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Executive Summary 

Approximately 56 million gallons of high-level radioactive mixed waste has accumulated in 177 

buried single- and double-shell tanks at the Hanford Site in southeastern Washington State as a result of 

the past production of nuclear materials for the U.S. strategic defense arsenal. The United States 

Department of Energy (DOE) is proceeding with plans to permanently dispose of this waste. Plans call for 

separating the tank waste into high-level waste (HLW) and low-activity waste (LAW) fractions, which 

will be vitrified at the Hanford Tank Waste Treatment and Immobilization Plant (WTP). Between 

150,000 and 345,000 m
3
 of immobilized LAW (ILAW) glass are expected to be produced at Hanford. 

Principal radionuclides of concern in LAW are 
99

Tc, 
129

I, and U, while non-radioactive contaminants of 

concern are Cr and nitrate/nitrite (Mann et al., 2001; Mann et al., 2003). Between 9,000 and 20,000 m
3
 of 

HLW glass will be sent off site to an undetermined federal facility for deep geological disposal, while the 

much larger volume of ILAW will be placed in the on-site, near-surface Integrated Disposal Facility 

(IDF).  

Before the ILAW can be disposed of at the IDF, a performance assessment (PA) must be conducted. 

The PA is a document that describes the long-term impacts of the disposal facility on public health and 

environmental resources. One of the major inputs to the PA is the estimate of radionuclide release rates 

from the engineered portion of the disposal facility into the surrounding environment. These estimates are 

expected to be based on chemical reactions that occur in the near-field, and to a certain extent, are 

controlled by the dissolution of the vitrified waste form. Once released from the vitrified matrix, the 

transport of the radionuclides of concern is based on chemical reactions that occur in the near- and far-

field. Therefore, to provide credible estimates, a mechanistic understanding of the physical and 

geochemical processes that control glass dissolution, and thus radionuclide release, must be understood 

and incorporated into models used to predict radiation dose over the period of regulatory concern 

(~ 10,000 years). A cornerstone assumption for the approach to estimating the source term is that the 

glass matrix must dissolve for radionuclides to be released into the environment. This assumption has 

been demonstrated in pressurized unsaturated flow (PUF) experiments conducted with ILAW glass 

produced with actual radioactive low-activity waste (Pierce et al., 2006). The major parameters known to 

control glass dissolution are glass composition, temperature, and solution composition of the fluid 

contacting the glass (including pH and concentration of key ions [e.g., H4SiO4]). The effect of these 

parameters on the glass dissolution rate is essential for developing credible PA models. Though the 

temperature of the IDF is expected to be roughly constant at 15 °C, the pH and fluid compositions are 

affected by flow rate (i.e., water infiltration), reactions with near-field engineered materials, gas-water 

equilibria, secondary phase formation, ion exchange of alkalis in the glass with cations in solution, and 

the dissolution of the glass matrix. Due to the various evolving conditions expected at the site, the glass 

dissolution rate may vary both as a function of time and the position of the glass in the disposal system. 

Therefore, a fixed glass dissolution rate, and thereby radionuclide release, is not credible during PA 

modeling.  

A major conclusion from previous PAs is that the release rate of radionuclides from the ILAW glass 

by reaction with water is one of the key parameters that determine the impacts of ILAW disposal on 

estimated dose (Mann et al., 1998a; Mann et al., 2001; Mann et al., 2003). For this reason, several ILAW 

testing strategies and data packages have been produced. With the use of various test methods used to 

study the glass corrosion process, these data packages have provided a rate law parameter estimate for a 
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number of specific ILAW glasses that were expected to be produced at WTP at that time. Recently, 

however, there has been a shift in the glass compositions expected to be produced at WTP, which have a 

higher waste loading and are more alkali-rich.  

As a result of this change, Pacific Northwest National Laboratory (PNNL) has been tasked with 

evaluating the corrosion behavior of the higher LAW-loaded glass formulations that are being developed 

by DOE Office of River Protection (ORP) to expand the range of ILAW glass compositions that can be 

produced at WTP. The objective of the current work is to perform testing, data collection and analysis, 

and modeling for the ILAW glass product to generate defensible rate laws and rate law parameters that 

accurately describe the glass corrosion process for use in future IDF PAs. We begin the discussion of the 

technical strategy with a brief overview of the history of the ILAW testing program, followed by a 

description of various glass corrosion mechanisms that will be studied in depth. We then give a 

description of the Subsurface Transport Over Multiple Phases (STOMP) simulator used to calculate 

contaminant release rates from the engineered components of the disposal system. Finally, we give a 

description of the specific areas of the glass corrosion process on which an emphasis will be placed in this 

study. 
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1.1 

1.0 Introduction 

The federal facilities located on the Hanford Site in southeastern Washington State have been used 

extensively by the U.S. government to produce nuclear materials for the U.S. strategic defense arsenal. 

Currently, the Hanford Site is under the stewardship of the U.S. Department of Energy (DOE) Office of 

Environmental Management (EM). A large inventory of radioactive mixed waste resulting from the 

production of nuclear materials has accumulated, including high-level mixed waste stored in 177 

underground single- and double-shell tanks located in the central plateau of the Hanford Site (Mann et al., 

2001). The DOE Office of River Protection (ORP) is proceeding with plans to immobilize and 

permanently dispose of the low-activity waste (LAW) fraction onsite in a shallow subsurface disposal 

facility (the Integrated Disposal Facility [IDF]). Pacific Northwest National Laboratory (PNNL) was 

contracted to provide the technical basis for estimating radionuclide release from the engineered portion 

of the IDF (the source term) as part of an immobilized low-activity waste (ILAW) glass testing program 

to support future IDF performance assessments (PAs). This work was conducted with funding from 

Washington River Protection Solutions under contract 36437-161, ILAW Glass Testing for Disposal at 

IDF. The work was conducted as part of PNNL Project 66309, ILAW Glass Testing. 

1.1 Overview—ILAW Glass Disposal at Hanford 

Currently, DOE plans to dispose of the glasses made from nuclear waste stored in underground tanks 

at Hanford at two U.S. locations: (1) the ILAW glass will be stored onsite at the IDF and (2) the high-

level waste (HLW) glass will be disposed of at a federal geologic repository. The solid and liquid waste 

recovered from the tanks will be pre-treated to separate the low-activity fraction from the high-level and 

transuranic waste fractions. The LAW and HLW fractions will be separately immobilized into vitrified 

matrices (i.e., borosilicate glasses). Currently, vitrifying the LAW is expected to generate over 1.6 × 10
5
 

m
3
 of glass (Certa et al., 2010). Once vitrified, the volume of ILAW at Hanford will be the largest in the 

DOE complex, and one of the largest inventories (approximately 8.9 × 10
14

 Bq total activity) of long-

lived radionuclides—principally 
99

Tc (t1/2 = 2.1 × 10
5
 years), 

129
I (t1/2 = 1.6×10

7
 years), and U— planned 

for disposal in a low-level waste (LLW) facility. 

Before the ILAW can be disposed of, DOE must conduct a PA for the IDF that describes the long-

term impacts of the disposal facility on public health and environmental resources. One of the inputs to 

the PA is an estimate of radionuclide release rates from the engineered portion of the disposal facility 

(source term). These estimates are expected to be based on chemical reactions that occur in the near field 

and, in the case of ILAW glass, are controlled by the dissolution of the vitrified matrix. Therefore, to 

provide credible estimates, a mechanistic understanding of the basic physical and geochemical processes 

that control glass dissolution and radionuclide release must be understood and incorporated into models to 

effectively simulate the glass-water reaction over the period of regulatory concern (approximately 10,000 

years). A cornerstone assumption for the approach to estimating the source term is that the glass matrix 

must dissolve for radionuclides to be released into the environment. This assumption has been 

demonstrated in pressurized unsaturated flow (PUF) experiments conducted with ILAW glass produced 

with actual radioactive low-activity waste (Pierce et al., 2006). Apart from glass composition, the 

dissolution rate is a function of temperature, pH, surface area of the glass exposed to the contacting 

solution, and composition of the solution contacting the glass. The temperature of the IDF is a known 

constant, 15°C. However, both the pH and the composition of the solution contacting the glass are 
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variables that are affected by infiltration rate, reactions with other engineered materials, gas-water 

equilibria, secondary-phase precipitation, alkali-ion exchange, and dissolution of the glass itself. 

Consequently, glass dissolution rates vary both in time and as a function of position in the disposal 

system. There is no physical constant, such as a “leach rate” or radionuclide release rate parameter, that 

can credibly estimate the release of radionuclides from glass waste form in such a dynamic system. 

A model based on the empirical release behavior of the glass cannot provide feedback regarding the 

effects of design options on the disposal-system performance. Therefore, the source-term analysis 

requires the use of a reactive-chemical transport-modeling framework that takes into account the coupled 

effects of fluid flow and glass-water reactions on the chemistry of liquids percolating through the disposal 

facility. The fluid chemistry is coupled with kinetic rate equations that describe the response of the glass 

dissolution rate to changes in liquid composition in the disposal facility or repository, all computed as 

functions of time and space. These kinetic rate equations assume that (1) the dependence of dissolution 

and precipitation rates on departure from equilibrium are based on arguments and assumptions of 

Transition State Theory (TST), and (2) the driving force for the transformation of unstable to stable 

silicate materials is governed principally by the magnitude of displacement from thermodynamic 

equilibrium. This approach is discussed in greater detail in Section 3.2 of this report. 

1.2 Purpose and Organization of the Report 

The purpose of this report is to describe the strategy that will be used to evaluate higher waste loading 

LAW glasses in support of future IDF PAs. To this end, we have provided a brief historical perspective of 

LAW glass testing in support of IDF PAs (formerly ILAW PA). Section 3.0 provides an overview of the 

glass corrosion process, followed by a discussion of the modeling approach being used to conduct IDF 

source-term release calculations in Section 4.0. Lastly, we discuss the approach that will be used to fill the 

data gaps needed to conduct IDF PA simulations with the higher LAW loading glass formulations that are 

representative of ORP’s expanded compositional range. 

1.3 Quality Assurance 

All research and development (R&D) work at PNNL is performed in accordance with PNNL's 

Laboratory-level Quality Management Program, which is based on a graded application of NQA-1-2000, 

Quality Assurance Requirements for Nuclear Facility Applications, to R&D activities. To ensure that all 

client quality assurance (QA) expectations were addressed, the QA controls of the WRPS Waste Form 

Testing Program (WWFTP) QA program were also implemented for this work. The WWFTP QA 

program
1
 consists of the WWFTP Quality Assurance Plan (QA-WWFTP-001) and associated QA-

NSLW-numbered procedures that provide detailed instructions for implementing NQA-1 requirements for 

R&D work. 

