rates represent weathering over 3000a and were found to be lower than glass dissolution rates measured under laboratory conditions. Dissolution is dependent on glass composition, but also appears to increase with lava flow elevation. Examples of glass dissolution rates available for different conditions are presented in Table 2.

4.2 Saturated environment

The most probable mechanism by which radionuclides will be released from the glass waste form is alteration of the glass by contact with groundwater. Important results concerning glass dissolution are presented in the studies of Melnyk (1987; in Gordon and Brady, 2002) and Gordon and Brady (2002). They found that glass dissolution rates decreased with time, even under fully saturated conditions. According to them radioactive waste glasses might be substantially more stable in the field over the long term than predicted from short-term laboratory experiments.

4.2.1 Saturated non-marine environment

The most complex study of natural glass dissolution in normal to hydrothermal environments and at different pH values (pH 4 – 10.6) was published by Wolf-Boenisch et al. (2004) for a range of volcanic glasses (3,200a old, ranging from basaltic to rhyolitic in composition [18]). Measured geometric surface area normalized dissolution rates (r+, geo) at 25 ºC were found to vary exponentially with the silica content of the glasses. The lifetime of a 1 mm basaltic glass sphere at pH 4 at 25 ºC was calculated as 500a, whereas that of a rhyolitic glass sphere was 4,500a, i.e. rising with increasing Si content. The element release fluxes were predicted to decrease exponentially with increasing Si content.

4.2.2 Saturated marine/saline environment

The alteration of basaltic glasses in seawater has also been studied many times (e.g. samples dredged from the surface of the ocean floor or recovered from the Deep Sea Drilling Project - for example Grambow et al., 1985). A very wide range of apparent alteration rates was derived: from 0.001 to 50 (m/1000a.

Similar results were found for laboratory leaching experiments with natural (basaltic and rhyolitic) and waste form glasses in seawater. The relative reactivity of glasses in seawater may be arranged according to surface layer thickness and normalised Si loss during corrosion as follows (Zhou et al., 1987):

· Basaltic > ABS110 (nuclear waste glass) > rhyolitic, 
at 30 (C

· PNL76 (nucl. waste glass) > rhyolitic > ABS110 (nucl. waste glass) > basaltic,  at 90(C

Crovisier et al. (1987) reacted artificial tholeitic glass with artificial seawater (600 (C, up to 595 days) and the results compared with natural samples from Palagonia (Late Pliocene age [22]). They found that for 2x105a of reaction, the palagonitic layer does not constitute a diffusion barrier to the mass transfer between the glass and the bulk solution. The surface recession rate (130 (m/1000a) derived from the laboratory dissolution rates was nearly two orders of magnitude higher than the palagonitization rate measured for basalt glasses altered by open sea water. 

A series of experiments were performed by Thomassin et al. and Crovisier et al. with seawater and by Trichet in pure water (all references in Crovisier et al., 2003). The general conclusion of these experiments was that the dissolution was stoichiometric and could become incongruent (i.e. not all the elements enter solution, notably with higher T) following the precipitation of silicate phases. The palagonite layer is a product of glass alteration, however, the rate of palagonitization may not be representative of the rate of glass dissolution. The rate of palagonitization (thickness of palagonite layer divided by the age of glass) is a function of temperature and exposure time (period of contact with water). In the case of basaltic glasses leached by seawater on the ocean bed (low temperature), rates of 3 – 20 μm/1000a have been estimated in low-silica conditions, 0.1 μm/1000a in high silica conditions. Grambow et al. (1985) observed the basaltic glass dissolution rate in solution saturated in Si to be two orders of magnitude lower than in solution low in silica. In work of Techer (1997; in Crovisier et al., 2003) the basaltic alteration rates in low Si and high Si differed up to two orders of magnitude. Therefore, it could be stated that the dissolution rate of basaltic glasses is inversely proportional to the Si concentration, or the orthosilicic acid activity, in solution (Crovisier et al., 2003).

4.3 Hydrothermal saturated environment 

Direct observation of palagonite formation was undertaken during basaltic tephra volcanic activity on Surtsey Island 1963 – 1967 ([5], Jakobsson and Moore, 1986, in Miller et al., 2000). In this case, palagonite formation was accompanied by the precipitation of calcite, chabasite, phillipsite, analcime, tobermorite and smectite clays. The rate of palagonite formation was temperature-dependent, doubling with every 12 (C increase. At 100 (C  the palagonite formation rate was 3 μm/a. 

