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ABSTRACT 

Dissolution of nuclear waste glass occurs by corrosion mechanisms 
similar to those of metallurgical and mineralogic systems albeit on different 
time scales. The effects of Imposed pH and oxidation potential (Eh) 
conditions extstlng tn natural environments on metals and minerals have 
been quantatlvely and phenomenologically described In compendiums of 
Pourbalx (pH-potential) diagrams. Construction of Pourbalx diagrams to 
quantify the response of nuclear waste glasses to repository specific pH and 
Eh conditions Is demonstrated. The expected long-term effects of 
groundwater contact on the durability of nuclear waste glasses can then be 
unified. 

INTRODUCTION 

To predict the long-term effects of groundwater contact on nuclear 
waste glass durability, the detailed nature of the dissolution process and the 
durablllty of the glass as a function of the solution pH and oxidation potentlal 
(Eh) must be understood. During dissolution In aqueous environments. 
nuclear waste glasses exhibit corrosion phenomena similar to metallurgical 
systems albeit on dlfl'crcnt time scales. For storage of nuclear waste glass. 
we are concerned with mechanisms that talce place over thousands of years. 
Glasses undergo active dissolution. passivation due to surface layer 
formation. and Immunity (the state of a solld In which dissolution Is 
thermodynamically Impossible). The particular corrosion phenomena 
observed Is dependent on the pH and Eh of the aqueous environment. 

The effects of aqueous enV1ronmcnts on .mctaUurglcal corrosion have 
been described by Pourba!X (1( In an Atlas of equilibrium pH-electrochemical 
potential (Eh) diagrams. Pourbalx diagrams have also been constructed to 
assess mineral stabtllty during exposure to the environment [21. e.g. 
weathering. Construction of Pourbalx diagrams for glass dissolution wou[d 
conceptually unify the dissolution behavior of all grasses as a function of 
pH-Eh conditions Imposed In natural enV1ronments. e.g. weathering and/or 
groundwater exposure. In particular, Pourbalx diagrams are applicable to 
the response of boroslllcate nuclear waste glasses to the complex 
groundwaters In a geologic repository. 

The relative durabilitlcs of over 300 natural and man-made glasses 
have been compared (3-61 based on their relative thermodynamic stabilities. 
expressed as the free energies of hydration, <l.Ghvd· Linear relationships 
have been determined between the logarithmic extent of hydration {log 
NLsi or NLs In grams of J!lass I'Cr square meter of glass surface area). the 
pH. and the calculated <l.Chyd for glass dissoll!tiOn In delontzcd water (7(. 
The fundamental. thermodynamic relationship between <l.Ghyd and pH can 
be determined from the Ncmst equation. The relationship between log NLs1 
(or log NLB) and pH Is determined b)' the pH dependence of the ton 
actlvltlcs (7J. The relationship between <l.Ghyd and the solution Eh can also 
be defined from the Nemst equation (7). 

In this study. the relationships between pH-<l.Gl)yd, pH-log(NLstl. and 
pH-log(NLeJ are used to quantlfly a Pourbalx diagram ror nuclear waste ~lass. 
The known effects of pH and Eh on glass dissolution and surface 1ayer 
formation are used to define the thermodynamically calculated phase 
stabWty fields. The usc of the Pourbalx diagram to predict the performance 
of nuclear waste glass 1n repository environments Is discussed. 
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THEORETICAL 