The work described in this report was assigned the technology level “Applied Research” and was 

planned, performed, documented, and reported in accordance with Procedure QA-NSLW-1102, Scientific 

                                                      
1
 This QA program has been independently evaluated by Acquisition Verification Services (AVS) of Mission 

Support Alliance (MSA) to specified requirements of NQA-1-2004 (including NQA-1a-2005 and NQA-1b-2007 

Addenda) and is operating under a WRPS-approved Supplier Quality Assurance Program Implementation Plan 

(SQAPIP) (QA-WWFTP-002). 
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Investigation for Applied Research. All staff members contributing to the work received proper technical 

and quality assurance training prior to performing quality-affecting work. 
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2.0 Historical Synopsis of ILAW Glass Performance 
Assessment 

Provided below is a historical synopsis of the Immobilization of Low-Activity Waste (ILAW) glass 

PA project. Although brief, the synopsis provides context to the proposed strategy described in Section 

5.0 by giving a historical perspective of the past 19 years of testing and modeling. Each of the steps taken 

over the past 19 years has been with the goal of improving the technical defensibility of the PA for the 

disposal of ILAW glass at Hanford in accordance with the regulations outlined in DOE Order 435.1 

(formerly DOE Order 5820.2A) (DOE, 1988; DOE, 1998). The discussion below begins with the 1994 

initial facility design evaluation (Mann, 1995b; Rawlins et al., 1994), briefly discusses 1996 interim PA 

and associated data packages evaluation (Mann, 1995a; Mann, 1995b; Mann, 1995c; Mann, 1995d; Mann 

et al., 1995; Mann et al., 1996; Mann et al., 1997), then includes a short discussion of the 1998 and 2001 

PAs and associated data packages (Mann et al., 1998a; Mann et al., 1998b; Mann et al., 2001; McGrail et 

al., 1998b; McGrail et al., 2000a; McGrail et al., 2000b; McGrail et al., 2000c; McGrail et al., 2001b), 

and closes with a discussion of the glass performance data collected from 2004 through 2013.  

The first Hanford ILAW glass PA activity occurred shortly after the decision was made to change the 

ILAW form from grout to glass. The major purpose of this initial activity, which was initiated under the 

Tank Waste Remediation System (TWRS) Immobilized Waste Program, was to evaluate design options 

for the engineered portion of the LAW disposal facility in preparation for an interim PA. This initial 

activity was completed in 1994 (Rawlins et al., 1994) and revised in 1995 based on review comments and 

the incorporation of more accurate data (Mann, 1995b). Results from the initial evaluation illustrated that 

various performance parameters and key assumptions can have a significant impact on the facility design 

and the disposal facility’s ability to achieve the required performance objectives. After completing the 

initial facility design evaluation (Part A), the TWRS program initiated a data collection effort in an 

attempt to improve the technical basis for both the performance parameters and key conservative 

assumptions (Part B). The performance parameters and key assumptions included the radionuclide 

inventory, waste form release rates, and generic information for geologic data, geochemical data, 

hydraulic parameters, and water infiltration rates because the facility location and design were still in the 

planning stages. The generic geologic data, geochemical data, and hydraulic parameters, much of which 

originated from other DOE sponsored projects and programs, were considered representative of the 

disposal area. The compiled information was documented in a series of data packages (Mann, 1995a; 

Mann, 1995b; Mann, 1995c; Mann, 1995d; Mann et al., 1995) that were used as part of the 1996 interim 

PA (Mann et al., 1996; Mann et al., 1997).  

At this stage of the TWRS program, the privatization project Request for Proposal (RFP) (Wagoner, 

1996) was in the bidding process and the composition of ILAW glass was not defined. Therefore, glass 

performance, and subsequent radionuclide release rates, in the 1996 interim PA base case scenario used a 

constant leach-rate that was based on a 20°C 7-day PCT limit (Stage I for glass corrosion, see 

Section 3.1), which was defined in the privatization project RFP (Mann et al., 1996). Because of a lack of 

information, it was assumed that this value represented a conservative upper bound for glass performance, 

and that short-term glass performance was representative of long-term behavior. In addition to the base 

case scenario, which used a constant leach rate, sensitivity cases were conducted with a more mechanistic 

approach to modeling glass performance and radionuclide release using a numerical simulator, the 

Analyzer for RadionuclidE Source-Term with Chemical Transport (AREST-CT) computer code (Chen et 

al., 1995; Chen et al., 1996). As an alternative to a constant leach rate, the AREST-CT computer code 

neew936
Highlight
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allowed the chemical environment resulting from the glass dissolution reaction to be computed as a 

function of time and space in the disposal system. These sensitivity analysis results illustrated that the 
99

Tc inventory and glass performance had a significant impact on radionuclide release estimates.  

The interim PA (Mann et al., 1996; Mann et al., 1997) concluded that the preliminary and final 

performance assessment would benefit from knowledge of the waste form, disposal facility location, and 

the disposal facility design, as well as from an extensive data collection activity for the generation of site 

specific estimates for geologic data, geochemical data, hydraulic parameters, and water infiltration rates.  

The PA conducted in 1998 was to support the application for a Disposal Authorization Statement 

(Mann et al., 1998a), and coincided with a revision to the Radioactive Waste Management Order, which 

changed from DOE Order 5820.2A to DOE Order 435.1 (DOE, 1998). Prior to initiating the data 

collection effort with the goal of filling gaps that were identified in the 1996 PA, an ILAW testing 

strategy was developed to document the expected laboratory and field-scale testing, as well as model 

development activities required to evaluate the long-term corrosion behavior of LAW glass in the disposal 

facility at Hanford (McGrail et al., 1998b). This strategy was reviewed by a panel consisting of national 

and international glass corrosion experts prior to being adopted by the TWRS program for the 1998 PA 

(DOE, 1999; DOE, 2001; Grambow et al., 2000). 

A major component of the testing strategy was the development of a numerical simulator at Pacific 

Northwest National Laboratory (PNNL) with the capability to compute time and spatial variations in the 

chemical environment of the unsaturated disposal systems in response to the corrosion of the glass waste 

forms, as well as other physical and chemical processes. Development of the numerical simulator was 

initiated in 1998 (Mann, 1997; Mann and Myers, 1998b; McGrail et al., 1998a). Additionally, a series of 

experimental techniques was outlined as part of the strategy that, when combined, provided the model 

parameters (i.e., rate law parameters, see Section 3.2) needed to simulate long-term glass performance. 

This approach was evaluated using data collected from 1996 to 1997 on the LD6-5412 glass. The LD6-

5412 glass (composition provided in Table 2.1) was developed to serve as a simple reference glass during 

Part A of the TWRS privatization project (Wagoner, 1996) for use in high-temperature melters with 

double-shell slurry feed supernatant waste composition (Mann et al., 1998a; McGrail et al., 1997a). The 

1998 PA also used the 7-day PCT RFP limit as the base case; the rate law parameters (Figure 2.1) derived 

from the LD6-5412 glass test data were used in sensitivity analyses using the AREST-CT computer code 

(Chen et al., 1995; Chen et al., 1996). The 1998 PA was substantially more robust than the previous 

iterations because of the increased understanding of waste form performance, disposal facility location, 

disposal facility design, and site-specific information on geologic data, geochemical data, hydraulic 

parameters, and water infiltration rates for the 200 Area plateau.  
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Table 2.1. Composition (mass%) of LAW Reference Glass used in Waste Form Performance Tests from 

1998 to 2005 

Oxide LD6-5412 LAWA23* LAWA33 LAWABP1 LAWA44 LAWB45 LAWC22 

Al2O3 12.00 9.70 11.97 10.00 6.20 6.13 6.08 

B2O3 5.00 4.23 8.85 9.25 8.90 12.34 10.06 

CaO 4.00 4.46 0.00 0.00 1.99 6.63 5.12 

Fe2O3 0.00 7.43 5.77 2.50 6.98 5.26 5.43 

K2O 1.46 2.31 3.10 2.20 0.50 0.26 0.10 

La2O3 0.00 0.00 0.00 2.00 0.00 0.00 0.00 

Li2O 0.00 2.08 0.00 0.00 0.00 4.62 2.51 

MgO 0.00 2.08 1.99 1.00 1.99 2.97 1.51 

Na2O 20.00 20.00 20.00 20.00 20.00 6.50 14.40 

SiO2 55.91 40.52 38.25 41.89 44.55 47.86 46.67 

TiO2 0.00 0.00 2.49 2.49 1.99 0.00 1.14 

ZnO 0.00 3.43 4.27 2.60 2.96 3.15 3.07 

ZrO2 0.00 3.05 2.49 5.25 2.99 3.15 3.03 

Others 1.63 0.71 0.82 0.82 0.95 1.13 0.88 

*Also known as BNFL-A-98 

 

 

Figure 2.1. Normalized Silica Release Rate as a Function of pH and Rate Law Parameters for Reference 

Glass LD6-5412. The LD6-5412 glass was developed during Part A of TWRS privatization 

project (McGrail et al., 2000a). 

During Part B of the TWRS privatization project, the DOE ORP divided the anticipated LAW into 

three compositional envelopes: A (highest Na
+
:SO4

-
 ratio), B (lowest Na

+
:SO4

-
 ratio), and C (significant 

complexant concentrations and intermediate Na
+
:SO4

-
 ratio). The BNFL Inc. team, which at the time was 

contracted to design and operate the WTP, developed a reference glass composition, LAWA23 (also 

pH(calc)

5 6 7 8 9 10 11 12 13

lo
g

1
0
 N

o
rm

a
liz

e
d
 R

a
te

(S
i)
, 
g
/m

²·
d

-4

-3

-2

-1

0

1

lo
g

1
0
 N

o
rm

a
liz

e
d
 R

a
te

(S
i)
, 
g
/m

²·
s

-9

-8

-7

-6

-5

-4
LD6-5412

log  g / m s

E kJ / mol

 =  0.40 0.03

10
2

a


k   

 



2 05 016

74 8 10

. .

. .



20°C 
40°C
70°C
90°C



PNNL-23503 

RPT-66309-001 Rev. 0 

2.4 

known as BNFL-A-98), which met DOE contract durability requirements as defined in Wagoner (1996)
1
. 

The reference glass composition, along with several other preliminary glass compositions, was evaluated 

using PCT, a vapor hydration test (VHT), and several of the methods described in the 1998 and updated 

2000 LAW glass testing strategy documents, such as the SPFT and PUF tests (McGrail et al., 1998b; 

McGrail et al., 2000a). The latter tests are used to derive rate law parameters that can then be used in 

modeling efforts. Results from the tests conducted with the slow-cooled LAWA23 glass samples 

indicated that this glass corroded at rates orders of magnitude higher than the quenched samples. Further 

evaluation of the laboratory batch glass samples with Transmission Electron Microscopy (TEM) revealed 

that slow-cooled LAWA23 glass samples were phase separated (Figure 2.2). This revelation caused the 

BNFL and TWRS project team to consider alternative glass compositions, and replaced the LAWA23 

reference glass composition with LAWA33 for Envelope A. The compositions for the LAWA23 and 

LAWA33 glasses are provided in Table 2.1. 

 

Figure 2.2. TEM Photos of LAWA23 Glass at 75,000×. Possible liquid-liquid phase separated regions 

are clearly evident along with a crystalline flake of unreacted Al2O3 (located at picture center). 

Image is from (McGrail et al., 1998c). 

Similar to LAWA23, durability test experiments (i.e., PUF and PCT) with the LAWA33 glass 

demonstrated accelerated corrosion (e.g., Stage III, see Section 3.0). However, unlike LAWA23, the 

performance of LAWA33 was consistent for slow-cooled and quenched samples (McGrail et al., 1998b). 