Closer investigation of basaltic glass samples altered in the temperature range 0 - 100 ºC showed that at around 100 ºC, basaltic glass alters at a rate of 3 μm/a and that the rate increases by a factor of two every 12 ºC (Petit, 1991) which is almost the same as for Surtsey Island samples. This estimation is very close to measurements for HLW glasses (factor 2 for every 10 ºC; Petit, 1992).

Alteration processes in hydrothermal conditions (Hawaii, up to 300 ˚C) were also studied, but the relevance of such studies for the evaluation of disposal safety is questionable due to huge difference in predicted temperature evolution in a repository.

Table 2: Examples of glass dissolution rates under different conditions (references marked with *) are referred in Gordon and Brady, 2002)

	Rate (mol cm-2 s-1)
	Glass/solution
	Comments
	Reference

	10-19 – 10-18.3
	Basalt glass
	Huallai Volcano (3kyr) 10 – 20 ºC
	Gordon and Brady (2002)

	10-16.2 – 10-15.7
	Nepheline – syenite glass
	Field rates (1 – 9 a)
	Melnyk et al., 1983*)

	10-11.5 – 10-13.5
	Nepheline – syenite glass
	Lab rates 
(1 – 100 days)
	Melnyk et al., 1983*)

	10-14.8
	Basalt 
(minerals + glass)
	10 ºC seawater rate estimated from measured activation energy and higher T rates 
	Brady and Gislason, 1997*)

	10-13.55
	Basalt glass 
	25 ºC meteoric water, pH 9.4
	Gislason and Eugster, 1987*)

	10-13.9
	Basalt glass
	25 ºC in seawater 
	Crovisier et al., 1987

	10-13 – 10-11
	SiO2
	25 ºC
	Wirth and Gieskes, 1979*)

	10-14 – 10-10
	Various compositions
	25 ºC
	Grambow et al., 1985*)

	10-12 – 10-10
	Glass phase of coal fly ash
	25 ºC
	Yan and Neretnieks, 1995

	1,250 – 6,250 (m/1000a
	Uranium glass
	Bohemia
	Procházka et al. 2002a


5 Stability of glasses rich in radioelements  (U glasses)

Glasses rich in radioelements are usually man-made, as natural glasses generally contain low amount of radionuclides (Petit, 1991). Radioelement glasses could be either nuclear shock glasses or glasses with uranium added as colouring. 

Long-lived and toxic radionuclides (235U, 238U, 237Np, 239Pu, 240U) were reported to be partitioned (into the nuclear melt glass during nuclear tests (Smith and Bourcier, 1998). 

Predictions based on current models suggest dissolution rates are slow enough that constituent radionuclides will not be released from the melt glass for more than 106 – 107a (Mururoa – 75 Ma; Amchitka 6,7 Ma years – Henry et. al., 1996). Modelling dissolution of nuclear glass melt, originating from French nuclear tests in the South Pacific, (45% of SiO2 in basalt) the model calculated dissolution rate of 1.56 10-3 g m-2day-1. Those values correspond with dissolution rates of 7,26 x 10-3 g m-2day-1 from experimental studies of the Mururoa basalt reaction with seawater, calculated at 25 (C (Thompson et al., 1999; Henry et al., 1996).

Natural corrosion and migration of U from Bohemian uranium glass (Figure 11) were also studied (Prochazka et al., 2002a,b; Laciok, 2004) within an old glass dump. Measurements of uranium potash glass exposed to leaching by soil solution for 76 up to 150a showed that uranium is bound more firmly to the glass than alkalis. Thicker alteration zones (100 - 500 (m) were identified as being depleted in K and Na with relative enrichment in silica. The estimated apparent alteration rate is 1.25 – 6.25 (m/1000a. PIXE and RBS measurements indicate an approximately 10 fold enrichment of U in superficial altered layers (0.5 – 2.3 (m) in comparison with the glass matrix (Laciok, 2004). 
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Figure 11: Samples of uranium glass from the Czech Republic (left) and altered glass surface (parallel nicols; right; Laciok, 2004).

6 Interaction of glasses with repository materials

A number of studies have been undertaken to explore the interaction in between HLW glass forms with repository materials. However, analogue information on such interactions is rather sparse.