Pourbatx Diagrams 

Equtllbrlum pH-electrochemical potential (E or Ehl diagrams were 
developed by Pourbalx Ill to describe the effects of aqueous enVIronments 
on corrosion of metals. Pourbaix diagrams are use In geochemistry and 
referred to as pH-Eh diagrams. These diagrams are also used to depict the 
stability relations among solld phases [!f.9) and to assess mineral (rock) 
stability durlnl! weatherlnll [21. In pedology. pH-potential diagrams. 
referenced as pR-pe (pe • 16.9 Eh at 25"0C) diagrams, are used to examme 
soli diagenesis and soU chemls!r)r. The processes of rock weathering and 
soil formation are derived from the superimposition of the dilute. acidic. 
and oxidizing solutiOns of the earth's suiface environment upon the mineral 
species which formed under high-temperature reducing conditions below 
the earth"s surface (10). These mineral species and intergranular glasses 
have been In contact wtth concentrated. alkaline. and oxygen-free 
(reducing) sub-surface aqueous environments for milllons of years without 
undergoing alteration (10). (Hanford basalts can contain up to 60 volume 
percent intergranular glass). This IS analogous to the corrosion of metals 
formed under high-temperature reducing conditions and then exposed to 
the vaned enVIronments of the earth"s suiface 1101. Extending the analogy. 
the geologie performance of radioactive waste glass fabricated under 
high-temperature reducing conditions 111.121 wtth concentrated alkaline to 
neutral reducing groundwaters anticipated In a geologie repository can be 
understood. 

By definition. all aqueous solutions contain water and. hence. the 
thermodynamic stability of water defines the boundary conditions for all 
pH-potential d!agra!Jls. The upper ll!Dit of water stability Is defined by the 
oxidizing potential necessary to decompose water to oxygen while the lower 
limit ol water stability Is defined by the reducing potential necessary to 
decompose water to hydrogen. All Eh-pH depenaent equilibria. Including 
the upper and lower stability limits of water, are defined from 
thermodynamic equilibria bY the Nemst equation 

where 

Eh • E' + _m: In 1r91zc~ state! 
n :F re uce state) 

E' s the voltage (EMF) of a reaction when all substances 
Involved are at unit actiVIty 

" 
Eo .. tJ.FO r/ ,.:F 

~ number of electrons transferred 
R 

(la) 

r 
T 

I I 

the gas constant (1.987 x to·3 Kcal/deg) 
the Faraday constant (23.06 Kcal/volt-gram equivalent) 

• temperature In 'K 
• ion actlV!ttes 

At 25'C. for equilibria which are both Eh and pH dependent, this reduces to 

Eh•E' • 0059 pH 

" 
(lb) 

The upper and lower stability limits of water have slopes of -0.059 (at 25'CJ 
and an Intercept of E' defined from Equation lb. Eh Independent reactions 
parallel the Eh axis and pH independent reactions parallel the pH axis. 

Activity-pH (or activity-Eh) diagrams proVIde the fundamental 
correlation between lon concentrations 1n solution and the free energy of a 
hydration reaction (Equation Ia). Solubility concentrations differ from the 
activities by a factor. y, known as the activity coefficient [2). If y Is 
approximately equal to one then the ion activity approximately equals the 



------ "'------~-~--

Figure 1 

Spteitl incltptndtnt of Eh Specill indlpandent of pH 

Three dimensional representation of the relations between the 
ion actiVity of a species, solution Eh and pH (after Krumbeln and 
Garrels(9J). 

ion concentration. The factor y Is dependent on the Ionic strength of the 
solution and Is a function of the multiple hydration, Ionization. and 
complexation reactions that the ion participates ln. However, the 
actiVity-pH diagrams proVide the fundamental correlation between minimum 
solubility of an ion In solution and the free energy {2.13). The Interrelation 
of actiVity (concentration), pH, and Eh Is shown sehematlcally In Figure 1 for 
species which are 

• Independent of Eh 
• independent of pH 
• Independent of both Eh and pH 
• dependent on both Eh and pH. 

The Influence of pH on the activity of vitreous silica can be 
thermodynamically calculated from the equilibrium constants for the 
hydration of SI02 to siliCIC acid and the equilibrium constants for silicic acid 
dissociation (1,14). LikeWise, the actiVity-pH relations for Vitreous B203 
hrdratlon can be calculated from the equilibrium constants for the hydration 
o Vitreous 3203 to boric acid and the equilibrium constants for boric acid 
dissociation (7). -The hydration of Vitreous silica (or Vitreous boric oxide) Is 
Independent of Eh and hence, the activity-pH diagrams provide the 
fundamental correlation between silica (or boron) concentration In solution 
and the free energy. SU!con and boron concentration dependent contours 
would, therefore. p8rallel the Eh axis as shown In Figure Ia (I, 7). 

