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Introduction 

Surface Reactions of Natural Glasses; 

Effects on Radion uclide Transport 

Art F. WMte 

Lawrence Berkeley laboratory 

University of Caltfornia 

Berkeley, CA 94720 

The characterization of chemical reactions at the surfaces of natural glasses has 

several important applications in understanding radionuclide behavior in geological sys-

terns. Borosilicate glass is a candidate material for primary containment of high-level 

radioactive waste. Accordingly, achieving an understanding of the mechanism of natural 

silicate glass corrosion can be useful in developing analogues to long term behavior of 

waste package material in geological environments. 

An equally important but sometimes overlooked aspect of natural glasses is that 

they constitute an important component of many tuft's and basalts, two of the principal 

host rocks proposed for nuclear repository emplacement. As such, reactions at glass sur-

faces may contribute significantly to ground water chemistry which in turn influences 

aqueous radion uclide specification. Also, fresh and altered material on glass surfaces 

may be important in radionuclide speciation and retardation in such aquifers. The 
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present paper will briefly discuss the controls of natural glass reactions on ground water 

chemistry in tuff and will present new data characterizing matrix diffusion of cesium into 

hydrated glass surfaces. 

Rhyolitic Glass Reactions 

Three types of geochemical reactions affect natural glass surfaces: (1) hydration, in 

which several weight percent water can be incorporated into the silicate structure, result

ing in volume expansion and increased physical weathering [1]; (2) devitrification, in 

which glass is converted in situ into' secondary minerals, commonly clay and zeolites [2]; 

and (3) leaching and dissolution, resulting in aqueous mobilization of glass-derived chem

ical components [3,4]. 

Inferred chemical changes, based on comparisons between weathered silicic glasses 

and fresh glasses or their crystalline counterparts, indicate alkali metals and Si02 are 

major constituents contributed to ground water along with smaller but anomalously high 

concentrations of Li, F, Cl, and U [5, 6, 7]. 

This worker and colleagues have attempted to characterize the kinetic mechanisms 

associated with leaching and dissolution of natural glasses and to assess and model their 

influence on site specific natural geochemical systems [4,5,8,9,10]. These studies show 

that the same corrosion mechanisms documented for man-made glasses [11, 12] also gen

erally hold for natural high-silica glasses such as obsidian and rhyolitic tuffs. Glass 

leaching is shown to involve surface corrosion of covalently bonded network elements 

such as Si and Al coupled with interstitial or vacancy site diffusion of dominately ionic

bonded alkali cations. 

These processes are described by the respective rate equations 

(1) 
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and 

(2) 

where Q is the mass transfer at time t, Qlo and Qpo are the linear and parabolic mass 

transfer coefficients extrapolated to t = 0 and kl and kp are the respective linear and 

parabolic rate constan ts. 

The effect of the coupled process is illustrated in Figure 1 for rhyolitic glassreac

tion at pH 1.0 and 6.2 at 25· C. The sodium depth profiles, obtained by progressive 

removal of the surface in dilute HF, are superiqtposed on the relative position of the 

retreating surface calculated from linear rates of Si02 increase in aqueous solution. The 

dotted lines are fits of a mathematical model describing the coupled process [13], using 

calculated self-diffusion coefficients of 5x10-19 cm2 s-1 and 1.2x10-20 cm2 . s-1 respectively 

for Na+ and H3 0+. 

The calculated Na diffusion coefficient at 25· C is nearly identical to that resulting 

from extrapolation of the Arrhenius relationship of high temperature Na tracer and iso

topic diffusion data [14,15,16] (Figure 2). Such agreement suggests that Na, the princi

pal mobile cation in natural silicic glasses, diffuses by a single mechanism over a tem

perature range of 25 to 800· C with an activation energy of approximately 95 kJ. 

Also shown in Figure 2 are diffusion coefficients for synthetic silicate glasses 

[11,17,18,19,20]. As indicated, rates of Na diffusion vary considerably in synthetic glass 

due to compositional differences and associated mixed alkali effects. The diffusion 

coefficients for synthetic glasses are all greater than that of natural glass. However, their 

activation energies, which are proportional to the slope of data points, are similar, rang

ing between 84 and 105 krl. 