The LAWA33 glass composition was then modified by PNNL to develop a glass with high performance 

and 20 wt% Na2O by increasing the mass of ZrO2 and adding La2O3. The resulting glass was known as 

LAWABP1 (see composition in Table 2.1) (McGrail et al., 2000c). The LAWABP1 glass was not 

intended to be an actual LAW glass composition produced at WTP; the purpose of producing LAWABP1 

was to demonstrate that, with minor adjustments in composition, LAW glass with 20 wt% Na2O could 

meet the DOE contract durability requirements, demonstrate high performance, and would not exhibit 

accelerated corrosion (e.g., Stage III, see Section 3.0). 

Similar to the data generated for LD6-5412, LAWABP1 was used as a reference LAW glass to 

generate model parameters (rate law parameters and a chemical reaction network) in support of the PA 

(Figure 2.3) (Mann et al., 2001; McGrail et al., 2000c; McGrail et al., 2001b). In addition to being 

                                                      
1
 The BNFL Inc. contract was terminated and awarded to Bechtel National Inc. (BNI) in 2000.  
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documented in the 2001 PA, a journal article was published (McGrail et al., 2000b) to document the 

results of the experiments conducted on LAWABP1 and the Subsurface Transport Over Reactive Multi-

phases (STORM) simulations used to forecast radionuclide release from the engineered portion of the 

disposal facility. The STORM computer code development was sponsored by the DOE and the TWRS 

program from 1998 through 2001 to support the base and sensitivity cases in the 2001 PA (Mann et al., 

2001; McGrail et al., 2000a). The STORM computer code is a simulator that was developed by coupling 

Subsurface Transport Over Multiple Phases (STOMP), a non-isothermal multiphase flow simulator 

(White et al., 1996; White et al., 2006), with AREST-CT Version 1.1, a reactive transport and porous 

medium alteration simulator (Chen et al., 1995; Chen et al., 1996). The 2001 PA represents a transition to 

using a coupled flow and transport simulator (STORM) for both the base and sensitivity cases, whereas 

AREST-CT was only used to support sensitivity cases in the 1998 performance assessment (Mann et al., 

1998a). More details on these computer codes are given in Section 4.0. 

LAWABP1 Glass
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Figure 2.3. Normalized Glass Dissolution Rate, Based on Boron, as a Function of pH(T) for LAWABP1 

(McGrail et al., 2000c). 

As a result of the marginal performance of LAWA33, the DOE adjusted the durability specification to 

include a 90 °C PCT-A and 200 °C VHT (DOE, 2000; Vienna et al., 2001). Each test was required to be 

performed on samples that were heat treated to represent canister cooling. The PCT constraint was aimed 

at eliminating glasses with very low-durability secondary phases (e.g., amorphous or crystalline phase 

separation), and the VHT requirement was aimed at avoiding glasses prone to Stage III accelerated 

release of elements. The VHT contract constraint of 50 g/m
2
d was set to be slightly below the measured 

value of LAWA33, which by testing and modeling, was determined to be a marginally performing glass. 

Based on the new contract specifications, the BNFL team developed three new reference glasses – 

LAWA44, LAWB45, and LAWC22 for envelopes A, B, and C, respectively (Table 2.1).  

The three reference glasses, LAWA44, LAWB45, and LAWC22, were tested from 2001 to 2004, and 

the results were documented in the 2005 waste form release data package (Pierce et al., 2004; Vienna et 

al., 2001). The three reference glasses underwent a full set of performance tests: SPFT, PCT-B, VHT, and 

PUF. Two glass samples, LAWA102 and LAWAP101, prepared using actual Hanford LAW, were also 

tested from 2001 to 2004. The results from these glasses, where only PUF tests were performed, were also 
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documented in the 2005 waste form release data package (Pierce et al., 2004; Vienna et al., 2001). In 

addition to the data package, these results were documented in a series of journal articles (Icenhower et 

al., 2008; Pierce et al., 2006; Pierce et al., 2011). None of the experimental results with the three new 

reference or radioactive glass samples saw Stage III acceleration.  

In the mid 2000’s, the WTP project underwent a major shift in the tank waste flow-sheet for LAW 

treatment under the direction of the Bechtel National Inc. (BNI) led WTP design, construction, and 

commissioning team. Initially, in 2003, the three LAW envelopes were split into seven sub-envelopes 

(A1, A2, A3, B1, B2, C1, and C2) to adjust for differences in formulations based on waste composition 

differences. Then, in roughly 2005, the envelope-based LAW glass formulation approach was changed to 

a continuum composition approach. In the continuum approach, glass is formulated based on waste 

composition (primarily the alkali to sulfate ratio) instead of grouping the waste into specific envelopes 

(Vienna, 2005). This change resulted in significant changes to the anticipated WTP glass compositions. 

Therefore, from 2006 to 2012, the project supported a limited number of studies to evaluate new glasses 

that spanned compositional ranges expected to be produced at WTP, specifically alkali:SO3 ratios. This 

series of glasses was formulated and tested in various scaled melter systems up to and including the 1/3-

scale Duratek pilot facility in Columbia, MD. This approach used the Na
+
:SO4

2-
 ratio of the waste to 

interpolate between reference glasses (Kim et al., 2012; Muller et al., 2004; Vienna, 2005). Figure 2.4 

shows the waste loading for these continuum glasses on a plot of Na2O versus SO3 wt% in glass. The 

waste loading for a given glass is determined by its location on this plot (corresponding to the blue line). 

The concentration of all other glass components was then interpolated based on the normalized alkali 

concentration of the waste (ALK = Na2O+0.66×K2O), as shown in Figure 2.5. All glass formulated along 

this series of lines is a direct interpolation of other glasses along a single independent composition 

dimension (ALK:SO3). Each of the glasses used to form the trend met all property constraints, and were 

processed successfully up to pilot scale. Following this strategy significantly lowers the risk of difficulties 

during operations, and is currently planned to be used in WTP commissioning. The strategy is often 

referred to as the WTP baseline formulation approach, or the commissioning formulation approach. 
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Figure 2.4. Reference ILAW Glasses Used to Develop Continuum Formulation Approach Shown in the 

Na2O and SO3 wt% Concentration Plot 
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Figure 2.5. Component Concentrations as a Function of Either ALK or Na2O (wt%) (Muller et al., 2004) 
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In order to further support ILAW PA efforts, further testing was then initiated on the glasses — E1A, 

E95A, and E290A — that fall on the correlation line (Figure 2.6). This testing augmented the previously 

tested glasses LAWA44, LAWB45, and LAWC22. It is important to note that LAWA44, LAWB45, and 

LAWC22 were part of the dataset used to develop the correlation line. Over the course of four years, a 

select number of experiments were conducted on the new glasses (E1A, E95A, and E290A), with the 

majority of the work being performed on E1A. These results were documented in a series of letter reports 

and one journal article (Pierce et al., 2008), which suggested the performance of the three new glasses 

were consistent with LAWA44, LAWB45, and LAWC22 glass formulations. For example, Pierce et al. 

(2008) confirmed that the dissolution rates under dilute conditions for E1A, E95A, and E290A were 

similar to several of the previous LAW glass formulations. Based on the data collected for these glasses, 

as well as the data collected in 2004 on LAWA44, LAWB45, and LAWC22, the corrosion behavior of the 

glass compositions that are along this continuum are considered to be well understood. 

 

 
Figure 2.6.   Glasses Selected for ILAW Performance Testing Shown on Na2O wt% versus SO3 wt% 

Concentration Plot 
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Figure 2.7. Comparison of WTP Reference Formulations with Advanced Glasses Optimized for 

Maximum Waste Loading (Muller et al., 2010) 

Though the corrosion behavior of the glass compositions along the correlation line are assumed to be 

well understood, it was noted that significant cost and process flexibility gains were achievable through 

the optimization of waste loading in LAW glass formulations. This realization has led to an ongoing 

effort to optimize waste loadings, and this has significantly increased the range of various components in 

glass (Muller et al., 2010; Muller et al., 2012; Vienna et al., 2013a). Figure 2.7 compares the optimized 

glasses with the commissioning glasses described above on the ALK-SO3 wt% concentration plot. It is 

clear from the figure that waste loadings for low Na
+
:SO4

2-
 ratio wastes increased by roughly 100%, and 

that the waste loadings for high Na
+
:SO4

2-
 ratio wastes increased by roughly 13%. When optimizing glass 

for maximum waste loading, it is no longer possible to simply interpolate from one successful glass to 

another along a single composition direction (e.g., ALK or Na
+
:SO4

2-
 ratio). A limited number of glass 

samples identified by Muller et al. 2010 were evaluated from 2010 until 2013. These glasses illustrated 

reasonable performance, and have been documented in a series of reports (Pierce et al., 2010a; Pierce et 

al., 2013). However, significant changes in the proportion of major glass components, which have been 

formulated with the goal of increasing the LAW loading, have occurred since 2010 (Vienna et al., 2013a). 

For example, Figure 2.8 shows the variation in major glass components as functions of ALK. For some 

components (e.g., CaO, Li2O, MgO, SnO2, and ZrO2), there is a trend between the component 

concentration and ALK. For other components (e.g., Al2O3, B2O3, SiO2, V2O5, and ZnO) no logical trend 

is formed with ALK, SO3, or the ALK:SO3 ratio. The composition variation for these advanced glasses 

can only be described in a multivariate space with a minimum of six independent composition variables. 

This is a fundamental difference compared to the one compositional variable that ties the WTP baseline 

glass formulations together. This change in formulation approach will also require a change in the 

strategy to evaluate the performance of glasses to be produced at WTP. 
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Figure 2.8. Concentration of Key Glass Components as Functions of Alkali (ALK), SO3, and ALK/SO3 in 

Mass Fraction  

As a result of this change, PNNL has been tasked with studying the newer advanced glass 

compositions being developed to optimize waste loading to understand the impacts of the varied 

compositions on performance. The objective of the current strategy document is to outline performance 

testing, data collection, and analyses of the ILAW glass product for subsequent use in the IDF PA to 

show the potential environmental risk associated with long-term storage.  
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3.0 Review of Glass Dissolution Processes 

In this section, we provide a description of the glass dissolution process, which is important for 

calculating radionuclide release rates in the disposal system. We begin with a brief description of the 

stages of glass dissolution and follow with a description of three glass corrosion mechanisms that will be 

studied at length in the current strategy: ion exchange, the kinetic rate law parameters, and the effects of 

secondary phase formation. It is important to note that throughout this document, corrosion refers to all 

stages of glass-water reaction, which are discussed below, and dissolution refers to the mechanism of 

elemental release or the rate of elemental release during the glass-water reaction. 

3.1 Stages of Glass Dissolution 

In general, the glass dissolution process may be divided into three main stages (Bates et al., 1994): 

Stage I - the initial interdiffusion of water into the glass network leading to the release of alkalis and the 

hydrolysis of the silicate network, Stage II - the buildup of Si in solution and the formation of alteration 

layers on the glass surface that correspond to a decrease in the glass dissolution rate to a relatively 

constant residual rate, and Stage III - the resumption of high elemental release rates that coincide with 

formation of key alteration phases on the glass surface that occur only for some glass compositions under 

certain conditions. Additionally, during these stages of glass alteration, the ion exchange reaction is 

continuing and may control the release of radionuclides, particularly under silica-saturated conditions at 

long time periods. A conceptual schematic of these stages as well as the extent of alteration of the glass 

with reaction extent (i.e., time) is given in Figure 3.1. It should be noted that different glasses have 

different dissolution rates, and not all glasses enter Stage III as shown for a group of representative 

glasses in Figure 3.2. More details on the behavior of the glass during the various alteration stages are 

given in Appendix B. 
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Figure 3.1. General Schematic of the Stages of the Glass-Water Reaction (Vienna et al., 2013b) 

 

 
Figure 3.2.  Normalized Boron Release (g/m

-2
) by 90 °C Product Consistency Test (PCT) for Simulated 

HLW Glasses (Ribet et al., 2004b). The graphs have been redrawn for clarity. 