6.1 Metallic components

As this is a non-safety critical interaction, little has been done on this subject and a recent IAEA review (IAEA, 2005) of new archaeological analogues reported nothing in this area. However, one industrial analogue for glass/canister interaction can be found in the study of glass interaction with ferrite during corrosion tests for ferrite recording heads (Freitag et al., 1980, [1]), including some modified types of industrial borosilicate glass. Corrosion products appeared within a few days. It was found that elements (Pb, Ba, La) migrated from lead-containing glasses to the glass surface where they interacted with water to form hydroxides. The product formation was accelerated by moisture and acidic pollutants. The disadvantage of this analogy is the very short period of material contact and the non-relevant environmental conditions.

6.2 Clays (bentonite)

A marine argillaceous rock with volcanic glass present (Ohtadai Formation, Japan, Kamei et al., 2000 [25]) was studied for the long-term durability of vitrified nuclear waste in compacted bentonite. Volcanic glass (andesitic scoria) with a higher content of SiO2 (around 60 wt. %) was buried for about 1 Ma in marine argillaceous rocks that were uplifted above sea level around 0.5 Ma. Neither glass dissolution nor precipitation on the surface was seen. No leaching of Na, K, Mg, Ca, Al, Si, Fe and Ti from the volcanic glass was recognized. However, significant hydration was found within the sample. 

Another study of basaltic glass alteration in a clay environment is in work of Techer et al. (2001 [27]) who studied glassy rinds of a basaltic vein intruded 1.4 Ma ago into much older argillaceous sediment (Permian pelite). They estimated an alteration rate from 0.014 to 2.14 (m/1000a. Despite many uncertainties, the alteration kinetics were comparable to that measured over the short-term when the glass is in contact with aqueous media without clay material present. Over a period of 1 Ma, no more significant alteration of the glass was observed. 

Glass bearing deep-sea sediments were also collected from Parece Vella Basin in the Philippine plate (Zhou et al., 1987 [26]), where colourless rhyolitic glass and brown basaltic glass ranging from 1 up to 15 Ma old were present. The investigation results showed that the basaltic glass can survived several million years in the deep-sea sediments in marine environment. 
6.3 Cement

There are examples of a few analogues for glass/cement interaction. Information about the behaviour of the glass matrix under alkaline conditions can be partly predicted using the information from the use of silica/glass fibres for cement reinforcement [2]. A range of additives is commonly used to enhance the properties of concretes. The most common of these are: pulverised fly ash (PFA) - a coal combustion product; blast-furnace slag (BFS), from iron making, and condensed silica fume (CSF) from the ferrosilicon industry. Silica fume is quartz reduced in an electric arc furnace. Some SiO volatilisation and oxidation produces largely glassy SiO2 particles of ≈100 nm diameter. 

Silica fume reacts relatively fast in the cement system. Silica is consumed on reaction with Ca(OH)2 and lime-rich calcium-silica-hydrate gels (C-S-H) resulting in a paste with lower (or no) Ca(OH)2 and a C-S-H of low CaO:SiO2 ratio (maybe as low as 1.2). The nature of the CSF-cement reaction process leads to efficient pore-filling and consequent enhancement of mechanical performance (Ayadi et al., 2005; www.bio.aau.dk). 

This observation can be used only as a loose analogy for prediction of vitrified HLW behaviour in a high pH cement environment as silica fume cannot  be considered to be directly analogous to HLW glass. Anyhow, the information gained from interaction of silica with cement material is following: if silica is dissolved due to alkali solution influence, its degradation product could efficiently fill the pores and form a barrier for both further solution intrusion and leaching of vitrified elements. However, this analogy is based only on the modern anthropogenic material, just recently produced. More information about natural long-term cement – glass interactions should be searched for and more closely studied.

7 Conclusions and recommendations

After evaluating the results of a large number of studies, it was found that several environmental parameters play an essential role in determining the long-term stability for all types of glass, namely:

· Temperature;

· pH;

· ratio of glass surface area to volume of solution (SA/V);

· water flux;

· glass composition (Si content);

· solution composition (concentration of Si and alkali ions).

The processes that are the most important in the long-term behaviour of glass are:

- 
dissolution (short term, in case of contact with water);

- 
devitrification (long time scales);

- 
leaching.

In the H12 performance assessment (JNC, 2000) it was noted that uncertainty in glass dissolution rate was important to overall performance of the repository system. This, allied to the large body of work (see examples in Miller 2000; Nanet 2005) on natural glasses (and less so archaeological glasses) as analogues to vitrified waste makes it very tempting to target this information for data mining. This is compounded by the fact, as shown in section 3 above, that the general degradation mechanisms and the secondary alteration products are similar in both cases.