If the dissolution of silicate and borosilicate l!lasses can be described 
by the actiVity diagram for the dissolution of amorpltous silica as suggested 
by Grambow (15,16). then one Pourba1X diagram may describe the 
enVironmental response of all silicate and borosilicate glasses fabricated 
under hil!h-temperature oxidizing or reduclnll conditions. This relation Is 
supportea by the data Relmus of (17) which Indicates that the aqueous 
solution actiVities for a ranae of nuclear waste glasses are aU approximately 
the same because many of the dissolved species are at their solubility limit. A 
second order effect of the aqueous solution redox lntoractlons With glasses 
fabricated under htgh·temperature reducing conditions and containing 
redox active species would then be to alter the driVing force for dissolution. 



Hydration Thermodmamtcs 

The free energy of hydration Is calculated from the glass composition 
[18[ and the final solution pH [6). Durtng glass dissolution In deionized 
water. the species released from the glass were found to control the 
leachate pH. e.g the solution pH can be calculated from speciation as shown 
by Grambow [f5J. In groundwater leachants, however, the pH was found to 
be controlled by the ouffertng capacity of the groundwater. The data for 
glass dissolution In silicate groundwaters superimposes on the linear 
relationship defined by glass dissolution In deioniZed water [19). The ~lass 
durability can. therefore, be predicted from the glass composition and the 
groundwater pH. 

EXPERIMENTAL PROCEDURES 

The durability of glass and glass-ceramic monoliths were determined 
ustn~ the Materials Characterization Center (MCC-1) test procedure [20). 
The Teachant·was deionized water. the test duration was 28 days, and the 
test temperature was 90°C. Details of the experimental and analytic 
procedures are gtven elsewhere [5· 7). 

QUANTIFICATION OF A POURBAIX DIAGRAM FOR GLASS 

For over 300 individual glass durability tests, regression equations 
were statistically calculated [7) for binary combinations of the following 
variables: &Ghyd• log(NLstl. log(NLe). and -log(H+J or pH. Several 
regressors were round to be nearly linear combinations of other regressors 
In the data base. e.g. collnear. The variables (n•4J were examined 1n n·l 
combinations. Comolnatlons of n, 1 vartables have three degrees of freedom. 
However. the three degrees of freedom are limited by the strong variable 
pair Interactions between &Ghyd·pH. log(NLsll-pH. and log(NLe)-pH [7). 
The variable pair Interactions Impart an additional restriction on any n-1 
combination so that the degrees of freedom Is reduced to n-2 or 2. 

The collnearity between the regressors Is caused by the fundamental 
thermodynamic relationships among &Gh:v.d· the solution pH. and the 
concentration of species In solution. The logtNLstl. &Ghyd• and the pH are 
highly collnear because the pH and &Ghvd are related mrough the Nemst 
equation [7). In addition, log(NLsj) IS related to the pH through the 
activity-pH relationship. The rogiNLs1J. log(NLel. and the pH are ntghlr. 
collnear because of the restriction Imposed" by congruent dissolution [7 . 
Each of these solution species Is collnear with pH because of the pH 
dependence of the !on activities. The log(NL,:;l) ancf log(NLel are related to 
&Ghvd throu~ the equilibrium constants fOr the hyarauon of St02 and 
B 2 0' 3 and the equilibrium constants for silicic acid and boric acid 
dissociation. Therefore, combinations of the following n-1 variables can be 
defined by the slopes between the binary pairs of v~ables given below: 

• log(NLstl • &Ghyd • pH 

• log(NLeJ • &Ghyd • pH 

• &Ghyd • log(NLstl • logiNLel 

• pH • log(NLs1J • log(NLe) 



Over the llmtted pH range (-5·13 pH) of the detontzed water 
experiments. the statistically determtned slopes between pH and the 
remaJntng three variables gave (7) the following: 

pH 3 • 0.489 <l.Gbyd + 6.12 [21 

log(NLstl 

log(NLal 

3 + 0.429 pH· 2.73 

• + 0.416 pH· 2.31 

(3) 

[4) 