3.2 Kinetic Rate Law Parameters 

Previous IDF source-term calculations (Mann et al., 1998a; Mann et al., 2001), as well as the 2003 

risk assessment (Mann et al., 2003), have assumed that radionuclide release (source term) from the near-

field disposal system is controlled by the glass alteration rate. The approach employed uses a chemical 

affinity rate law to calculate the glass alteration rate. Although there are some issues regarding the 

applicability of the affinity rate law, it can be used to describe experimental data across a wide range of 

conditions (Pierce et al., 2004). This rate law is based on an irreversible reaction because glass cannot 

reform (i.e., precipitate from solution) under these conditions. It is important to note that a static or near-

static solution becomes concentrated with components as the glass-water reaction proceeds, and 
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numerous sparingly soluble elements (e.g., Al, Si, Zr) contained in the glass can condense at the glass-

water interface after being initially dissolved. The condensed sparingly soluble elements will form a 

chemically and structurally distinct crystalline or amorphous alteration phase, which affects the flux 

calculation. How we account for this process will be discussed in greater detail below.  

The equation used to compute the flux of element i released from the glass into the aqueous phase is 

given by: 

 

 

exp 1a
i i H

g

E Q
r ka

RT K



 


   

              (3.1) 

where: 

ri = the dissolution rate, g/(m
2
·s) 

i= the stoichiometric coefficient of element i in the glass 

= intrinsic rate constant, g/(m
2
·s)

 

aH+ = hydrogen ion activity 

= pH power law coefficient 

Ea = activation energy, J/mol 

R = gas constant, 8.314 J/(mol·K) 

T = temperature, K 

Q = ion-activity product of the rate controlling reaction 

Kg = equilibrium constant of the rate controlling reaction 

= Temkin coefficient 

 

  

In the case of modeling the ILAW glass corrosion process, a dissolution reaction is used that converts 

glass to orthosilicic acid, H4SiO4, after it reacts with water. Equation (3.2) gives a simplified reaction 

scheme for ILAW glass corrosion using amorphous SiO2 as a representative solid for glass.  

 2 2 4 4SiO (am)+2H O H SiO
  (3.2) 

The rate at which this reaction occurs is a function of temperature, pH, and the aqueous concentration 

of H4SiO4, which is represented by Q in Equation (3.1). Equation (3.1) is used to represent Stage I of the 

glass-water reaction. An additional equation is used in modeling the ILAW glass corrosion process to 

account for aspects of Stage I (i.e., interdiffusion) and Stage II of the glass-water reaction, Equation (3.3). 

Equation (3.3) is used to calculate the flux of sodium, which occurs as a result of alkali ion-exchange. The 

ion exchange rate (rIEX) is given by: 

 

 
0 exp IEX

IEX

E
r r

RT

 
  

    (3.3) 

 

k
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where  

rIEX = the ion exchange rate, mol of Na/(m
2
·s) 

r0 = intrinsic ion exchange rate constant, mol of Na/(m
2
·s) 

EIEX = activation energy for ion exchange, J/mol  

For ILAW glass, Na is used to represent alkali-ion exchange because Na is the single most abundant 

alkali contained in LAW glass formulations. During Stage II of the glass-water reaction, Na is 

continuously introduced from the glass to solution, affecting the steady-state pH as Equation (3.1) 

approaches saturation (i.e., Q/K → 1). This constant flux of sodium results in a continuous change in 

solution pH, thus affecting the long-term rate of glass corrosion.  

The parameters k , Ea, , and Kg can be derived using the Single-Pass Flow-Through (SPFT) test 

method (see Appendix D.1) as shown in Section 5.0 (Icenhower et al., 2008; McGrail et al., 1997a; 

McGrail et al., 2000a; McGrail et al., 2001c; Pierce et al., 2005; Pierce et al., 2010b). Bacon and Pierce 

(2011) have conducted a study on the various sensitivities of these parameters as it relates to the estimated 

long-term radionuclide releases from glasses in unsaturated conditions. Using data from the prototypic 

ILAW glass composition, LAWA44, they surmised that Kg is the most sensitive variable affecting 

radionuclide release. To determine if this conclusion is valid for the new range of glass compositions, 

which have higher alkali contents, measurements of Kg as well as the other parameter will be obtained for 

these newer glass compositions. A detailed discussion of other rate laws available in the literature is given 

in Appendix C. 

3.3 Ion Exchange 

The interdiffusion process is defined by H
+
, H3O

+
, and/or H2O in the fluid phase being exchanged for 

network-modifying cations in the glass, and has been observed experimentally for decades (Doremus, 

1975; Rana et al., 1961a; Rana et al., 1961b). Although ion exchange does not receive the level of 

attention that network hydrolysis and matrix dissolution receives, it has been the focus of some nuclear 

waste glass corrosion studies (Icenhower et al., 2002; McGrail et al., 2001c; McGrail et al., 2003; Neeway 

et al., 2014a; Ojovan et al., 2006; Pierce et al., 2005). One reason for the focus on hydrolysis and 

dissolution is that the ion-exchange reaction has been thought to be of short duration, and therefore had 

little or no bearing on the long-term radionuclide release from the glass (Vernaz et al., 1992). However, 

the importance of the ion-exchange process may be especially relevant at low temperature and in 

solutions that are near-saturated with respect to SiO2(am). The overall chemical reaction describing the 

exchange of a cation, M
+
, with a charged water species, given here as a proton, is written as:  

 

 
+Si-O-M+H Si-OH M      (3.4) 

 

It should be noted that the ion exchange rate (rIEX) is used to represent the sodium release from glass 

independent of the matrix dissolution described in Equation (3.4). This sodium release increases pH, and 

thereby influences ri for all elements. Additionally, at the high pH values, the Si in solution will distribute 

among charged complexes, effectively reducing the amount of H4SiO4 in solution, and thereby driving the 
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reaction to a higher dissolution rate. Therefore, through the continuous release of sodium, the solution 

continuously deviates from a steady-state condition and glass continues to corrode. 

Previously, SPFT experiments have been used to investigate the ion-exchange reaction rate (rIEX) 

(McGrail et al., 2001c; Pierce et al., 2004; Pierce et al., 2005). The method developed by McGrail and 

coworkers (2001c) distinguishes between matrix dissolution and the ion-exchange reaction by subtracting 

the rate of matrix dissolution, calculated from the boron release, from the Na release rates, and making the 

proper conversion to moles of sodium per unit area per time. The method is effective in conditions where 

silicon is added to solution, which suppresses the matrix dissolution rate but does not affect the Na-H 

exchange rate. As the concentration of dissolved silicon increases, sodium release rates become faster 

than boron release rates. McGrail et al. (2000c) has illustrated this mechanism with the LAWABP1 glass 

(Figure 3.3). A decreasing trend is found for dissolution rate, based on Na and B release, as a function of 

silicic acid concentration. Also shown in Figure 3.3 is a divergence in the Na and B release rate at the 

higher silicic acid concentrations. The steady release of Na at a higher normalized rate than that of B is a 

result of sodium ion-exchange reactions. By running the experiment at several temperatures, the apparent 

activation energy of the reaction can be calculated with the use of the Arrhenius equation. McGrail et al. 

(2000c) calculated the apparent activation energy to be 52.7 kJ/mol for LAWABP1. This value is 

consistent with other LAW glass formulations, LAWA44 (65 ± 6 kJ/mol), and a sodium silicate glass (47 

kJ/mol) (Pederson, 1987).  

 

 

Figure 3.3.  Dissolution Rate Based on B and Na Versus the Activity of Silicic Acid Concentration at 

40 °C for the LAWABP1 (McGrail et al., 2000c) (left). This figure illustrates that, at high 

silicic acid concentrations, the Na release rates are faster than B release rates due to ion 

exchange. Ion-exchange rate versus reciprocal temperature for LAWABP1 Glass (right). 

Slope of the line through the data indicate an activation energy of 52.7 kJ/mol. 

The ion-exchange process is especially important for new ORP glasses because of their high Na 

content. While the baseline WTP glasses had a total alkali content near 21 wt%, newer ORP glasses are 

envisioned to have a total alkali content near 24 wt%, making the understanding of the ion exchange 

mechanism even more important. The current understanding of ion exchange given by McGrail et al. 

(2001c), where simple Na2O-Al2O3-SiO2 glasses were examined, showed that the rate of Na ion exchange 

depends on the population density of non-bridging oxygen sites in the glass, the bond strength of Na 

atoms in Si–O
-
Na

+
 sites, and mechanical stiffness (shear modulus) of the glass network.  
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A final note on the ion exchange process concerns temporal evolution of rIEX. Currently, when 

Equation (3.3) is employed, the term rIEX is a constant to account for the continuous ion exchange process. 

Experiments that have measured the value of rIEX employed a method where the Na release rate is 

captured after the system is assumed to be at steady state (McGrail et al., 2001c; Pierce et al., 2004; 

Pierce et al., 2005). Assuming a constant value is technically imprecise, because the extent of a diffusive 

process, such as ion exchange, decreases as a function of time. This temporal decrease may be explained 

by Fick’s 2
nd

 law, given as: 
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where the concentration, C, is a function of distance, x, and a diffusion coefficient, D. If the diffusion 

coefficient is a constant, the concentration of a species x can be solved at any point relative to the 

concentration of that species at distance 0, C0: 

 

 
 Dt

x
erfcCC

2

'
0

   (3.6) 

 

where t is time in seconds. Thus the decrease in the rate of penetration of the diffusing species in the 

solid, which is directly related to its concentration, diminishes with the square root of time. Simply stated, 

if the interdiffusion rates of H
+
 and Na

+
 are constant and the interface moves slowly relative to the 

diffusion rate, then the flux must decrease with time at roughly the t
1/2

. For this reason, the use of a 

constant rIEX term may be inappropriate. Recent experiments performed using a HLW glass simulant, 

where the ion exchange mechanism has been isolated from the hydrolysis and dissolution mechanisms, 

have shown the rate of penetration of the diffusing alkali species diminishes with time (Neeway et al., 

2014a). In short, additional research is required to better define the functional form of the ion-exchange 

term and parameterize the new series of glass compositions. This is critically important due to the 

secondary impact of ion exchange increasing pH, and thereby increasing dissolution rate. 

