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The following DTNs are output and validation DTNs from this model report.  Note that the DTNs containing material for validated models and analyses that feed TSPA-LA will be qualified.  Those presenting material solely for sensitivities and validation will remain unqualified.  These unqualified DTNs are for use in sensitivities only and, if used for direct input of a document, must be qualified for intended use.

MO0702PADISCON.001. Dissolved Concentration Limits of Elements with Radioactive Isotopes.  This DTN consists of one zip file (Dissolved_DTN_1_new.zip) consisting of one Word file.  The DTN presents dissolved concentrations or solubility limits for elements with radioactive isotopes (actinium, americium, carbon, cesium, chlorine, iodine, lead, neptunium, plutonium, protactinium, radium, selenium, strontium, technetium, thorium, tin, and uranium) relevant to calculated dose.  These are presented in a series of 2-D look-up tables.  The DTN also contains Log K uncertainty values.  The 2-D look-up tables for the fluoride uncertainty is located in DTN:  MO0702PAFLUORI.000.  Equations 8-1 and 8-2 in Section 8.1.2 of this report indicate how uncertainty is to be added to the solubility limits in this DTN.

MO0702PAFLUORI.000.  Fluoride Uncertainty Associated with Dissolved Concentration Limits.  This DTN consists of one zip file (Fluoride DTN.zip) consisting of one 
Word file.  The DTN presents the fluoride uncertainty that should be applied to dissolved concentrations or solubility limits for elements with radioactive isotopes presented in DTN:  MO0702PADISCON.001 (plutonium, neptunium, uranium, thorium, americium, protactinium, and tin).  These results are presented in a series of two-dimensional (2-D) look-up tables.  Equations 8-1 and 8-2 in Section 8.1.2 of this report indicate how uncertainty is to be added to the solubility limits in DTN:  MO0702PADISCON.001.

MO0704PASOLCAP.000.  In-Package Solubility "Caps" for Pu, Np, U, Th, Am, and Pa.  This DTN consists of one zip file (Caps DTN.zip) consisting of one Word file.  This DTN presents the results of analyses to determine the maximum (capping) concentrations of radioelements inside waste packages.  This is important when outside the bounds of the models presented in this model report.  These results are presented in a series of look-up tables.

MO0704PALOWDOX.000.  Lower Redox Sensitivity on Np, U, and Tc Solubility Limits.  This DTN consists of one zip file (Dissolved redox PMA TDIP DTN.zip) consisting of one Word file.  This DTN presents the results of analyses to determine the effects of a lower redox state on the dissolved concentration limits of Np, U, and Tc.  Since the U results show very minor differences from the base fully oxidized case, those results are not presented here but the user is referred back to the compliance DTN (MO0702PADISCON.001).  The results of the analysis for Np and Tc are presented in this DTN as two look-up tables.  Uncertainties on the values within the look-up tables are presented in a third table.  The data will remain unqualified since the modeling efforts for these sensitivities have not undergone validation as they are meant for use in sensitivity analyses only.

MO0705DISCON60.000.  Dissolved Concentration Limits of Pu, Np, U, Th, Am, Pa, and Ra at Elevated Temperatures (60C).  This DTN consists of one zip file (60C Sensitivity DTN.zip) consisting of one word file.  The DTN presents dissolved concentrations or solubility limits for americium, neptunium, plutonium, protactinium, radium, thorium, and uranium at 60°C).  These are presented in the form of 2-D look-up takes.  Due to the amount of higher temperature data missing from the thermodynamic database used in EQ3/6 modeling, the 60(C models are presented solely as sensitivity cases.  Additionally, the modeling efforts for these sensitivities have not undergone validation as they are meant for use in sensitivity analyses only.  Therefore, the data will remain unqualified.

MO0707DISVALID.000.  Dissolved Concentration Limits Files for Validated Models.  This model warehouse DTN consists of one zip file (MWD for modeling.zip) containing various file types.  This model warehouse DTN contains all of the files used for validated models of dissolved concentration limits used within TSPA.  See Appendix II of this report and the readme file of the DTN for a description of the file types contained within this DTN.  The readme file of the DTN also gives a breakdown of the files that are contained in the various paths (folders) within the zip file. 

MO0707DISENSSI.000.  Dissolved Concentration Limits Files for Sensitivities and Validation.  This model warehouse DTN consists of one zip file (MWD for sens and val.zip) containing various file types.  This model warehouse DTN contains all of the files used for sensitivity analyses and validation as well as supporting information.  The data will remain unqualified since the modeling efforts for the sensitivities have not undergone validation, as they are meant for use in sensitivity analyses only.  The validation files were for validation purposes only and should not be used as direct input to any document.  See Appendix II of this report and the readme file of the DTN for a description of the file types contained within this DTN.  The readme file of the DTN also gives a breakdown of the files that are contained in the various paths (folders) within the zip file.