Because of the coltneartty relationships between pH·log[NLs1) and 
pH·lo~(NLB). a three d,tmenstonal Eh-pH-concentratton dtagram similar to 
the scbematic Eh-pH-actlvtty diagram tn Figure 1 can be constructed. The 
concentrations of Sl and B In solution have been shown experimentally 
121.22) to be almost completely Independent of the solution Eh. The Eh 
Independent equtltbrla wtll, therefore. parallel the Eh axts as shown 
schematically tn Fl~ure Ia. lsopleths of constant solution concentration can 
be contoured· on die Eh·pH plane from the statistically determined slopes 
~lven tn Equations 3 and 4. A quantatlve PourbalX diagram for glass 
atssolutlon can, therefore, be developed (Figure 2a and 2b). 

Because of the relation of <l.Ghyd to Eh and pH through the Nernst 
equation 171 and the coltnearlty of <l.GflY.d to pH, a stmllar three dimensional 
Eh-pH·<l.Ghvd dla~ram can be dertved. S'tnce <l.GhY.d was theoretically shown 
[7) to be r~fative1y insensitive to solution Eh, tf can also be contoured 
parallel to the Eh axts on a Pourbaix diagram for glass (Figure 2c), The 
statistically determined <l.Ghvd·PH slope gtven In Equation 2 Is used to 
determine the contour tntervar. 

DETERMINATION OF THE POURBAIX DIAGRAM STABILITY FIELDS 

The data of Adams 1231· Wicks 124) and others 125) (Table 1) Indicates 
that htgh stltca commercial glasses, and low silica glasses tncludtng 
borosilicate glasses undergo primary network dissolution at pH -10. This 
pH corresponds to the calculated Eh·tndependent boundaries between 
H2SI03/HSI03· and H3B03/H2B03·. The pH of the H2SI03/HSt03· 
boundary ts chosen as representative of the alkaline network dissolution 
boundary for the regtme of active corrosion on a Pourbalx dt!W'am for glass 
(Figure 3al. The boundary plotted corresponds to Jog C • JO·"M H2SI04. 

The data of Adams (23) Indicates that htgh-stllca commercial glasses 
do not undergo active corrosion ln acidic media as do lower slllca content 
glasses [Table 11. Including nuclear waste glasses 123,25). The 
low-sUica-contalnlng glasses follow parabolic relationships with solution pH 
123-26). In order to describe a generalized Pourbalx diagram for these 
glasses, the Eh-lndependent acidic stabUity field for acttve glass dissolution 
Is chosen (Figure 3al as the pH of the zero potnt of charge (ZPC). The zeta 
potential-pH response for vitreous sUica. boroslltcate !(lass. soda-llme-sUtca 
glass and soda a.Iumtnostlicate glass are all similar 127) and the ZPC for all 
these glasses ts -2 (Table 1). Hom and .Onada 127) attribute the similarity of 
the zeta potential-pH response of these compositionally diverse glasses to 
the dominant role of the sUica network and the mlnlmal role of the network 
modifying cations. Indeed, the ZPC of SRP borosUicate nuclear waste glass 
was measured as exactly 2 (Figure 4). Due to the wide range of glass 
compositions that have a ZPC of -2. thts pH value Is chosen as the 
approximate boundary for the stablllty field of active corrosion on the 
Pourbatx diagram. 
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slopes given in EquaUons 2-4 only apply over the pH range -5-13. 
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(a) The Pourbatx diagram for low stltca and borosilicate glasses. 
Note this diagram can be used quantattvely to predict glass 
dissolution by supertmposltton of the contours shown In Figure 2. 
(b) Phase stability fields used In the determination of the Pourbatx 
diagram. The determtnatton of the thermodynamically calculated 
phase stability fields Is discussed In the text. 
(d The Pourbatx diagram of Figure 5a showln~ that glass dissolution 
under the anticipated groundwater condJtons of a geologic 
repository will be controTied by glass surface layer passlvation 
and/or thermodynamic Immunity. 
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Figure 4 The pH of the zero point of charge (ZPCI. pHzpc. for SRP 165 
waste glass (pH -2). 