3.4 Secondary Phase Formation and Resumption of High Elemental 
Release Rates 

Because of the large glass volume and the low moisture and flow conditions of the disposal facility, 

the pore water is expected to become saturated with respect to secondary phases as the glass-water 

reaction proceeds with time. The secondary phases that form at the interface between the gel-layer and 

solution are often clay minerals (e.g., smectite, kaolinite, montmorillonite) (Buck et al., 1998; Curti et al., 

2006; Pierce et al., 2007). The formation of clay phases has not been observed to change the dissolution 

from the residual rate. However, with the precipitation of certain phases, most often zeolitic phases, an 

acceleration in the reaction rate can occur (i.e., Stage III) (Van Iseghem et al., 1988). This acceleration 
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has only been observed in static test conditions (e.g., pH > 10.5, T > 90 °C, high glass-surface-area-to-

solution-volume (S/V) ratios), and in pressurized unsaturated flow (PUF) test conditions which have low 

flow, high S/V, and T > 90 °C. Furthermore, the rate acceleration has only been observed for certain glass 

compositions (Ebert et al., 2012; Ribet et al., 2004a), while others do not exhibit Stage III behavior under 

the same experimental conditions (Gin et al., 2001). 

The effect of secondary phase formation on waste glass corrosion is another process that is taken into 

account when modeling long-term behavior in a disposal system. Generally, when glass corrodes in the 

presence of water, the secondary phases that form are metastable and evolve to more stable phases with 

time. Phases identified in laboratory experiments (Ebert et al., 2012; Fournier et al., 2014; Pierce et al., 

2013; Ribet and Gin, 2004a; Strachan et al., 2000; Strachan et al., 2014; Van Iseghem and Grambow, 

1988) for a given glass are used as inputs to the reactive transport model as part of its chemical reaction 

network. The reactive transport simulator functions by calculating the temporal evolution of the glass-

water reaction in the disposal system, as a function of time and space. As a solution in contact with a 

dissolving glass becomes more concentrated in glass components, the solubility limit for a specific 

alteration phase(s) contained in the chemical reaction network is achieved. It should be noted that if a 

certain phase is included in the list of possible phases that may form from a given glass composition, it 

does not necessarily mean that the particular phase will form in a simulation. However, when a given 

secondary phase reaches its solubility limit, certain solution species are removed from the contacting 

solution to form the secondary phase, and the chemical composition of the solution responds to this 

change. Ultimately, the glass transforms into an assemblage of alteration products or minerals. Because 

the glass is expected to supply the majority of the species in the fluid in the disposal system, secondary 

phases that form depend primarily on the composition of the glass. If a given glass composition is 

relatively stable with respect to the assemblage of alteration products or minerals, the glass will corrode 

slowly in a solution expected to be saturated with respect to amorphous silica. This phenomenon has been 

demonstrated in natural glasses that have undergone only slight corrosion over geological time scales 

(Libourel et al., 2011; Luo et al., 1998; Techer et al., 2000 ). On the other hand, the glass may become 

unstable with the formation of these secondary phases, and the glass dissolution rate will accelerate. 

Consequently, the laboratory testing program is designed to determine what LAW glass compositions are 

prone to acceleration under IDF disposal conditions.  

The Stage III rate acceleration has been attributed mostly to the precipitation of zeolitic phases (Ebert 

et al., 2012; Ribet and Gin, 2004a; Strachan and Croak, 2000; Strachan and Neeway, 2014; Van Iseghem 

and Grambow, 1988), but the process through which the effect occurs remains poorly understood. The 

mechanism by which phase precipitation and glass dissolution are coupled must be known to incorporate 

the effect into the waste glass degradation model. We note again that an increase in rate has only been 

observed in certain conditions and glass compositions (Ebert et al., 2012; Fournier et al., 2014). High-

level waste glasses (Ribet and Gin, 2004a; Van Iseghem and Grambow, 1988) have exhibited this 

phenomenon, and so have a few representative LAW glasses (McGrail et al., 1998b). Static experiments 

have suggested that aluminum may play a significant role in Stage III behavior, with the aluminum 

concentration decreasing abruptly as the alteration rate increases (Barkatt et al., 1991; Gin and Mestre, 

2001; Ribet and Gin, 2004a). On the other hand, the silicon concentration has been shown to increase 

during the same period (Barkatt et al., 1991), which was wrongly assumed to be inconsistent with the 

precipitation of aluminosilicate phases (see also (Vienna et al., 2013b)) and references contained therein). 

Strachan and Neeway (2014) recently identified an increase in the silicon concentration to be possible 

because of a decrease in the rate-limiting H4SiO4 activity that occurs near pH 9, with an increase in the 
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negatively charged H3SiO4
-
 activity causing a net increase in the silicon concentration. A recent 

experiment by Fournier et al. (2013) showed no effect to the alteration rate of the intermediate activity 

glass, CSD-B, when analcime grains were added to the experiment as a seed for nucleation, but that the 

rate accelerated when the silicon-rich zeolite P was added to a separate system at the same experimental 

conditions. The large difference in effect with small compositional difference suggests the conditions 

required to initiate Stage III are complex. These experiments also illustrate the importance of developing 

a chemical reaction network for the ILAW PA. 

A final note on the effect of secondary phases on glass dissolution is that at low temperatures, a 

number of factors create uncertainty in the chemical reaction network.  

 In most cases, the more thermodynamically stable phase is expected to form; however, 

because this phase precipitates at a slower rate, the amorphous or cryptocrystalline (e.g., 

metastable) phase is actually observed in laboratory measurements.  

 The thermodynamic data required to incorporate these metastable phases into the chemical 

reaction network are limited and the estimates are based on an adjustment to the low-

temperature stable-phase thermodynamic data. Furthermore, the thermodynamic databases do 

not contain measurements for phases where the chemistry has deviated from ideal as a result 

of elemental substitutions or phases that form solid solutions.  

 The formation of the phases contained in the chemical reaction network is assumed to be 

instantaneous, but in reality, kinetics, specifically paragenetic sequence, plays a role in the 

formation of a variety of phases.  

Each of the aforementioned factors can have a noticeable impact on secondary phase formation, and 

therefore glass corrosion and radionuclide release. 

This generates some uncertainty because: (1) the phases formed in accelerated tests may not form in 

the timescales important to controlling glass dissolution in the disposal environment, (2) the 

thermodynamic data for the amorphous phases known to form first are not generally available nor are the 

data for the broad range of solid solutions observed, and (3) the kinetics of phase formation will likely 

influence the glass dissolution rate and are not well enough understood to incorporate in the models. In 

the case of the kinetics of phase formation, assuming instantaneous formation is conservative.
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4.0 IDF PA Source Term Model Approach 

The ILAW glass represents a primary barrier that minimizes radionuclide release from the near-field 

of the IDF LAW glass disposal cell. Thus, having a robust approach to evaluating the long-term behavior 

of this material is a critical component of the overall PA strategy. Our understanding of the glass 

corrosion process has increased significantly, especially during the last decade, because models are now 

able to predict glass performance based on fundamental principles of physics, chemistry, and 

thermodynamics. Presently, several modeling approaches are being used to predict nuclear waste glass 

performance for millennia. For the IDF PA, we only consider the first-order affinity model described in 

Equation (3.1) with adjustments due to sodium ion exchange, in Equation (3.3). Additional details 

describing other modeling approaches are provided in Appendix C. The affinity model and ion-exchange 

model can be incorporated into the physics-based process simulators, STOMP and eSTOMP. Here we 

give a description of STOMP/eSTOMP and how it can be used for predictive analyses in the PA. 

4.1 PA Requirements 

The specific parameters obtained from the proposed glass corrosion test methods that have been 

explained in Section 3.0 (i.e., PUF, PCT, SPFT, and VHT) can be used as inputs to STOMP/eSTOMP for 

predictive analyses in the PA. The parameters serve as a base for the chemical reaction network and 

kinetic rate law parameters used in the model. Preliminary system PA sensitivity or probabilistic 

calculations can alert staff as to which parameters are most sensitive in controlling the risk or impacts. 

This knowledge could guide additional laboratory testing to improve the accuracy, narrow the range of 

values for key parameters, and acquire more technically defensible supporting information before the 

final PA is submitted to the regulators and other stakeholders.  

Figure 4.1 shows a simplified soil column from ground surface to the unconfined aquifer at the IDF 

site. Yellow boxes to the left of the column generally describe the type of modeling that is conducted for 

the PA. This strategy has already been employed in the 2001 PA (Mann et al., 2001). Reactive transport is 

a key element of the modeling, as it is used to predict the fate of water and gases, the evolution of the 

waste packages and repository components over time, and the fate of any released contaminants, the 

macro solutes, and reactive gases through the near-field zone and to the vadose zone. A non-reactive fate 

and transport model then tracks the migration to the aquifer and to any potential environmental receptors. 

Dose calculations are then performed and compared to toxicity levels to quantify risks to receptors. 

Sensitivity and probabilistic analyses are used to determine a range of doses or impacts to account for 

uncertainty in input parameters, limitations in the numerical algorithms (usually simplifications of 

controlling mechanisms) used to process the complex interactions that control the degradation or 

weathering of system components, and scenario uncertainties associated with future conditions. 
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Figure 4.1. Approach to Modeling the Near-Field Environment for the IDF PA 

4.2 Reactive Transport Simulators for the Waste Form Calculations 

The main focus of the testing described in this strategy document fits into the box in Figure 4.1 

labeled Coupled Unsaturated Flow, Chemical Reactions, and Contaminant Transport Simulator. 

Historically, the IDF system PA used STORM (Bacon et al., 2000; Bacon et al., 2004), a reactive 

transport simulator, to perform the near-field calculations of radionuclide releases from the glass. 

STORM was developed by coupling STOMP, a non-isothermal multiphase flow simulator (White et al., 

2000; White and Oostrom, 2006), with AREST-CT Version 1.1, a reactive transport and porous medium 

alteration simulator (Chen et al., 1995; Chen et al., 1996). More details on STORM can be found in 

Bacon et al. (2000; 2004), Bacon and McGrail (2001), McGrail et al. (2001a), and Mann et al. (2001; 

2003). 

STORM represented subsurface flow and transport as a set of coupled, nonlinear, partial differential 

equations. The equations described the rate of change of pore water solute concentrations in variably 

water unsaturated, non-isothermal porous media. STORM capabilities included kinetic dissolution of 

glass (or other waste forms), kinetically controlled precipitation and dissolution of secondary phases, 

equilibrium aqueous solutes speciation, gas-aqueous equilibria, two-phase flow (water and air), and 

dynamic updates to porosity and permeability as changes in mineral volumes occurred. Most importantly, 
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STORM simulated the waste form dissolution kinetic reaction in which equilibrium depends on silica and 

aluminum. Reactive transport in STORM was coupled with unsaturated flow, meaning that the 

unsaturated flow field could be altered by mineral dissolution and precipitation reactions. STORM was 

also designed to run efficiently in parallel on multi-core workstations and supercomputers, shortening 

execution times. 

The STORM simulator, however, limits reactive transport to two dimensions, and cannot simulate 

three-dimensional flow and transport resulting from heterogeneities in the subsurface. Moreover, STORM 

is no longer under active development, and has not received a Class C Safety and Hazard Analysis and 

Design Software classification. Therefore, under DOE Order 414.1C, STORM cannot be used for future 

risk and PA analyses.  

STOMP (White and Oostrom, 2006) can simulate flow and reactive transport in three dimensions, 

and adheres to rigorous quality assurance (QA) procedures that are compliant with DOE Order 414.1C. 