Consequently numerous studies claimed that basaltic glasses are supporting natural analogues for the long-term alteration of vitrified HLW (e.g. Grambow et al., 1985; Lutze et al., 1985). In the laboratory, after initial ion exchange, the dissolution of basaltic glass becomes congruent until the production of secondary phases on the glass surface. Generally, these are aluminium and iron hydroxides (e.g., Crovisier et al., 1989) followed by aluminosilicates when the silica activity increases.

In natural systems, the first phases to form are generally termed palagonite (e.g. Honnorez 1972). The palagonite is generally similar in morphology to the gel formed on vitrified HLW (Figure 5) and seems to be formed by precipitation of minerals having reached their limit of solubility, following the congruent dissolution of glass (Ribet et al., 2007). The next phases to appear are generally amorphous clays, followed by more crystalline zeolites (e.g. Byers et al., 1987; Le Gal et al, 1999).

In continental and oceanic environments the glass dissolution rates are generally less than 50 (m/1000a and the rate appears to diminish with time. This decrease may be related to a diffusion mechanism involving key chemical species and controlled by the mineralogy of the palagonite layer. Furthermore, corrosion in seawater was much slower than in distilled water. 

It is informative to compare some available data on dissolution rates more closely (see Table 3). Note that while the laboratory dissolution rates are measured values, the analogue data are produced by measuring the thickness of the alteration products on the surface of the glass, determining the age of the glass, and then simply assuming the alteration product has been produced uniformly since glass formation. Although this is effectively the standard methodology used to date archaeological obsidians (see Friedman and Smith, 1960), this is obviously a simplification and assumes that the alteration process is constant with time, whereas in fact it changes with temperature, groundwater composition (c.f. high and low silica solution laboratory data in Table 3), available glass surface area, and most certainly slows down as the alteration product develops. It also assumes that the alteration layer has not been lost at some point during the history of the studied sample, for example by abrasion.

While this might be justifiable for a massive sample from, for example, a large glassy dyke intruded into a claystone, this cannot be so easily defended when looking at allochthonous materials such as tektites. This uncertainty regarding the boundary conditions of the studied samples therefore leads to widely varying estimated rates of alteration. Crovisier (1989), for example, while studying alteration of Icelandic basaltic glasses, measured only 10μm of secondary material on a 2.4 Ma old sample but as much as 29μm on a much younger (0.5 Ma) sample.

  Examination of the data in Table 3 indicates that the dissolution rates used in previous performance assessments mirror the high dissolution rates seen in the laboratory and, when compared to the analogue data, appear to be over conservative. These more recent studies mirror the findings of the older JSS programme (Werme et al., 1990) and confirm the previous conclusions. However, taking all these uncertainties into consideration, it is clear that, while the very low dissolution rates calculated for the analogue samples are encouraging, it may be non-conservative to place anything more than a qualitative weighting on the data regarding rates used in performance assessments. Further, although these data are only illustrative of the process of data mining existing studies, the results strongly suggest that further data mining this field would be of little value.

The long-term durability of basaltic glass in natural environmental conditions has been clearly shown by analogue studies and although few volcanic glasses are older than 25 Ma several much older have been found. In any case, this time span is far beyond that considered for a HLW repository performance assessment. Within this period, natural basaltic glasses showed efficient durability to hold trace elements under different conditions and environments. The knowledge gained from basaltic glass studies carried out so far can thus be used in a qualitative form to add general support for the use of glass waste forms as suitable material for HLW encapsulation.

The greater durability of high silica glasses (rhyolitic ones) makes it tempting to also use existing data qualitatively to support the use of glass but here the analogy is much weaker and must be used with greater care.

Some materials (archaeological glass, ferrite material etc.) could also provide useful information, mainly about processes that the glass matrix undergoes but the analogy is not always as clear. Archaeological glasses can be used as analogues for long-term behaviour only with caution, due to their different composition and relatively short time span involved. 