At pH values between 2 and 10 In oXldlZlllg envtronments. hydrolysis 
of J(lass occurs by nucleophlllc attack. The glass surface charges are negative ana surface layer formation occurs by repreclpltatlon or chemisorption [28} 
of metal hydroxides (which are positively cbarged) from solution. for 
example, Al(OH)3 and Fe(OHI3 are the predominant metal hydroxide 
species between pH values of -3-11 and -3-13 respectlvelr [29}. Bath 
Al(OHI3 and Fe(OH)3 have been reported (5.24.30.31 as primary 
components of surface layers observed on leached glasses containing Alz03 
and Fe203. The presence of Al203 and F0203 In glasses ls known [291 to 
increase Its durability In the pH range of 4 to 9. tnatcaung that the surface 
layer formation observed on such glasses ls passlvaung as Indicated 
mechanistically by Wicks (241 and others (30.32,33}. 
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Table I. Regions of Active Corrosion. Passivation, and Immunity for Glass 

~QllJUQll Qlm llli Ell Obsezyauon Ikfc.:r~n~~ 

DI Water Waste <6 Oxic Active Corrosion 24 
DI Water Waste 6·8.5 Oxic Minimal Corrosion 24 

DI Water Waste 8.5-1! Oxic 
Surface Layer Formation 
Active Corrosion. 24 
Some Layer Formation 

pH Buffers Waste 5-9 Oxic Minimal Corrosion 26 
pH Buffers Waste <3 Oxic No Layer Formation 26 
pH 3 Buffer Waste 3 Oxic Active Corrosion 26 
pH 7 Buffer Waste 7 Oxic Layer Formation 26 
gH II Buffer waste 11 Oxic Poor ~er Formation 26 

I Water SLS' 7-9 Oxic Minim Corrosion 25 
DI Water SLS 9·11 Oxic Active Corrosion 25 
DI Water Waste 7-9 Oxic Corrosion Controlled 31 

DI Water Waste 7-9 Oxic 
by Fe(OH)ib 
Silica Solu lllty at 
a Minimum 

31 

pH Buffers High SIOz 1·9 Oxic Minimal Corrosion 23 
pH Buffers High S102 9-13 Oxic Active Corrosion 23 
pH Buffers Low SIOz 1·3 Oxic Active Corrosion 23 
pH Buffers Low SIOz 3-9 OxiC Minimal Corrosion 23 
pH Buffers Low SI02 9-13 Oxic Active Corrosion 23 
DI Water Waste ? Slight Surface La~er Enriched 40 

Anoxic In Fe and I 
BasaltiC Waste 9.75 Anoxic Layer Formation Retarded 22 
Groundwater Minimal Corrosion. 

Basaltic Waste 9.75 Anoxic 
Immunity (?) 
Corroston < Oxl.c- 21 

Groundwater Immunity (?) 
Granitic Waste -8.5 Anoxic Corrosion < Oxic- 21 
Groundwater Immunity (?) 
DI Water+Fe0 Waste 8 Anoxic Layer Formation Retarded 37 

• SLS = Soda-Ume-SUtca glass. 
Immunity (?) 