The cation release from natural glass, with concurrent hydrogen ion consumption 

and bicarbonate formation, has been shown to control ground water chemistries in tuff 

at the Nevad~ Test Site and elsewhere [3,41. 
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Experimental glass dissolution data extrapolated to long times at neutral pH pro-

duce high Na concentrations relative to K, Oa and Mg which are very similar to natural 

ground waters. Significant differences relative to cation ratios of the glass phase indicate 

that long term incongruent reactions of glass occur [3j. A quantitative kinetic model has 

been developed describing rates of glass dissolution at Rainier Mesa based on closed sys-

tern reaction of dissolved 002. Equations 1 and 2 are defined in terms of pH, surface 

area and reaction time [10j. Results presented in Figure 3 compare predicted dissolved 

ion concentrations, with and without clay precipitation, with ground water compositions. 

The closeness of fit implies that such models can be successfully employed to character

ize the chemistry of ground water in tuff based on glass dissolution. , 

Role of Radionuclide Diffusion into Natural Glasses 

Matrix or solid state diffusion of radionuclides into host rock substrates is generally 

considered to be extremely slow at ambient groundwater temperatures. Such conclusions 

are most often based on extrapolation of diffusion rates measured at high temperatures. 

However, sorption of even chemically simple alkali radionuclides on host rocks containing 

a glass phase often does not achieve experimental equilibrium nor reversibility. Such a 

phenomenon is illustrated in Figure 4 in which Os uptake for one year is compared for 

obsidian and two common crystalline feldspar minerals. Although both the feldspar 

minerals appeared to approach sorption equilibrium, significant Os uptake continued for 

obsidian suggesting the possibility of penetration or diffusion of sorbed species into the 

glass substrate. 

The near surface Os concentrations in the obsidian and feldspars were characterized 

by x-ray photoelectric spectroscopy (XPS) as shown by the relative Os 3 dS/ 2 peak inten

sities in Figure 5. The lower and upper solid lines are the respective surface Os intensi-

ties before and after the sorption experiment. The dashed lines indicate Os intensities 

after treatment of the sorbed Os surface with O.IN HOI for ten minutes. Os on the 
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feldspar has been reduced to background levels. In contrast, a substantial residual Cs 

signal remains for obsidian demonstrating that Cs sorption was in part nonreversible. 

The XPS surface analytical technique was coupled with Ar+ sputtering to produce 

Cs depth profiles beneath the obsidian and feldspar surfaces. Sputter times in Figure 6 

correspond to approximately 10 AO per minute based on Si02 standards. The relative 

peak heights to the left of the zero time line in Figure 6 correspond to duplicate analyses 

prior to the onset of sputtering. The Cs peak intensity in the feldspar is highest at the 

surface and rapidly falls off with depth to background values. High Cs background 

intensities for both feldspar and obsidian relative to Na and K are due to a greater 

analytical sensitivity. 

The Cs profile for obsidian in Figure 6 reaches a maximum intensity after two 

minutes of sputtering (- 20 AO) and decreases more slowly with depth to background 

values after a spu tter time of 4 minutes (- 40 A 0). Cs has penetrated beneath the obsi

dian surface, a mechanism which explains continued long term uptake from aqueous 

solu tion (Figure 4) and the short term non reversibility observed in acidic solution (Figure 

5). 

Penetration depths and Cs diffusion profiles can be independently calculated based 

on aqueous uptake rates. A single-component diffusion model for one-dimensional tran

sport into a semi-infinite solid can be defined by the relationship [211 

(3) 

where the diffusion coefficient, D, is defined by the mass of cesium loss from solution, M, 

per unit time, t. The model assumes a constant surface concentration, COl which in the 

calculations is determined by XPS surface analysis. 

The Cs concentration beneath the surface as a function of depth, x, can then be 

calculated from the relationship 
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C X f"'h 
- = erfc -vdt. 
Co 2 

(4) 

A critical assumption in such a simplistic model is that Cs diffusion is independent of 

other species in the glass matrix. This cannot be strictly true because interdiffusion of at 

least one additional species is required to maintain charge balance. Na is the most likely 

ion to interdiffuse with Cs based on a characteristic rapid loss to aqueous solution. 

Assuming that such interdiffusioil obeys the Nernst-Plenk relationship [22] the Cs/Na 

interdiffusion coefficient, which defines Cs loss from solution, will approximate the Cs 

self-diffusion coefficient if the latter is much slower than the Na self diffusion coefficient. 