Table 3: Comparison of glass dissolution rates from the laboratory and natural glasses

	Form of data
	Dissolution rate 

(g m-2 d-1)
	Reference
	Comments

	Short-term lab
	1x10-3
	JNC (2000)
	H12 reference value

	Short-term lab
	1x10-3
	Nagra (1994)
	K-1 reference value

	Short-term lab
	1x10-1
	Nagra (1994)
	K-1 model sensitivity value

	Short-term lab
	1.5x10-2
	Nagra (2002)
	BNFL glass

	Short-term lab
	2x10-3
	Nagra (2002)
	Cogema glass

	Short-term lab 

(initial rates)
	0.75
	Crovisier et al. (2003)
	Synthetic basaltic glass leached in the lab in low-silica solution (quasi-analogue)

	Short-term lab

(initial rates)
	0.75
	Crovisier et al. (2003)
	SON68 ‘nuclear’ glass leached in low-silica solution

	Short-term lab

(initial rates)
	3.5x10-3
	Techer (1999)
	Synthetic basaltic glass leached in high-silica solution

	Short-term lab

(initial rates)
	3.5x10-3
	Techer (1999)
	SON68 ‘nuclear’ glass leached in high-silica solution

	Natural analogue
	1.0x10-8 – 1.5x10-5
	Techer (1999)
	Basaltic glass in contact with clays

	Natural analogue
	1.5x10-7 – 1.5x10-6
	Grambow et al. (1985) 
	Lowest rates calculated from ‘isolated’ basaltic glass tektites in marine sediments


Not all processes could be addressed satisfactorily using glass analogues: for example radiolysis, thermal fracturing, interaction with metals, cement and other engineered barriers remain without ideal analogues. The question here is whether analogue studies can readily address these gaps or produce data of direct relevance for the UK national waste disposal programme. For example:

· Retardation of radionuclides on glass alteration products: as noted in Nagra (2002), the glass alteration products will act as efficient scavengers for some trace elements, but “The extent of co-precipitation and solid solution formation is difficult to quantify for most trace elements because of limited thermodynamic data on the phases formed and slow kinetics.”. While natural analogue studies will not help with the former, they can clearly overcome kinetic problems if appropriate examples can be found and studied. However, due to the generally poorly constrained boundary conditions of existing studies, it would be difficult to extract such information for the literature. It is also doubtful if a focussed study on new samples would be much better – there will always remain some doubt as to the original concentration of trace elements in the altered zone near the surface of the glass. In addition, it will be difficult to prove that uptake on secondary alteration products has not come from the surrounding environment.

· Supporting evidence for glass alteration rates: due to uncertainty in long-term dissolution rates, Nagra (2002) assumed that the reference glass dissolution rate could increase by 100 times or decrease by 20 times. This uncertainty is also reflected in Ondraf/Niras (2002) where it is noted that "....the interpretation of the persistence of a very low dissolution rate under saturated conditions is still open to debate. ". Unfortunately, as can be seen by the wide range of natural analogue dissolution rate data reported here, it seems highly unlikely that any study of natural glasses will produce a definitive rate in support of current or future laboratory based data. Apart from the differences in chemistry between natural glasses and vitrified HLW, the dissolution rate will also be dependent on the final design for any UK repository. As noted in a recent review of the long-term behaviour of vitrified HLW (Ribet et al., 2007) "The conclusion is that glass performance is highly dependent on the reactivity of the surrounding environment, on the residual alteration rate (i.e. the rate observed over the very long term), and on the hypotheses postulated concerning the repository constituents...". As such, any further study of natural glasses should ensure that the glass environment mimic, as far as is possible, the environment in the engineered barriers of any future UK repository designs. Naturally, it could be suggested that generic studies could begin now, looking at glass in a bentonite and cementitious systems as this should cover most likely design concepts, but bentonite chemistry varies significantly depending on which bentonite is examined as does cement chemistry (without even beginning to consider alternatives such as low alkali cements).  Consequently, it is recommended that any potential study of alteration rates is postponed until the process of a UK repository design is more mature than at present.
· Further study of uranium-rich glasses to assess radiation damage effects: although it is tempting to suggest that studies of archaeological glasses could be of use here (see, for example, comments in Miller et al., 2000), it is doubtful whether any such study will add significantly to the existing database. Apart from anything else, most uranium-rich archaeological glasses are too young to provide data on long-term damage to the glass.  

· Thermal cracking: as noted in Nagra (2002), thermal cracking is assumed to increase the surface area of their BNFL waste glass by 15 times, so increasing glass dissolution. Unfortunately, it is difficult to envisage how natural analogy studies could provide any relevant data here. Clearly, studies on tuffaceous materials where very large surface areas induce rapid reaction and devitrification provide worse case estimates, but really the environments studied are little like a repository and so it is debatable how useful such data would be to the UK programme. Alternatively, a collection of pieces of glass from the large slabs such as that at Bet She’arim in Israel could be examined for indications of the effects of surface area on long-term degradation.
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		1. Metalic/glass interaction (Freitag et al., 1980)