APPENDIX II
Computer Files contained within model warehouse DTNs

INTENTIONALLY LEFT BLANK

The model warehouse DTNs (MO0707DISVALID.000 and MO0707DISENSSI.000) contain files of various types:

Excel files (extensions = xls).
EQ3/6 input files (extension = 3i or 6i).
ASCII text file: provides input parameters for EQ3/6.

EQ3/6 output files (extension = 3o or 6o).
ASCII text file: provides detailed information about the system at each print point, which is specified by the user in the input file.

EQ3/6 pickup files (extension = 3p or 6p).
ASCII text file: provides a description of the system at the end of that run to be used as an input file for a continuation run.

EQ6 Tab‑delimited text files (extension = txt).
*.elem_aqu: total aqueous moles of elements.

*.elem_min: total moles of elements in minerals.

*.elem_tot: total moles of elements (aqueous + mineral).

*.min_info: moles of each mineral.

EQ6 binary output file (extension = bin).
Binary file: provides detailed information about the system at the full numerical precision for every time step.

EQPT input files (data0 files).
transl input file (data0.ymp.R2).
transl output file (extension = dat).
PHREEQC input file (extension = pqi).
PHREEQC output file (extension = pqo).
The readme file of the DTN gives a breakdown of the files that are contained in the various paths (folders) within the zip files.
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III.1
Pu Critical Review by Dr. Choppin

The following evaluation was performed by Dr. Greg Choppin (GC) on 8/20/2004 under direction from Technical Work Plan for:  Regulatory Integration Modeling and Analysis of the Waste Form and Waste Package (BSC 2004 [DIRS 171583]).  Since this review was done, the TWP was updated to Technical Work Plan for Waste Form Testing and Modeling (BSC 2006 [DIRS 177389]).  However, since the Pu model has not changed since this update, this review is still used as part of the critical review for the Pu-solubility model.  The questions required by the TWP (BSC 2006 [DIRS 177389]) for the critical review include the two questions below, as well as “Is the model adequate and appropriate for its intended use” (Section 7.2).  Dr. Choppin’s review does not answer this question, which is a deviation from the current TWP (BSC 2006 [DIRS 177389]). 

The evaluation by Dr. Choppin (GC) raised several questions that were answered by Patricia A. Bernot (PAB) below:

This is a review of Section 6.5 (Plutonium Solubility).

To answer the two principle questions:

1.
Do the treatments of the kinetic and thermodynamic factors adequately capture the behavior of the radionuclides over geologic timeframes?

· (GC) The treatment of the thermodynamic and with kinetic factors is somewhat brief, especially if geologic times are considered.  The text associated for Sections 6.5 and 6.6 speak of the effects of CO32(, OH(, F( complexation but do not cite the stability constants and the ionic strength associated with these, in the modeling.  Earlier, I had reviewed some of the reports and publications used in some of the model calculations for Pu but did not have time today to check these.  To allow validation of these reports for the NRC, some better documentation of the values used in modeling seems necessary.  Also, in this report there is no evaluation of the effect of ionic strength or temperature on these modeling parameters – both in the thermodynamics and the kinetics.  If the evaluation is to be for time spans of millennia, this seems very necessary.  The treatment of the thermodynamic modeling for solubility and speciation is probably acceptable for 298°C (where most complexation constants have been measured) but questionable if YMP is a “hot repository.”  Similarly, the solubility, redox, complexation, etc., kinetics are very temperature dependent.  Whenever kinetics are discussed for speciation or solubility modeling, or both, the temperature must be cited and the effects of temperature change over time should be included in the calculations.

· (PAB) Actinide solubility is recognized as very complex and dependent upon temperature, pH, fugacity of CO2 and O2, etc.  The effects of these parameters on solubility limits of elements with radioactive isotopes are only given a brief overview in Chapters 6.5 and 6.6, since they are covered elsewhere in the report.  Sections 6.3 and 6.4 provide discussions on the effects different conditions have on solubilities.  These include temperature, oxidation potential, pH, CO2 fugacity, and water composition.  Fugacity of CO2 and pH are already taken into account in model outputs, which present solubility limits as a function of pH and CO2 fugacity.  Justification for solubility modeling at atmospheric oxygen levels and ambient temperatures are outlined in Sections 6.4.2.1 and 6.4.2.2, respectively.  The effects of water chemistry are studied in depth in a sensitivity analysis presented in Section 6.4.2.5.  Any ions (such as fluoride) shown to have a large effect on solubilities are included as an uncertainty term in the model as indicated in Section 6.4.3.6.  Time also plays a crucial factor in determining solubility limits.  It is impossible to know for what time periods a kinetic system will dominate over a thermodynamically stable system in a repository over geologic time scales.  For this reason, modeling uses conservative bases to choose solubility-controlling phases and aqueous species.