STOMP is a general purpose simulator that was developed at PNNL for modeling subsurface flow and 

transport under variably saturated conditions. The simulator uses a variable source code configuration that 

allows the execution memory and speed to be tailored to problem specifics. Quantitative predictions from 

the STOMP simulator are generated from the numerical solution of partial differential equations that 

describe subsurface environment transport phenomena. Governing equations for solute mass conservation 

are solved sequentially, following the solution of the coupled flow equations. The ECKEChem 

(Equilibrium-Conservation-Kinetic Equation Chemistry) module (White et al., 2005) is used to simulate 

reactive geochemistry. Using the variable source code configuration of STOMP, reactive transport 

simulations can be implemented using an executable designated as STOMP-W-R, which simulates the 

governing equations for flow, solute transport, and reactive geochemistry. It is important to note that 

STOMP development is managed under a Configuration Management Plan (CMP) in conjunction with a 

Software Test Plan (STP) that details the procedures used to test, document, and archive modifications to 

the source code. Formal procedures for software problem reporting and corrective actions for software 

errors and updates are maintained and rigorously implemented. Documentation of all verification and 

validation testing is publicly available. 

The eSTOMP simulator, the highly-scalable (parallel) version of STOMP, has been updated with the 

same waste form calculations that have already been incorporated into STOMP. The eSTOMP simulator 

was developed from STOMP using a component-based approach. The key features of this conversion 

were: (1) the definition of a data model to describe a grid that is distributed over multiple processors, (2) 

the definition of a grid component interface based on this model, and (3) the implementation of the grid 

component and the conversion of the remaining portions of the code using the Global Arrays toolkit (GA) 

(Nieplocha et al., 2006). The GA toolkit supports a one-sided communication, shared memory style 

programming model on both shared and distributed memory platforms. Because the eSTOMP simulator is 

highly scalable, it is ideally suited for running waste form calculations, since long run times can result 

when they are executed with a serial code. 

The glass dissolution testing, along with knowledge of near-field phenomena, provides the parameters 

that describe temporal corrosion processes, as well as the means to validate components of the system PA. 

Experimental work and solid phase characterization activities identify the type and quantity of minerals 

present at the time of disposal, as well as the long-term paragenetic sequence in mineral assemblages. 

Both distribution coefficients (Kd) and solubility-precipitation constructs will be used to predict the 

proportions of leached contaminants between the sediments and vadose zone pore waters.
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5.0 Data Needs and Strategy 

In order to provide key input parameters for near-field reactive transport modeling, well-constrained 

and interpretable experiments will be performed to isolate and parameterize the key mechanisms of glass 

corrosion. The parameters that will be measured include k , Ea, , Kg, and rIEX. Another key input is the 

subset of secondary phases and associated thermodynamic data that must be included as part of the 

chemical reaction network. As the phases formed can change based on the initial glass composition and 

test conditions, analyses of the phases formed from a broad range of ILAW glasses and conditions is 

needed. Previous ILAW glass studies have provided input parameter data on WTP commissioning 

glasses. The corrosion behavior of a range of WTP commissioning glasses was evaluated using a variety 

of durability tests, which included the SPFT, PCT, PUF, and VHT methods, to obtain the required 

parameters for near-field reactive transport modeling. Additional details on the various test methods 

(SPFT, PCT, PUF, and VHT) are provided in Appendix D. Because of the wider compositional range 

currently being proposed for the new WTP glass formulations, and the uncertainty in how these newer 

glasses perform under disposal conditions, similar measurements must be conducted to develop parameter 

estimates in support of the near-field reactive transport modeling for the IDF PA. Because it is not 

possible to measure each glass due to the wide range in composition space that is proposed for the new 

ORP glasses, the present study will examine a subset of statistically designed samples developed using a 

layered design method that covers the expanded compositional range (Piepel et al., 1993). In this section 

we briefly describe how the parameters measured for the new glass compositions will be obtained, and 

propose some new experiments that will provide a more robust understanding of the glasses in the new 

compositional space.  

As part of the strategy, a set of static screening tests will be used to guide the design of the more 

intensive parameter testing (i.e., SPFT and PUF). The screening tests methods that will be used include 

PCT-A, PCT-B, and VHT. Each of these test methods allows for a large set of glasses to be evaluated 

relatively quickly. The PCT-A consists of placing glass of a known particle size into a solution of 

deionized water in a stainless steel reactor at a glass-mass-to-solution-volume ratio (S/V) of 1:10. The 

reactor containing the glass is then sealed and placed in an oven at 90 °C for 7 days. The PCT-B method, 

which is similar to PCT-A, can be performed at a variety of S/V ratios to examine the behavior of the 

glass at varying time periods and temperatures. Performing the test for longer time periods, up to several 

years, gives invaluable information, such as the tendency of certain glass compositions to undergo Stage 

III alteration. Furthermore, solid-state analyses may be performed to obtain further information on 

secondary phases that form as a result of the aqueous alteration. The VHT qualifying test involves 

suspending a glass coupon in a sealed reactor with 0.25 mL of water. The reactor is then placed in an 

oven at 200 °C for a minimum of 7 days (typically 24 days has been used in glass development efforts). 

Upon termination of the experiment, the sample is removed and the altered thickness of the glass is 

measured. From the altered thickness, the rate of glass corrosion can be calculated. The results collected 

from the PCT-A, PCT-B, and VHT will be used to gain insight on the impact of glass composition on the 

rate of glass corrosion, as well as the propensity of particular glasses to exhibit Stage III corrosion 

behavior by analyzing the surface alteration products observed for each glass.  

As mentioned earlier, several key parameters for the rate law ( k , Ea, , and Kg) can be derived using 

the SPFT test method (Icenhower et al., 2008; McGrail et al., 1997a; McGrail et al., 2000a; McGrail et 

al., 2001c; Pierce et al., 2005; Pierce et al., 2010b) (see Appendix D.1). The SPFT tests are designed to 
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elucidate various parameters by independently varying experimental conditions. Table 5.1 gives a list of 

each parameter and how that parameter can be obtained during testing. Although a particular experiment 

is called out, each parameter value is obtained through a regression analysis of the entire dataset. These 

parameters are then used to populate the chemical affinity-based kinetic rate law given in Equation (3.1).  

 

Table 5.1.  The Various Parameters that are Obtained Using the Single-Pass Flow-Through Method for a 

Given Glass Composition 

Parameter Symbol Units Measurement 

Forward rate k  g/m
2
d The pH (7, 8, 9, 10, 11, and 12) and temperature (23, 40, 70, and 

90 °C) are fixed and the flow rate is varied. The forward rate is 

given when the dissolution rate is independent of flow rate. 

Activation 

energy 

Ea kJ/mol The pH is fixed, the temperature is varied, and a flow rate consistent 

with a forward rate is used at each temperature (23, 40, 70, and 

90 °C) and pH (7, 8, 9, 10. 11, and 12). 

pH power 

law 

coefficient 

η unitless The temperature (23, 40, 70, and 90 °C) is fixed, the pH (7, 8, 9, 10, 

11, and 12) is varied, and a flow rate consistent with a forward rate 

is used. 

Equilibrium 

constant of 

rate 

controlling 

reaction 

Kg unitless The pH (9) and temperature (23, 40, 70, and 90 °C) are fixed and a 

flow rate constant with a forward rate is used. Silicon is added at 

several concentrations and the dissolution rate is measured at each 

concentration. The data can be extrapolated to calculate the value at 

which activity of H4SiO4 should correspond to a dissolution rate of 

zero. 

Ion 

exchange 

constant 

rIEX g/m
2
d The same conditions are used as for measuring Kg. The dissolution 

rate is measured at H4SiO4 activities that are greater than 

extrapolated value calculated for Kg. For increasingly greater 

H4SiO4 activities, the rate is independent of the H4SiO4 activity. The 

rate difference for Na and B is used as rIEX. 

 

The last test method that is commonly used to supply information for ILAW data packages is the PUF 

test (Appendix D.4). The test is performed under hydraulically unsaturated conditions, thus simulating the 

open flow and transport conditions expected in the IDF. The results from the PUF experiment provide 

data on the secondary phases expected to form as a result of glass corrosion. This is obtained by 

characterizing the reacted glass at the end of the PUF experiment to determine the alteration layer 

thickness and reaction products that have formed on the surface of the glass. The data collected from the 

PUF experiments have also been used to validate model parameters derived from SPFT experiments 

(Pierce and Bacon, 2011).  

Each of the aforementioned test methods have been used extensively in the past to provide the data 

needed to generate the model parameters used in a reactive transport simulator. In the present strategy 

document, we will use a similar approach for the wider compositional range currently being proposed for 

the new WTP glass formulations. Provided below is a list of the various tests that will be performed. The 

list includes methods that have previously been employed, and highlights newer experimental techniques 

that are now available. 
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 As in previous data packages, the various parameters that will be used to model the glass corrosion 

process as described in Equation (3.1) will be derived using the SPFT method. Once these parameters 

have been estimated, they will be compared to previous values measured for the baseline WTP 

glasses (Bacon et al., 2010). For experiments designed to measure the forward rate of reaction, an 

advanced version of the SPFT method will be employed. This technique is designed to measure the 

retreat of the glass surface by masking the subsection of the glass surface with insoluble epoxy prior 

to starting the experiment. The initial marker allows for the surface retreat depth to be measured, and 

a dissolution rate can be calculated as a function of height. This experimental approach is 

advantageous because it eliminates the need for solution concentration measurements.  

 Because alkali elements are the principal component involved in the ion-exchange reaction with 

water, it is theorized that an increase in the total alkali content in the new WTP glass formulations 

may have a direct effect on the importance of this reaction in terms of the long-term performance of 

the glass. An investigation of the time dependence on the alkali exchange reaction will be performed. 

The use of a diffusion-controlled alkali release term will increase the versatility and accuracy of the 

rIEX term. This will be measured using the advanced SPFT. 

 At present, the chance for a glass sample to enter Stage III of the glass corrosion process is poorly 

understood. The onset of this acceleration has been found to be correlated with the appearance of 

certain alteration phases on the glass surface and that these phases are mainly zeolitic. Experiments 

that identify the phases, and perhaps find solutions to mitigate their effect, are needed. One 

experimental method that will be used to investigate the types of zeolites that are formed is the PUF 

method. However, to canvas a larger number of glasses than are practical to test in PUF, a set of static 

tests will be performed with high S/V at 90 °C. These tests will include instrumentation to either 

continuously or periodically measure parameters that indicate acceleration (e.g., electrical 

conductivity or pH). This approach will allow for the identification of certain glasses in a 

compositional range are determined to be particularly susceptible to Stage III alteration. 

 The variation in each measured parameter ( , Ea, , and Kg, rIEX) will be evaluated to determine 

compositional trends that can ultimately be used to either assign different parameters to different 

waste forms in the model or to form a performance weighted set of average parameters considering 

the amount of each glass composition to be produced. Boundaries between glass compositions that 

are prone to Stage III acceleration and glasses that do not accelerate will be defined. 

k
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6.0 Conclusion 

An overall strategy for evaluating the long-term performance of the advanced ORP LAW glasses 

being considered for treatment of Hanford LAW has been presented. Laboratory testing is recommended 

to parameterize the dissolution models for the increased compositional space. Various testing to be 

performed includes single-pass flow-through (SPFT), product consistency test (PCT), vapor hydration test 

(VHT), and pressurized unsaturated flow (PUF) tests. Due to the new, high-Na compositional space, extra 

effort is recommended to understand the effect of ion exchange and secondary phase formation (including 

propensity for Stage III dissolution behavior) on the long-term performance of glass in the IDF. The tests 

will also allow an understanding of the chemical reaction network that can then be used to constrain the 

calculations that will be used in the chemical transport model, STOMP. 
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Disposal System Description 

Plans call for the IDF system to include a protective surface barrier with design elements to minimize 

root intrusion, animal intrusion, and water infiltration. The site is not near any existing or past waste 

disposal sites. A conceptual design has been described by Mann et al. (2003) and is shown in Figure A.1. 