		2. Silica plume reinforcement to cement

		3. Glass in fly ash (Yan and Neretnieks, 1995)

		4. French nuclear shock glass

		5. Surtsey volcanic activity (Jakobsson and Moore, 1986, in Miller et al., 1993)

		6. Uranium glass (Bohemia)

		7. Venetian glass (Ryan et al., 1993)

		8. Baroque glass (Kaplan, 1980)

		9. Renessaince glass (Kaplan, 1980)

		10. Panichino glass samples (Ukraine, Manichev et al., 2004)

		11. French glass artefacts, components, St. Denis (Macquet and Thomassin, 1992)

		12. Medieval glass (Jantzen and Plodinec,1984)

		13. Britain glass samples 1700 (Cooper and Cox, 1994)

		14. Chinese glazes (Kaplan, 1980b)

		15. Fuji samples (Arai et al., 1989)

		16. Egyptial enamel (Kaplan, 1979)

		17. Basaltic glass (New Mexico, Gordon and Brady, 2002)

		18. Basalt-rhyolitic samples (Wolf-Boenisch et al., 2004)

		19. Obsidian artefacts (Luo et al., 1998)

		20. Rhyolitic glass (Magonthier et al., 1992)

		21. Hengill basalt hyaloclastites (Island, Crovisier et al., 1992)

		22. Basalts (Palagonia, Crovisier et al., 1987)

		23. Húsafell basalt (Island, Crovisier et al., 1992)

		24. Obsidián - vulcanic glass

		25. Andesite scoria (Ohtadai formation, Kamei et al., 2000)

		26. Deep sea rhyolitic glass (Parece Vella Basin,Phillipine plate, Zhou et al., 1987)

		27. Basaltic veins (Techer I. et al., 2001)

		28. Tectites - moldavites (Bouska et al., 1993)

		29. Obsidian, Snake River (Jantzen and Plodinec, 1984)

		30. Hanford basalt (Jantzen and Plodinec, 1984)

		31. Tectites - Haiti (Glass, 1984b)
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				Text		Čas

		1		1. Metalic/glass interaction (Freitag et al., 1980)		1

		2		2. Silica plume reinforcement to cement		5

		3		3. Glass in fly ash (Yan and Neretnieks, 1995)		5

		4		4. French nuclear shock glass		30

		5		5. Surtsey volcanic activity (Jakobsson and Moore, 1986, in Miller et al., 1993)		40

		6		6. Uranium glass (Bohemia)		100

		7		7. Venetian glass (Ryan et al., 1993)		400

		8		8. Baroque glass (Kaplan, 1980)		450

		9		9. Renessaince glass (Kaplan, 1980)		600

		10		10. Panichino glass samples (Ukraine, Manichev et al., 2004)		1000

		11		11. French glass artefacts, components, St. Denis (Macquet and Thomassin, 1992)		1000

		12		12. Medieval glass (Jantzen and Plodinec,1984)		1000

		13		13. Britain glass samples 1700 (Cooper and Cox, 1994)		1700

		14		14. Chinese glazes (Kaplan, 1980b)		2000

		15		15. Fuji samples (Arai et al., 1989)		2,800

		16		16. Egyptial enamel (Kaplan, 1979)		2,800

		17		17. Basaltic glass (New Mexico, Gordon and Brady, 2002)		3000

		18		18. Basalt-rhyolitic samples (Wolf-Boenisch et al., 2004)		3200

		19		19. Obsidian artefacts (Luo et al., 1998)		30,000

		20		20. Rhyolitic glass (Magonthier et al., 1992)		52,000

		21		21. Hengill basalt hyaloclastites (Island, Crovisier et al., 1992)		100000

		22		22. Basalts (Palagonia, Crovisier et al., 1987)		200,000

		23		23. Húsafell basalt (Island, Crovisier et al., 1992)		500,000

		24		24. Obsidián - vulcanic glass		900000

		25		25. Andesite scoria (Ohtadai formation, Kamei et al., 2000)		1,000,000

		26		26. Deep sea rhyolitic glass (Parece Vella Basin,Phillipine plate, Zhou et al., 1987)		1400000

		27		27. Basaltic veins (Techer I. et al., 2001)		1,400,000

		28		28. Tectites - moldavites (Bouska et al., 1993)		14,700,000

		29		29. Obsidian, Snake River (Jantzen and Plodinec, 1984)		30,000,000

		30		30. Hanford basalt (Jantzen and Plodinec, 1984)		30,000,000

		31		31. Tectites - Haiti (Glass, 1984b)		65,000,000
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