2.
Is the value for Eh implemented in the model consistent with conditions expected in the repository over geologic timeframes?

· (GC) Evaluation of Eh effects is difficult.  In natural systems, the measured Eh for the aquatic media is often irrelevant for modeling of the behavior of metal ion systems due to localized conditions.  Sorbed materials (e.g., humic material, biota etc.) can induce redox behaviors not related to the gross Eh of the solution.  As a result, it is difficult to predict redox behavior in environmental systems.  This would become more of a problem over time as the repository ages and conditions change.  The Eh effect in homogenous true solutions (no colloids or suspended material) is usually predictable but the abnormal redox occurs on surfaces of colloids, etc.  Since, in a repository, colloids and suspended material is most likely, calculations of speciation, etc. based on Eh values for true solutions is to be treated with caution.  If Eh is accepted in the YMP systems, the calculations in Sections 6.5 and 6.6 
seem well done.  Nevertheless, the reliability of such calculations in this case should be discussed.

· (PAB) As indicated in Section 6.4.2.1, the repository is designed so the waste is under atmospheric conditions except in isolated local situations.  Thus, oxidizing conditions are assumed as indicated in Section 5.1.  Additionally, solubility limits of elements with radioactive isotopes are known to be less soluble in reduced conditions than in fully oxidized systems.  Therefore, the treatment of solubilities in a fully oxidized system is conservative and is indicated as such in the report.

At a later time, Dr. Choppin also brought up a concern related to the clarity of what the report defines as colloidal and dissolved Pu.  This was answered by addition of text to the second paragraph of Section 6.5.1, which provides the definition of aqueous Pu concentration as used in this report.

Concurrence with the text changes and answers to concerns is located in Section 7.2.1.

III.2
Pu Critical Review by Dr. Downs

A critical review was conducted on the Pu-solubility model by Dr. William Downs.  The critical review was performed to an earlier version of the TWP.  After this review was done, the TWP was updated to Technical Work Plan for Waste Form Testing and Modeling (BSC 2006 [DIRS 177389]).  However, since the Pu model has not changed since this update, this review is still used as part of the critical review for the Pu-solubility model.  The current TWP criteria (BSC 2006 [DIRS 177389]) are the same for both work plans, and thus there are no deviations from the current TWP.
The evaluation by Dr. Downs (WD) answered the three questions posed in the TWP (BSC 2006 [DIRS 177389]).

This is a review of Section 6.5 (Plutonium Solubility).

To answer the three principle questions: 

1) Do the treatments of the kinetics and thermodynamic factors adequately capture the behavior of the radionuclides over geologic timeframes?

· (WD) Yes.  The repository is being simulated for a minimum of 10,000 years.  Thus, any reactions that are predicted to occur will have come to equilibrium over this timeframe (i.e., reactions will not be rate limited).  The solubility modeling is an equilibrium thermodynamic simulation that does not use reaction rate data.  Once the solutions and solubility-controlling phases come to equilibrium, the concentrations of radionuclides in solution will not change without a change in the physicochemical environment.

2) Is the value for Eh implemented in the model consistent with conditions expected in the repository over geologic timeframes?

· (WD) Yes.  The simulations have assumed that the system is open to the atmosphere and have modeled a range of fCO2 conditions that include the current atmospheric value and two orders of magnitude higher as well as lower concentrations.  There is no geologic evidence that the earth has had this range of fCO2 variation since the evolution of plants over 1,000 Ma ago.

3) Is the model adequate and appropriate for its intended use?

· (WD) Yes.  The model uses either realistic or conservative solubility-controlling phases, assumes that the system is open to the atmosphere for maximum actinide solubility, and varies the fCO2–controlling the carbonate species activities–over a range of greater than 2 orders of magnitude.  In addition, the model is based on the assumption of attainment of equilibrium within the system.  This will provide conservative estimates of the concentrations of radionuclides within the system.
III.3
Np Critical Review by Dr. Nowak

A critical review was conducted on the Np-solubility model by Dr. Edwin James Nowak.  This review was performed in accordance with Technical Work Plan for Waste Form Testing and Modeling (BSC 2006 [DIRS 177389]).  There are no deviations from the current TWP. 