The use of silt-loam soils when combined with a representative community of shrub-steppe vegetation has 

been shown to cause most precipitation falling on the region to be lost through evapotranspiration. 

Consequently, the disposal facility is to be located in relatively dry, unsaturated soil, and performance 

assessment models must be applicable to the specific physics and chemistry of this type of system. 

An important input for reactive transport modelling is water flow. Water flow in the near-surface 

unsaturated zone is transient due to infrequent precipitation events. Transient water flow begins when 

water enters at the ground surface and infiltrates downward into the soil column. At some point along the 

column depth, the transient effects will dampen out, and the downward flowing water will reach a steady 

infiltration rate. Thus, the unsaturated zone essentially comprises two regions: one where water flow is 

transient and one where water flow is stable until it reaches the aquifer. The IDF will be situated in the 

region of steady flow. However, plans call for a protective surface barrier to be engineered to minimize 

water infiltration. 

ILAW glass canisters produced at WTP are to be right circular cylinders (1.22 m diameter by 2.29 m 

tall), made of 304L stainless steel and at least 85% filled with LAW glass (2 m high). These waste 

packages are stacked, at a maximum, 4 layers high in the IDF trench corresponding to a maximum glass 

height of 8 meters. The remaining fill material into the trench is assumed to be backfill soil. Each cell in 

the IDF trench consists of a contiguous group of waste packages in a given layer. 

Backfilled soil is included around and on top of the waste containers in the facility. The soil was 

included in these concepts: 1) for structural support, 2) to wick moisture away from the waste containers, 

and 3) to provide radiation shielding for the facility workers. The waste packages are to be located 

approximately 15 m below the top of the surface barrier. At this depth, the ambient temperature is 

approximately 15 °C, and temperature fluctuations are less than 2 °C.  
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East – West Cross-Section 
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North – South Cross Section 

 

 
Figure A.1 IDF Trench Conceptual Model
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Glass Dissolution Process 

Although the glass dissolution process is summarized in Section 3.0, this section goes into more 

detail on the mechanisms that control glass dissolution and the variety of models that have been utilized 

to model corrosion. The corrosion of silicate glass is a complex process that is dependent on parameters 

such as glass composition, the glass surface area-to-leachate volume ratio (in static conditions) or 

leachant flow rate (in flowing conditions), and time, as well as environmental parameters such as pH, 

temperature, and the chemical composition of the leachate. The transformation of the pristine glass 

material to a complex corrosion product containing amorphous surface layers and crystalline alteration 

phases is a result of several concurrent mechanisms such as water diffusion, ion-exchange, and hydrolysis 

of network-forming species, and release soluble glass components into the surrounding solution. Much of 

this work relevant to silicate waste glasses has been compiled and critically reviewed (Bates et al., 1994; 

Bourcier, 1994; Frugier et al., 2009; Icenhower et al., 2004; Jantzen et al., 2010; Mendel, 1984; Poinssot 

et al., 2012; Van Iseghem et al., 2006a; Vernaz et al., 2001; Vienna et al., 2013b; Werme et al., 1990). As 

mentioned earlier, the glass dissolution process in static conditions may be divided into three main 

behavioral stages (Bates et al., 1994), explained in more detail below. 

The initial (Stage I) period of relatively rapid dissolution is characterized by nearly congruent release 

due to the hydrolysis of the silicate network, along with diffusion of water into the glass network, and ion 

exchange of hydrogen-containing species with alkalis (Doremus, 1975; Rana and Douglas, 1961a; Rana 

and Douglas, 1961b). In a static solution with sufficiently high surface-area/volume ratio, this stage is 

relatively short-lived. Largely due to alkali ion exchange, static solutions exhibit an increase in pH. The 

hydrolysis of the silicate network and the release of Si into solution results in an increase in the 

concentration of dissolved components. With this, a porous, silica-rich, cation-depleted, amorphous phase 

commonly referred to as the gel begins to form. This hydrated gel is composed primarily of insoluble 

glass components (i.e., Al, Fe, and Si) that either restructure from the glass network, or dissolve and re-

condense (i.e., the back reaction in the dissolution step) at the glass-water interface.  

The net effect is that the glass dissolution slows from the initial rate to a much slower residual rate 

that defines Stage II behavior. In the transition to this second stage, the matrix dissolution rate becomes 

dependent on the solution saturation state (concentration of elements in solution) and the alteration layers 

become thicker and an effective barrier to transport. Although the relative importance of the two 

mechanisms is still a matter for debate, the community has reached consensus that both the build-up of 

solution species and the alteration layers must be accounted for in models of the glass-water reaction. The 

underlying mechanism controlling these process is still being debated (Van Iseghem et al., 2006a). The 

slow reaction rate that is measured when the solution is saturated with respect to amorphous silica is often 

referred to as the “residual rate” or “steady state” and has been the focus of many recent studies 

(Cailleteau et al., 2008; Chave et al., 2007; Frugier et al., 2008; Gin et al., 2012; Guittonneau et al., 2011; 

Neeway et al., 2011; Poinssot and Gin, 2012). 

Eventually, in static conditions, the solution becomes saturated with respect to secondary phases. 

These phases are most often clay minerals, such as smectite or chlorite (Pierce et al., 2007), that form at 

the interface between the gel layer and solution and have a relatively small impact on the residual rate, if 
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any. With the precipitation of certain phases, however, a marked acceleration in the reaction rate can 

occur (Van Iseghem and Grambow, 1988) and this has been termed Stage III behavior. This acceleration 

has only been observed in extreme conditions such as high pH (> 10.5), high T (> 90 °C), high glass-

surface-to-solution-volume (S/V) ratios, and in the accelerated dissolution conditions in the Pressurized 

Unsaturated Flow (PUF) test. Additionally, only certain glass compositions appear to create solution 

conditions that drive this behavior naturally (Ribet et al., 2004b), while other glass compositions can be 

made to exhibit Stage III behavior when the solution is artificially altered (Ribet and Gin, 2004a). 
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Published Modeling Techniques 

This section presents a brief summary of the various conceptual/mechanistic models that have been 

employed historically by various groups to describe glass dissolution behavior. 

C.1 Diffusion Models 

One traditional method of discussing the selective removal of alkali ions from glasses involves the 

basic mechanism of ion exchange in which H
+
, H3O

+
, and/or H2O exchanges for an M+ ion in the glass. 

The displacement of M
+
 from the glass results in the formation of a hydrated surface that is depleted of 

alkali ions (Doremus, 1975; Doremus, 1977; Rana and Douglas, 1961a; Rana and Douglas, 1961b). This 

reaction occurs at all stages of glass dissolution and may become the dominant reaction under certain 

conditions (e.g., solution saturated conditions and/or long time scales). The rate-limiting step in this 

model is the counter-diffusion or interdiffusion of M
+
 and H

+
 (or H3O

+
, H2O). Models eventually evolved 

to take into account the effects caused by diffusion through the hydrated glass (i.e., opening the surface 

structure through hydrolysis and dissolution) (Boksay et al., 1968). The mechanism, however, could not 

explain the behavior of mixed-alkali glasses where interdiffusion coefficients were 2 to 7 orders of 

magnitude greater than the measured solid-state diffusion coefficients (Bunker et al., 1983). Despite this, 

the concept of diffusion is still included in some of the current models being developed today. 

C.2 Surface (“Passivating”) Layer Models 

Another type of model is based on the concept of a "passivating" layer that builds up on the surface of 

a glass and reduces the element release rate. This model was first proposed in the early 1980s (Machiels 

et al., 1981; Pescatore et al., 1982; Wallace et al., 1983) and efforts are still being made to develop model 

based on this concept. In fact, the passivating-layer model is being developed to describe the behavior of 

French HLW glass (Frugier et al., 2008; Frugier et al., 2009; Minet et al., 2010). The passivating layer 

theory is based on the development of a layer that limits the diffusion of a species between the pristine 

glass and solution. Physical evidence of the phenomenon has been demonstrated by Cailleteau et al. 

(2008), who demonstrated a sharp drop in the elemental release rate for silicate glasses with the buildup 

of a dense outer layer on the corroded glass surface. This layer, however, seemed to be a surface layer and 

not a layer between the pristine glass and gel as is hypothesized to be controlling the dissolution rate of 

glass in passivating layer models. Recent work by Ryan et al. (2012) has used Atom Probe Tomography 

(APT) with nanometer-scale resolution to locate the existence of a small layer between the pristine glass 

and the gel; however, it is unknown if this layer is responsible for limiting the glass corrosion rate. Monte 

Carlo modelling of simple glasses has also shown the appearance of a blocking layer, which upon 

formation, is responsible for slowing the rate of glass dissolution (Kerisit et al., 2012; Kerisit et al., 2013). 

This concept is the basis behind one of the more mature glass dissolution models in use today, which is 

described in more detail below. 
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C.3 Dissolution/Precipitation Models 

Another theory for mineral or glass dissolution is based on an interfacial dissolution reprecipitation 

method where the pristine material dissolves on contact with water and reforms at the interface to form 

the alteration layer. The theory assumes congruent dissolution of the surface that is spatially and 

temporally coupled to a precipitating phase at an inward-moving reaction front. The idea was first 

theorized in the 1960s by O’Neil and Taylor (1967), and has again garnered attention with the use of new 

instrumentation with better depth resolution, including high resolution and energy filtered transmission 

electron microscopy (HRTEM, EFTEM) (Daval et al., 2013; Hellmann et al., 2012). The theory has been 

used to describe alteration layer striations observed in nuclear waste glasses corroded in hydrothermal, 

acidic environments (Geisler et al., 2010). 

 

C.4 Solution Chemistry Models 

One of the shortcomings of most of the work mentioned above is the absence of a description of the 

solution chemistry, both before and after contact with the glass. To resolve this, Grambow (1981) was 

able to demonstrate that the solution chemistry could be modelled using the solubility of various minerals 

that precipitate during the reaction, and that these could be explained using a geochemical modelling 

code. Grambow was also able to determine that the rate of glass dissolution was dependent on the 

concentration of orthosilicic acid, H4SiO4, where the rate limiting reaction is the hydrolysis and removal 

of Si(OH)4 groups. This resulted in a first-order rate law (Grambow, 1985), a variant of which is given in 

Equation (3.1). The model has been successfully applied to several types of glass. Attempts were also 

made to extend the solubility of the alteration layer (Bourcier et al., 1990). Modelling glass dissolution by 

this method has gained international approval, and has been recommended for use in performance 

assessments for Hanford LLW glass (McGrail et al., 1998b). 