Cs coefficients calculated by Equation 3 (Figure 7) are about two orders of magnitude 

less than the Na coefficients given in Figure 2 for comparable temperatures. The vali-

dity of the method of calculating Cs coefficients from aqueous rate data is confirmed by 

the resulting diffusion profile (Equation 4) which closely approximates measured XPS 

profiles (Figure 7). 

Cs diffusion coefficients measured between 25 and 75 0 C in this study are more 

than ten orders of magnitude larger than those predicted from extrapolation of high 

temperature data [23, 24, 25] (Figure 8). Similarly the calculated activation energy for 

Cs diffusion at low temperature, 83 kJ, is lower than a range of 101 to 212 kJ calculated 

from the high temperature studies. Thus, unlike Na, which exhibits constant diffusion 

characteristics between 25 and 800 0 C, low- and high-temperature Cs diffusion must 

occur by differen t mechanisms in natural silicic glass. 

One potential reason for more rapid experimental Cs diffusion at low temperature is 

that such diffusion occurs in hydrated glass surfaces. The average activation energy for 

water diffusion in silicic glass is estimated to be 75 kJ between 95 0 and 245 0 C [1]. 

Nuclear resonance profiling yields a diffusion coefficient of 5x10-18 cm2 . s-1 for water 

diffusion into obsidian at 25 0 C [13]. Both data indicate that a hydration front most 

likely precedes the diffusion of Cs into the glass surface. 
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The incorporation of two to five weight percent water [27] into the glass surface 

tends to break oxygen-bridged bonds and produce a volume expansion which increases 

the number and size of interstices and defects. Such structural alteration may allow for 

easier penetration of large ions such as Cs into the substrate. In contrast high tempera

ture isotopic and tracer Cs diffusion experiments have been conducted in the absence of 

water and the hydration effect is not observed. 

Conclusions 

This paper discusses two important aspects of glass surface reactivity which 

influence radionuclide transport and retardation in tuff and basalt host rocks. A brief 

discussion of previous studies indicates that natural glass reactions are similar to those 

for synthetic glasses. These mechanisms have been successfully used to model the chem

ical evolu tion of natural ground water in tuff and could be modified to describe near field 

host rock reactions in a tuff repository if additional thermal and chemical inputs are 

available. 

An additional important aspect of natural glass reactions is the formulation of a 

hydrated surface. Based on preliminary data for Cs, such surfaces are capable of being 

penetrated by ions diffusing either from the aqueous solution or from surface sites at 

rates much faster than predicted from extrapolated high temperature diffusion data. In 

host rocks containing abundant glass phases, volume or matrix diffusion may therefore 

be an important process in modeling radionuclide transport. 
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Figure Captions 

Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5. 

Figure 6. 

Figure 7. 

Figure 8. 

Na depth profiles of the perlite surface after reaction with solutions at 

(a) pH 1.0 and (b) pH 6.2. Vertical dashed lines are positions of surface 

interface at indicated times and horizontal line is bulk glass composition. 

Dotted lines for pH 1.0 data are generated fits using the coupled 

diffusion model with DNa. = 5x10-19 cm2 . s-1 and Dh = 1.2x10-2o cm2 . 

-I S . 

Arrhenius plot of Na diffusion in natural and synthetic glasses. 

Calculated changes in predicted water chemistry compared to average 

compositions of Rainier Mesa ground water. 

Rate of Cs uptake by obsidian glass and feldspars from batch solutions 

at 25· C. Straight lines are least square regressions to Equation 2. 

Peak intensity versus electron binding energies for Cs3ds/2 photoelectron 

peaks. Upper solid lines are after washing with D.I. water, lower dashed 

lines are after washing with O.IN HCI, lower solid lines are background 

Cs concen trations. 

Elemental peak intensities versus duration of Ar+ sputtering in obsidian 

and feldspar. 

Comparison of XPS depth profiles for Cs in obsidian at various tempera-

tures (broken lines) with predicted penetration depths based on profiles 

calculated by Equation 4 (solid lines). 

Arrhenius plots of diffusion coefficients for Cs. Solid lines are high tem-

perature data, dashed lines are extrapolated coefficients. Open circles are 

from this study. 
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