The evaluation by Dr. Nowak (EJN) answered the three questions posed in the TWP (BSC 2006 [DIRS 177389]).

This is a review of Section 6.6 (Neptunium Solubility).

To answer the three principle questions: 

1) Do the treatments of the kinetics and thermodynamic factors adequately capture the behavior of the radionuclides over geologic timeframes?

· (EJN) Yes.  There is included published evidence and valid arguments in principle to demonstrate that the equilibrium calculations of the model provide adequate upper limit estimates of dissolved concentrations of Np for geologic timeframes.  The controlling solids were chosen judiciously and with adequate supporting evidence.  An adequate argument is made for the conservatism of a Np solubility model based on pentavalent neptunium solids.  The  hydrated and/or amorphous solids that form during laboratory experiments are likely to be appropriate or conservative for the repository system.  Dissolved concentrations over geologic timeframes may be lower than those predicted by the model due to aging of the solids.  However, it would be helpful to add clarification about the appropriate Np2O5 solid based on the published results discussed in the first paragraph on page IV-15,  particularly regarding the differences among crystalline, hydrated, and amorphous phases.

Major contributing dissolved species, including complexes with primary and secondary ligands, have been adequately covered.  Ranges of repository conditions have been treated adequately.  A cogent argument is made that 25°C dissolved concentration values are upper limits for most relevant Np-containing species.  It is stated on page 6-27 that the temperature relevant to this model is between 25°C and 100°C, because liquid water will not exist in the waste package at higher temperatures.  Is it possible that brines with higher boiling points could form there.  Could they form in the invert?

Uncertainties have been treated adequately.  On page 6-15, it is stated that the largest uncertainty associated with any aqueous species representing >10% of the total concentration was applied in estimating overall uncertainty.  It would be helpful to bolster the argument that this approach yields the correct limiting uncertainty.  Since some values of uncertainty exceed an order-of-magnitude, is it possible that some species with mean contribution <10% could contribute significantly to the total dissolved concentration when their concentrations are at or near the 2-sigma value, albeit at low probability?  

2) Is the value for Eh implemented in the model consistent with conditions expected in the repository over geologic timeframes?

· (EJN) Yes.  The Eh implemented in the model is adequate, based on sound reasoning, and reflects realistic assessment of current understanding of the difficult and complex repository redox system.  Adequate conservatism is built in.  Atmospheric oxidizing conditions are reasonable for the repository outside the waste package over geologic timeframes, and there is a thorough treatment of in-package conditions during the short term while reducing agents are present.

3) Is the model adequate and appropriate for its intended use?

· (EJN) Yes.  Justifications for simplifications and approximations are sound.  Appropriate ranges of repository conditions are covered.  Appropriate chemistry and relevant published results have been chosen as bases for the model.  Model components and parameters are adequately justified.  Output dissolved concentrations are conservative and adequate for the intended use.  The model is adequate for use as the base-case model for use in the TSPA-LA model.
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APPENDIX IV
Identifying the solid phase(s) controlling Dissolved concentrations of Neptunium in waste packages and the invert
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Dissolved concentrations are based on thermodynamic equilibrium calculations of solubilities of pure phases in Yucca Mountain J-13 reference water.  Prerequisite to such modeling is the selection of the controlling phase and the availability of thermodynamic data.

Thermodynamic data on actinide solids are derived from laboratory solubility measurements and from direct thermochemical measurements such as calorimetry (Nordstrom and Munoz 1986  [DIRS 153965], Chapter 11).  The thermodynamic properties of the minerals uraninite (UO2), thorianite (ThO2), and the analogous high-temperature phases (NpO2 and PuO2) have been well defined using direct thermochemical techniques.  Room-temperature solubility studies of actinide dioxides, using over- and under-saturation tests at pH values above the threshold of hydrolysis indicate that dissolved actinide concentrations are not controlled by high-temperature crystalline phases but by either solids, such as hydrated or amorphous phases that are considerably more soluble, or both (Grenthe et al. 1992 [DIRS 101671], Section v3.2.3.3; Guillaumont et al. 2003 [DIRS 168382], Section 9.3.2.2; Hummel et al. 2002 [DIRS 161904]; Neck and Kim 2001 [DIRS 168258]; Fanghänel and Neck 2002 [DIRS 168170]).  Hummel et al. (2002 [DIRS 161904], Figure 3.2.2) show the solubility calculated from the thermodynamic properties of the mineral form of ThO2 is nine orders of magnitude lower than concentrations measured in room-temperature laboratory experiments at pH values above about 6.  Similarly, that report (Hummel et al. 2002 [DIRS 161904], Figure 3.2.3) shows the calculated solubility of the mineral form of UO2 to be six orders of magnitude lower than concentrations measured in room-temperature laboratory experiments at pH values above about 3.  Fanghänel and Neck (2002 [DIRS 168170], Figure 8) show similar comparisons for Th, U, and Pu.