C.5 Calculation of Glass Dissolution Using GRAAL and the GM Model 

Several conceptual models have been discussed in the previous section. Implementation of these 

concepts using credible mathematical models is necessary to be able to defend the science behind the 

mechanisms controlling the glass dissolution rate. The outputs from these models will be used as the 

radionuclide source term for modelling of the performance of the entire disposal system. These models 

are best when they are simple, robust, and can reproduce experimental data through the various stages of 

the glass corrosion process. In this section, we introduce two models that have been proposed in the last 

decade. The first, GRAAL (Frugier et al., 2008), was produced explicitly to describe the behavior of the 

French HLW glass, SON68, and is based on the creation of a diffusion limiting layer that controls glass 

dissolution. The second is the GM2004 model (Grambow et al., 2001), which is based on an affinity-

controlled mechanism with the allowance of water diffusion in glass that leads to continued glass 

dissolution even in saturated conditions. Both models address the following processes: build-up of a gel 

layer, description of the gel layer (which may have protective properties) by transport limitations of 

dissolved silica, accumulation of dissolved silica in the bulk solution, retention of silica in the gel and 

incongruent release of soluble glass constituents, and the use of a limiting solution concentration of 

dissolved silica at the glass surface. The GM2004 and a predecessor of the GRAAL model, known as r(t), 

were examined in detail by a team of international experts as part of the GLAMOR project (Van Iseghem 

et al., 2006b). In describing these models, we are not attempting to replace the current model (Equation 
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(3.1)) used for ILAW, but rather to describe other concepts through which experts model the glass 

corrosion process. 

C.5.1 GRAAL Model 

The GRAAL
1
 (Glass Reactivity with Allowance for the Alteration Layer) model has been proposed 

by Frugier and coworkers (Frugier et al., 2008; Frugier et al., 2009; Minet et al., 2010) explicitly to 

reproduce experimental data from SON68 glass corrosion studies. In general, the model proposes that 

transport through a thin, dense layer is the rate-limiting step in the overall glass dissolution kinetics. This 

layer, called the passivating reactive interphase (PRI), is a sparingly soluble phase whose stability is 

directly dependent on the nature of the secondary phases and the flow rate. The model takes the sum of 

the rate law for gel dissolution and the rate law for diffusion through this layer.  

The diffusion rate law corresponds to the mathematical formalism of ion diffusion in a semi-infinite 

1- D medium, and follows a square-root time-dependent rate law, which can be seen in the following 

equation giving the dissolution rate of the PRI: 
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    (C.1) 

 

where E is the dissolved PRI thickness at time t, rdisso is the PRI dissolution rate in pure water, and Csat is 

the corresponding H4SiO4 concentration at which dissolution ceases. 

The formation of the PRI is given by: 
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  (C.2) 

where rhydr is the hydrolysis rate of soluble glass constituents (boron, alkali ions) during the creation of 

the PRI, e is the PRI thickness at time t, and DPRI is the water diffusion coefficient in the PRI. The model 

also involves a silica model sink term. 

Something that is readily apparent from the model is that, although it is considered a transport-

limiting model based on the formation of a passivating layer, it still considers an affinity-driven rate law 

where the concentration of Si in solution is tracked. A geochemical version of this model combining the 

chemical equilibria in solution, ion transport by convection of diffusion, and element diffusion through 

the PRI has been released (Frugier et al., 2009), as well as a simplified version of the model that only 

considers the silica saturation concentration and the precipitation of neophormed phases by an affinity 

relation for silicon above a precipitation threshold Csat (Minet et al., 2010). It should be noted that the 

species that is assumed to control the reaction via transport through the PRI remains undefined. 

                                                      
1
 The translation of “graal” from French to English is “grail”. 
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C.5.2 GM Model 

The GM2004 model is a 1-D model where diffusion coefficients, rate constants, surface layer 

porosities, and solubility constants are considered to be constant (Grambow and Müller, 2001). This 

dissolution is the sum of two parallel reactions— water diffusion/ion exchange and the congruent 

dissolution of glass elements at the gel/diffusion layer. In general terms, the evolution of the glass 

corrosion process, as described from the model, is the growth of an altered layer as a function of time. 

This layer grows at the interface between the gel and solution, and the rate of glass dissolution is tracked. 

The time-dependent concentration of water in the glass can be described using an equation that considers 

the advection, dispersion, and reaction of water in the glass and is typically used for mass transfer 

calculation of reactive contaminant transport in porous media. 

The equation focuses on the transport of water through the gel layer and also considers the silica 

saturation effect as mentioned previously. The protective effect of the gel layer may be explained by the 

buildup and hindering of dissolved silica in the gel layer, which gives a high local silica concentration and 

thus slows glass dissolution. A resulting mass balance constraint requires that the mass flux of dissolved 

material from the glass surface equals the mass transfer across the transport barrier.  

Due to the complexity of the equations used in the model, they will not be presented here. In 

summary, transport is controlled by the surface layer and/or through transport control in the porous media 

surrounding the glass. The slower of these processes will be the rate controlling step. This model does not 

account for geochemical constraints, such as the pH dependency of the affinity controlled reactions or of 

solubility-controlled secondary phase formation, and it does not account for the effects of pH evolution 

during the preceding reaction.  
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Laboratory Testing 

This appendix describes various laboratory testing methods. 

D.1 Single-Pass Flow-Through (SPFT) Test 

The Single-Pass Flow Through (SPFT) test method involves dissolving a solid material by 

continuously flowing the solution through a container (ASTM, 2010). A schematic apparatus of the SPFT 

system is presented in Figure D.1. The system functions through the use of syringe pumps (Kloehn) that 

draw the chemically controlled solution (i.e., pH, [H4SiO4]) from the input reservoirs and transfer it to the 

reactor vessels through Teflon tubing. The oven is maintained at a desired temperature for the entire test 

duration. The reactors contain one influent and one effluent port with the solid sample dispersed at the 

bottom of the reactor. The SPFT system design ensures adequate mixing of the solids with influent. 

Effluent solutions are analyzed for elements that can trace the extent of glass dissolution. The steady-state 

rate of reaction is assumed when effluent concentrations of the analyte of interest differed by less than 

10%.  

 
Figure D.1  Schematic of the Single-Pass Flow-Through (SPFT) Apparatus for Determining Reaction 

Rates in Continuous Flow Solution.  
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D.2 Product Consistency Test (PCT) 

The Product Consistency Test (PCT) method is generally used “to evaluate whether the chemical 

durability and elemental release characteristics of nuclear, hazardous, and mixed glass waste forms have 

been consistently controlled during production” (ASTM, 2008). The PCT can be run in two methods 

designated A and B. Method A is a more stringent test with all variables being constrained. The test is run 

with a glass waste form that is crushed and sieved to – 100 to + 200 mesh (0.149-0.074 mm). At least 1 g 

of the sieved material is placed in a Type 304L stainless steel vessel. An amount of ASTM Type I water 

equal to 10 ± 0.5 cm
3
/g of sample mass is added, giving an S/V ratio of approximately 20000 m

-1
. The 

vessel is sealed and placed in an oven at 90 °C for seven days. The solution concentration and pH are then 

measured to give an indication of glass performance. Generally, to be considered an acceptable waste 

form, a glass should demonstrate higher chemical durability in the PCT-A than the Environmental 

Assessment (EA) glass (NLNa= 6.81 +- 0.95 g/m
2
) (Jantzen et al., 1994). The PCT-B method allows more 

variation in the test method, including varying experimental duration, temperature, S/V ratio, and the 

ability to use a Teflon vessel. In general, the PCT-B method is a well-constrained static test.  

D.3 Vapor Hydration Test (VHT) 

For the vapor hydration tests (ASTM, 2009), glass is suspended from a support rod inside the test 

vessel with platinum wire (Figure D.2). A volume of water determined by the volume of the test vessel 

and the test temperature is added to the vessel. For a 22 mL test vessel with testing conducted between 5 

and 300 °C, the volume of water varies from 0.05 to 1.39 g. The vessel is then sealed and placed in an 

oven at the desired test temperature and left undisturbed. After the desired test duration, the vessel is 

removed from the oven and the bottom of the vessel is cooled to condense the vapor in the vessel. The 

extent of glass dissolution is quantified by measuring the alteration thickness of the sample coupon. To 

comply with current regulations, the alteration rate at 200 °C should be less than 50 g/m
2
d (DOE, 2000; 

Vienna et al., 2001). Samples may also be examined with optical microscopy, XRD, SEM, and other 

analytical methods.  

 

 
 

Figure D.2 Apparatus for Conducting Vapor Hydration Tests (ASTM, 2009) 
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D.4 Pressurized Unsaturated Flow (PUF) Test 

The PUF apparatus is used to mimic hydraulically unsaturated flow in vadose zone environments, 

such as the IDF, while allowing the corroding waste form to achieve a final reaction state. A schematic 

picture of the apparatus is depicted in Figure D.3. The PUF column operates under a hydraulically 

unsaturated condition by creating a constant-pressure, steady-state vertical water flow, while maintaining 

uniform water content throughout the column using gravity to induce flow. Hydraulically unsaturated 

porous media are characterized by the presence of a continuous air phase along with a continuous water 

phase. A constant pressure is achieved with monitored gas pressure, and a porous stainless steel plate 

(0.2-μm pores) at the effluent end of the column wicks water from the material, which then transports to 

the sample vial. 

The columns are constructed from polyether ether ketone (PEEK) materials and are 7.62-cm long and 

1.91-cm wide with a porous plate placed at the bottom between the material and the effluent port. The 

porous plate is water saturated before packing, and stays saturated throughout the experiment to maintain 

water flow. Gravity transports water from the influent port to the plate, and the positive gas (air) pressure 

applied keeps the material uniformly water unsaturated at the constant flow rate supplied by 

programmable syringe pumps (2.0 mL day
-1

). All system parameters are monitored using LabVIEW™ 

(National Instruments Corporation), which logs test data from several thermocouples, pressure sensors, 

inline sensors for effluent pH and electrical conductivity, and an electronic strain gauge that measures 

column mass. The mass was used along with measurements at the start and end of the experiment to 

calculate the relative hydraulic saturation (% saturation). Periodic gas venting involves the control of 

solenoid valves by LabVIEW™. 

Columns are dry packed with the material of interest. After packing, the column is mounted on the 

apparatus and a heating coil with thermocouples is attached to the column. The column is then vacuum-

saturated with 18.2 MΩ DI H2O at ambient temperature. The column initially is allowed to desaturate by 

gravity drainage, with the gas pressure being brought up to the desired level. A temperature controller is 

then programmed to heat the column to an approximate desired temperature and this temperature is 

maintained throughout the experiment. After reaching the desired temperature, the influent valve is 

opened, and influent is set to a low flow rate of ~2 mL/d. Effluent samples are collected and acidified for 

elemental analysis with inductively coupled plasma-optical emission spectroscopy (ICP-OES) or -mass 

spectrometry (ICP-MS). After termination of the experiment, the solid samples can be collected from the 

column at depths of 0.5 cm to characterize the evolution of phases along the depth of the column. 

More details of the system and test procedure have been described previously by McGrail and 

coworkers (McGrail et al., 1997b; McGrail et al., 1999) and Pierce and coworkers (Neeway et al., 2014b; 

Pierce et al., 2006; Pierce et al., 2007; Pierce et al., 2014). 
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Figure D.3 Schematic of the Pressurized Unsaturated Flow Apparatus (Pierce et al., 2007) 
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