Boroslllcate nuclear waste J!lasses contain aluminum, Iron, and other 
transition metal cations. Iron ts tfie predominant transition metal cation and 
can be present In both the oxidized and the reduced state. 11!.12) The 
Eh-tndependent boundary between Fe+++ (as Fe(OHJ++aql 121 and Fe!OHJ3 
at log C .. 1Q-4M is proposed as the region of surface layer passtvatton for 
glasses containing Iron (Figure 3a. b). Tills IS based on the predominant role 
of Fe(OH)3 In tlie surface layers of nuclear waste glasses 124,311. This 
boundary occurs at pH values of 3-4 depending on log C and Is In agreement 
with the observations of Wicks 1261 that surlace layers do not form on 
nuclear waste glasses at pH values <3. The activity-pH plot derived by 
Grambow 1311ror commercial waste glasses demonstrates that Fe(OH)J Is 
the domlnatnt species precipitating between pH values of 7 and 9. Similar 
stability fields can be calculated' and plotted on glass-specific Pourbaix 
diagrams for aluminum 15.441 or alumlnoslllcate complexes 1351· zirconium 
1361. zinc 1311 or any other metal hydroxide species mechanistically found to 
participate In the formation of surface layers. 
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Glasses such as boros!Ucate nuclear waste glasses, tektites,. basalt. and 
obsidians c~taln multivalent metal oXIde species such as Fe+-" /Fe+3 and 
Mn+2jMn+ which behave differently In oxidizing and reducing aqueous 
environments. Metal hydroxides such as Mn!OHl3 and Fe(OHls are 
expected to form from ~lasses containing Mn203 or Fe203 In ~xldlzlng 
environments or by oxfdatlve dissolution of 'MnO or FeO In oXIdizing 
environments. The thermodynamic boundary between Fe+++ (as Fe(OH)++) 
and Fe(0Hl3 has already been defined as representUlg the Eh·Uldependent 
portion of the surface passivation boundary. The thermodynamic boundary 
between Fe++ and Fe(OH)3 Is, therefore, defined as the Eh-pH dependent 
extension of the surface passivation boundary for reduced glasses which 
undergo oxidative dissolution In oxidizing aqueous environments (Figure 3b). 

Metal hydroxides such as Mn(OHl2 and Fe(OHl2 are stable In reducing 
aqueous environments 121 and would be expected to form from glasses 
containing MnO or FeO whlch1';e dlss~lved In anOXIc (reducing) solutions. 
In the presence of siUca, Mn+ or Fe+ s!Ucate species are also stable In 
reducing environments. During dissolution of sillcate glass Ul the presence 
of Fe' and.aqueous Fe+2, formation of a hydrated ferrous Iron sUlcate 
complex. greenal!te. was Identified coexisting With Fe(0Hl3 1371. The 
Identification of this phase was consistent with the measured Eh-pH 
conditions and coUlclded with the thermodynamically calculated boundary 
between a ferrous Iron sillcate "FeSI03" and Fe(OH)s [37]. The formation of 
an anhydrous ferrous Iron slllcate complex Is predicted by Garrels and 
Christ 121 in the presence of Fe+2 and amorphous slllca. However, 
greenallte Is the hydrated analogue, FeaS140I0(0HI8· This same phase 
assemblage has been ldentlfted as the primary species responsible for the 
formation of Iron ore deposits which form from !ron-enriched silica 
solutions [381. The tron ore silicate solutions are assumed 1381 to be about 
10·4 M H2SI03 because that value represents the concentration of dissolved 
slllca In equllltirtum with quartz and clay mineral species [391. 

Measured thermodynamic data lS not available for greenal!te. Klein 
and Bricker (381 calculated the free energy of formation for this phase to 
calculate an Eh-pH diagram for Iron-ore lormatlon. Using the data of Klein 
and Bricker (381 for greenallte In equlllbrium with H2SI03 at 1Q·4M, the 
Eh·dependent thermodynamic boundary between greenal!te/Fe(OH)3 Is 
calculated and shown In Figure 3b. IH2SI03 • to-4M Is the same 
concentration used to define the H2S1o-3/HSI03· boundary). The 
"FeSI03" /Fe(OHl3 boundary previously calculated by Jantzen [371 In the 
presense of amorphous SI02 Is shown for reference. 

Because of the estimation of the thermodynamic data for greenaJlte. 
the exact boundary can vary between the two calculated boundaries shown 
on Figures 2 and 3. The greenallte/Fe(OHl3 boundary Is chosen to 
represent a change in the type of surface layer passivation. e.g. from 
hydrOXIde to slllcate (Table 1) [22,40), However. this may also represent a 
change In mechanism from surface passivation ln~dlzlng environments to 
Immunity In reducing environments. If Fe+ In a reduced glass is 
structurally associated In the glass as an "FeS!03" component. then In the 
absence of oxygen there Is no driVIng force for the dissolution of the Iron 
silicate component. Likewise. In the presence of silica-saturated 
groundwaters, there Is no driving force for the dissolution of silica and 
ferrous tron slllcates would be thermodynamically stable. This has been 
observed In nature for basalts (composed of ferrous tron silicate minerals 
and up to 60 volume percent ferrous Iron lntergranular glass) that have 
eXIsted for millions or years under reducing groundwater conditions. 
Laboratory experiments 1221 with parttally reduced borosUicate glasses In 

. reduclna groundwaters have demonstrated the Immunity of these glasses 
under tliese environmental conditions (l'able 1). 