The more soluble phases leading to the higher, laboratory-measured concentrations are not well defined crystallographically.  However, their solubility values are reproducible and these solubility values do not change over the usual time scale of laboratory experiments (weeks to months).  Thus, critically compiled thermodynamic databases such as those maintained by the Nuclear Energy Agency (NEA) (Grenthe et al. 1992  [DIRS 101671]; Silva et al. 1995 [DIRS 102087]; OECD 2001 [DIRS 159027]; Guillaumont et al. 2003 [DIRS 168382]) and the National Cooperative for the Disposal of Radioactive Waste (NAGRA)/Paul Scherrer Institute (PSI) (Hummel et al. 2002  [DIRS 161904]) include several actinide dioxide solids for Th, U, Np, and Pu.  One is the crystalline variety and is designated by its mineral name or as NpO2 or NpO2(cr) (cr = crystalline), for example.  The others are solids controlling room-temperature laboratory solubilities and are written as NpO2 (am,hyd) (am = amorphous, hyd = hydrated).

From the viewpoint of thermodynamics, the most stable solid would be selected as the controlling phase because thermodynamically less stable phases ultimately would be replaced by the most stable phase.  However, unless it can be demonstrated that the thermodynamically most stable solid appears during the regulatory period under the expected repository conditions, for conservatism, solids known to form under short-duration laboratory conditions are chosen as the solubility-controlling phase.

This precept was followed in previous revisions of this report in the selection of Np2O5 as the controlling phase for Np.  At the conditions relevant to solubility limits in the repository (oxidizing conditions and temperatures from 25°C to 100°C), the observed precipitates in solubility experiments are Np2O5·xH2O, Np2O5, and NaNpO2CO3·xH2O (Efurd et al. 1998 [DIRS 108015]; Nitsche et al. 1993 [DIRS 155218], p. 37).  At the upper end of the temperature range and at higher temperatures, NpO2 is also found and becomes dominant over Np2O5 as temperature increases.
The calculated concentrations were validated as conservative (Section 7.2.3, Figure 7-3) by comparisons with concentrations measured in various fuel degradation tests carried out at Pacific Northwest National Laboratory (PNNL) and Argonne National Laboratory (ANL).  As pointed out in that section: The fact that the measured neptunium concentrations in spent nuclear fuel corrosion experiments are four to six orders of magnitude lower than the modeled pure Np2O5 neptunium phase is expected, as all spent nuclear fuel tests (drip, batch, etc) have always had a reducing agent present in the system.  In these experiments, the reducing agent present in the system (UO2) keeps the neptunium in a reduced state.  Current experiments do not give an indication of mechanism(s) that control neptunium solubility at long geologic time. 

This appendix examines possible controls on Np concentrations to select a model that is a more realistic representation of experimental fuel degradation data.  Consideration of the electrochemical mechanisms of waste form degradation and of additional laboratory studies of the behavior of pure Np solutions during long-term and high-temperature testing indicates a model based on NpO2 should be  adopted.  However, under repository-relevant conditions, the phase that should be modeled by TSPA needs to be broken into three different time periods.  At short times, when there is UO2 present in the system, Np should be modeled as NpO2.  After the UO2 is completely corroded and oxidized to U(VI) (as determined by the CSNF model), then the only reductant still in the system is iron.  The corrosion of the waste package will determine 
if there will be enough Fe0 and/or Fe(II) in the system to keep the Np as NpO2.  At long geologic times, after the UO2 and iron have been oxidized, the neptunium solubility should be modeled 
as Np2O5.

The solubility of an element is defined in Section 6.3.1.  The solubility of a pure phase of any element can be confidently used as an upper bound on the dissolved concentration of that element in an aqueous solution contacting that phase when it can be shown either:

· The forward (dissolution) reactions (producing the dissolved species) will not produce supersaturated solutions in the system of interest, or

· The backward (precipitation) reactions leading to the pure phase are fast enough to ensure that solutions that are supersaturated with respect to the pure phase will not persist for significant time periods, or both.

The thermodynamically most-stable pure phase for Np under neutral conditions (neither oxidizing nor reducing) is NpO2.  This special case is of interest because its solubility represents a reasonable pure-phase upper bound on the dissolved concentration under reducing environments.  The solubility of less thermodynamically stable pure phases (i.e., metastable phases) establishes unreasonable upper bounds on the dissolved concentration unless the meta‑stable phases are expected to persist for time periods approaching the time of regulatory compliance.

The Eh–​​pH thermodynamic stability fields for pure-neptunium phases have been estimated (Kaszuba and Runde 1999 [DIRS 122379]; Lemire 1984 [DIRS 101706]).  These results show NpO2 is the most thermodynamically stable Np phase over most of the Eh–pH ​regime of interest.  However, Np(OH)4 and Np2O5 may be kinetically favored for more reducing and higher pH conditions, respectively (Kaszuba and Runde 1999 [DIRS 122379]).  Data from short-term oversaturation experiments (Nitsche et al. 1993 [DIRS 155218]; Efurd et al. 1998 [DIRS 108015]) indicate that these and other phases precipitate preferentially from solutions that are supersaturated with respect to NpO2, even under conditions where NpO2 is expected to be the most stable phase.

NpO2 has been observed to precipitate homogenously only at 200°C (Roberts et al. 2003 [DIRS 162536]).  It has been observed to remain as NpO2 at 150°C (and perhaps also at 90°C) in a heterogeneous system containing some U(IV) that may have catalyzed the reduction steps involved in the NpO2 nucleation and precipitation (Finch 2002 [DIRS 172608]).  This is consistent with Np(IV) species staying in the tetravalent oxidation state due to the presence of reduced uranium.  This behavior is not surprising given that Np(V) is the predominant oxidation state for the aqueous species in air-saturated water (Kaszuba and Runde 1999 [DIRS 122379]; Lemire 1984 [DIRS 101706]); homogenous precipitation of Np(IV) solids from such solutions is a reductive nucleation and precipitation process of the aqueous Np(V) species and thermodynamically favored in the presence of U(IV).
With the actinide elements, the lack of data on actinide coordination at variable temperatures makes it difficult to predict the behavior of actinides in waste disposal where elevated temperatures are expected (Rao et al. 2003 [DIRS 181007]).  An example of this is shown by uranium hydrolysis.  Data extrapolation techniques published in data0.ymp.R2 and by Guillaumont et al. (2003 [DIRS 168382]) indicate a significant difference from measured values published by Zanonato et al. (2004 [DIRS 181008]).  This difference often makes any extrapolation of data away from the conditions it was measured and/or reported (standard temperature and pressure – STP) difficult and difficult to defend for the actinides.  This concept should be taken into consideration.  

The reaction paths available for NpO2 formation in the heterogeneous waste package systems are influenced by the corrosion of the waste form, the corrosion of the waste package materials, and the interactions with the corrosion product materials.  Because Np is a trace element in the presence of much larger amounts of other materials (specifically U, Fe, and their corrosion products), processes that can cause dissolved Np species to be associated with a precipitating phases of U and Fe (e.g., “sorption,” ion exchange, incorporation into the lattice structure of the precipitating host phase) may control the dissolved concentrations at levels even lower than the solubility of the most stable (thermodynamically) pure phase.  However, there are insufficient data available to indicate that they are likely to control the dissolved-Np concentrations at levels lower than the NpO2 or Np2O5 solubility. 

Based on the above background, the content of this appendix is intended to show:

· The waste form dissolution reaction paths are not likely to lead to Np-dissolved concentrations that are supersaturated with respect to pure Np(V) phases at long geologic times when fuel and waste package reducing agents are oxidized.

· Heterogeneous interactions inside the waste packages (with U(IV) and Fe0) are likely to promote the reductive precipitation of NpO2 or other reactions that will inhibit formation of solutions that are supersaturated with respect to metastable Np(V) phases that could control the dissolved Np concentration at values higher than the NpO2 solubility.

Each of these points is assessed for the relevant conditions expected to occur inside the CSNF and CDSP waste packages in the nominal, igneous intrusion, and seismic scenarios.  Sections IV.2.1.1 and IV.2.1.2 outline the following arguments for in-package controls on Np-dissolved concentrations and use of NpO2 when reducing agents are present, and the use of Np2O5 when reducing agents are absent:

· CSNF Waste Packages—Solubility-controlling phase at the fuel surface will be NpO2.  Elsewhere in the package, Np2O5 will control Np solubility when reducing agents are absent or completely corroded.  The rationale for this is as follows:  Neptunium is initially present in the fuel as Np(IV).  Np(IV) in the presence of UO2 at fuel surface will not oxidize to Np(V).  Np(V) in bulk solution inside the waste package will be reduced to NpO2 by metallic components of the waste package.  NpO2 is the most stable Np phase these under reducing environments and will form sufficiently quickly in the waste package to control dissolved Np.  After the reducing environment has passed, the solubility should be modeled as Np2O5.