CONCLUSIONS 

A PourbaiX diagram can be dertved for glass dissolution. The durability 
of over 300 high- and low-silica glasses can be predicted from hydration 
thermodynamics (from glass composition and solution pH) and used to 
quanttJY the PourbaiX diagram. The diagram can be quantified because of 
the colinearlty of the hydration free energy with solution pH theoretically 
predicted (by the Nemst equation) and experimentally. verified [7[. The 
PourbaJx diagram can also be quantified from the experimentally determined 
concentration-pH relations because of the collneartty of the hydration free 
energy and the solution concentrations determined by the pH dependence 
of the ton activities of the silicon and boron species. 

The contribution of the glass compositon to the surface layer 
formation Is fundamentally accounted for In the calculation of the hydration 
free energy from glass comJlOSitlon because (1) all glasses have some type of 
surface layer formation [30), (2) the type of surface layer formation Is a 
function of the glass composition [301. and (3) the types of surface layers 
correlate with hydration free energy [5). Because of the relationship of the 
free energy to the actiVIties of all the Sj>CCies In a glass, the hydration free 
energy caiculates the relative roles of amorphous silica dissolution as 
modilled by surface layer formation. The data support the hypothesis of 
Grambow [15.161 that the dissolution of all silicate-based glasses can be 
described by the activity diagrams for the dissolution of amorphous silica. 

The Pourbatx diagram construction demonstrates that the 
groundwaters of potential nuclear waste repositories center near the pH-Eh 
region of aqueous "absolute neutrality", e.g. [OH") • [H+J and 2p02·PH2 [1). 
The response of boros!Ucate waste glass to these groundwaters Is quantified 
as a function of the solution pH since release of silicon and boron from 
nuclear waste glass Is Eh·lndependent [21,22). The anticipated 
groundwater conditions are found to be In the rogton of glass surface 
passivation and/or thermodynamic Immunity. 

The basalt. tuff, and granite groundwaters are all silica saturated. The 
concentration of H2SI03 In GR-4 basalltic groundwater Is 1.6 x J0·3 M and 
can be as high as ~.6 x J0·3 M [21) while the concentration of silicon In 
J-13 tuffaceous groundwater Is -1 x 10'3 M. The concentration of H2SI03 
In Strtpa granitic groundwater Is - 4.3 x I0-4 M [21). The H2SIOg/HSIOa· 
boundary Is calculated for H2SI03 • J0·4 M. Higher concentrations of 
-Io-3~ move the H2SI03/HSIOg- active corrosion lioundary to higher pH 
values. In other words, glass dissolution at higher pH values can be minimal 
ln s111ca saturated groundwater:! depending on Uic concentration of 5illca 
present. This may not be true of brines beeause the slllca concentrauon ts 
low and the tonic strength Is high (solublllty concentrations are dependent 
on the Ionic strength of the solution). 

Radioactive waste glass fabricated under reducing conditions and 
subsequently exposed to alkaline or neutral reducing groundwaters In the 
candidate geologic repositories [all the repository En conditions 171 fall 
below 2p02•Pif2l are anticipated to survive tl;le oxygen-free subsurface 
environments for millions of years. Alteration shQuld be mlnlmal by analogy 
with the survival of natural mineral species and lntergranular basaltic glasses 
[formed under high-temperature reducing conditions) which have been tn 
contact with sub·SIJrface groundwaters for millions of years )10). 

In conclusion. a consistent PourbaiX diagram for nuclear waste glass 
can be described to unify the effects of repository specific Eh and pH 
conditions on glass durabiflty. Known Eh-pH relationships can also be used 
to understand radlonucllde solubility~ and the effects of 
glass/metal/groundwater Interactions under clllferent Eh-pH conditions. 
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