· CDSP Waste Packages (Including Fuel/Waste Forms and High-Level Waste Glass)—Solubility-controlling phase at the fuel surface will be NpO2.  Elsewhere in the package, NpO2 and Np incorporation into uranyl-silicates or oxides will control Np solubility when metallic Fe is present.  The rationale for this is as follows:  U-metal fuels will rapidly oxidize to UO2 and uranyl oxyhydroxides.  Al-based fuels will oxidize to UO2 and uranyl oxyhydroxides.  Mixed-oxide (MOX) fuels are UO2 and PuO2 and should behave like CSNF.  Np(V) in solution will be reduced to NpO2 by metallic components of the waste package.  NpO2 is the most stable Np phase and will form sufficiently quickly in the waste package to control dissolved Np.  Neptunium that is removed from the metallic components and the reduced uranium will be controlled 
by Np2O5.

It is recognized that for the igneous intrusion scenario, CSNF is assumed to be oxidized when the fuel is exposed to hot and humid air (up to a few years following the event).  In this case, the Np(IV) in the fuel’s matrix is likely to be oxidized to Np(V) as all the fuel (a reducing agent in its unoxidized form) is fully oxidized.  For the conceptual picture shown in Figure IV-2, this indicates that the dissolution of the oxidized fuel would occur at the bulk water Eh potential (i.e., unlike the unoxidized CSNF); the Np in the oxidized CSNF would not experience the fuel’s redox buffering effects discussed above.  However, the Np-reaction path is expected to include the effects of co-precipitation with the uranyl alteration phases that are formed when the oxidized fuel is exposed to water and contact with the other metallic components of the waste package.  In short, it is appropriate to use the solubility of NpO2 to model the dissolved concentration of Np in the CSNF waste packages for the igneous intrusion scenarios up until the time that the iron components are corroded.

Since aqueous neptunium in a solution in contact with the atmosphere will be in the five‑oxidation state, the neptunium leaving the waste package is expected to be Np(V).  Once Np(V) leaves the waste package, it is difficult to determine and defend the composition and geometry of any materials it would come into contact with in the invert.  Therefore, the use of an incorporation model or taking credit for reductive precipitation is inappropriate.  Therefore, dissolved concentration limits of Np in the invert is based on the Np(V) minerals Np2O5 and NaNpO2CO3, and is appropriate for use outside of waste packages.  Section IV.1 discusses aqueous Np and Np solids formed from Np(V) solutions. 

IV.1
Neptunium Chemistry in Aqueous Systems

In aqueous systems at Yucca Mountain, several processes will be important.  These processes involve oxidation and reduction reactions, solubility of neptunium solids, interaction of neptunium with uranium and iron minerals, and complexation with anions in the system.  A simplified representation of these processes is shown in Figure IV-1.
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Figure IV-1.
Simplified Chart of Important Neptunium Reactions with Fuel, Waste Package, and Environmental Components

In an effort to describe the behavior of neptunium in this system, each step in Figure IV-1 is described with the relevant thermodynamic data.  Once the system is described thermodynamically, then various conditions can be applied to determine the state (most stable form) of the Np.  The thermodynamic data will be described in two ways:  in traditional (G (kJ/mol), where a negative value is favored, and in standard potentials (volts), where positive values are favored.  The use of standard potentials is useful as it is easier to visually see the affect of applying reducing or oxidizing conditions (Eh).  All data presented is at standard temperature and pressure (STP).  Sources for all (fG and standard potential data used in this appendix are presented in Table IV-1. 

Table IV-1.
Standard Potential and (fG Data

	Potential (E0)

	Reaction
	Value
	Reference

	NpO2 ( NpO2+ + e
	−0.564 volts
	Burney and Harbour 1974 [DIRS 178464]

	2NpO2 + H2O ( Np2O5+2H+ + 2e
	−1.25 volts
	

	NpO2+ + e ( NpO2
	+0.564 volts
	

	Np4+ + 2H2O ( NpO2+ + 4H+ + e
	−0.749 volts
	

	H+ + 0.25O2 + e ( 0.5H2O
	+1.23 volts
	Lide 2006 [DIRS 178081]

	U4+ + 2H2O ( UO22+ + 4H+ + 2e
	−0.327 volts
	

	Fe0 ( Fe2+ + 2e
	+0.447 volts
	

	Fe2+ ( Fe3+ + e
	−0.771 volts
	

	Standard Molar Gibbs Energy of Formation ((fG)

	Species
	Value
	Reference

	Np2O5
	−2023.3 ( 12.4 kJ/mol
	Kaszuba and Runde 1999 [DIRS 122379]

	NpO2+
	−907.9 ( 5.8 kJ/mol 
	

	NpO2
	−1021.8 ( 2.5 kJ/mol
	

	H2O
	−237.2 ( 0.1 kJ/mol
	

	Np(OH)4 (am)
	−1431.3 ( 9.7 kJ/mol
	

	Np(OH)4 (aq)
	−1382.7 ( 11.1 kJ/mol
	

	Np4+
	−491.1 ( 9.5 kJ/mol
	

	U4+
	−532.52 kJ/mol
	Lide 2006 [DIRS 178081]

	UO22+
	−954.08 kJ/mol
	

	OH−
	−157.2 kJ/mol
	

	Fe0
	+358.8 kJ/mol
	

	Fe2+
	−84.9 kJ/mol
	

	Fe3+
	−10.5 kJ/mol
	

	


It should be noted that all electrochemical standard potentials described throughout this section are quoted from the literature, which reports these values at standard conditions.  Standard conditions are described as 1 M of each compound, 1 atmosphere pressure at 25°C.  Additionally, all the data presented are versus the standard hydrogen electrode (SHE) which is an Eh of zero volts The majority of experimental data is not collected under STP.  The standard state is a reference state to which experimental results are extrapolated.  This allows the re‑extrapolation to other environmental conditions.  These conditions are standard methods for describing and publishing thermodynamic data.  It is recognized that repository relevant conditions at Yucca Mountain are not at standard state.  

In several instances below, it will be demonstrated that two different sources used to calculate the free energy of a reaction don’t agree within experimental error.  In each case, it will be discussed in relation to the reaction.  The reason for the disagreement is most likely due to incomplete description of the thermodynamic data in the literature.  In principle, two independent methods should agree, when they don’t, it is likely that one or both methods used to collect the data are wrong.  No attempt is made in this document to describe which data is more reliable, but merely discussed where more and better thermodynamic data is needed.  

The oxidation of NpO2 can be written:
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(Eq. IV-1)

This direct oxidation half-step has a published standard potential of −0.564 volts (Burney and Harbour 1974 [DIRS 178464], Table 8).  This oxidation step involves the transfer of an electron without a change in geometry.  The Gibbs free energy can be calculated using the equation:
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(Eq. IV-2)

Where n is the number of electrons transferred, F is the Faraday constant (96,485 C/mol), and E is the potential of the reaction.

Using Equation IV-2, ΔG = 54.42 kJ/mol.  This positive (G indicates that the direct oxidation requires energy to proceed in the direction written.  An electron acceptor is necessary for this reaction to occur.  Oxygen is often available for this purpose.
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+0.666 volts

The Gibbs free energy for this reaction is −64.26 kJ and indicates that these coupled half reactions form a spontaneous reaction in the direction written and are consistent with typical laboratory observations.  The Gibbs free energy of the reaction can alternatively be calculated using the free energy of formation for each species in the reaction.  The free energy change of formation for many Np species is given by Kaszuba and Runde (1999 [DIRS 122379]).
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(Eq. IV-3)

Where n is the reaction coefficient for the species and the (fG are as follows:  

NpO2+


−907.9 ± 5.8 kJ/mol

NpO2


−1021.8 ± 2.5 kJ/mol

H2O


−237.2 ± 0.1 kJ/mol

Plugging these values into Equation IV-3 gives (reactionG = −4.7 ± 6.3 kJ.  Although the (G values above suggest that reaction will proceed in the forward direction, studies have shown that it can proceed in the reverse direction (Roberts et al. 2003 [DIRS 162536]).  In this study (Roberts et al. 2003 [DIRS 162536]), NpO2+ in water was placed in a reaction vessel for two weeks at 200(C.  A decrease in aqueous Np concentration and pH was observed.  The solid that formed was determined to be NpO2 by powder X-ray diffraction (XRD).  The argument presented in this report is that the addition of the heat assists in lowering the kinetic barriers of the reaction.  This kinetic barrier is supposed to explain why previous researchers have not seen the formation of NpO2 from a solution of NpO2+.  While the Gibbs free energy predicts the spontaneity of the reaction, it provides no clues into the associated kinetics.  The temperature dependence of the Gibbs free energy, which is unknown, may also support this observation.  The (G of a reaction is highly temperature dependent as seen by the following equation:
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(Eq. IV-4)

The temperature effect on (G,  (H, and (S has not been studied for this reaction.  It is possible that kinetic and/or free energy effects are being observed at the higher temperature, but also temperature effects on (H and (S play a significant role in (G at different temperatures.  Without further data, the difference between kinetics and thermodynamics at different temperatures cannot be unraveled in a useful way.       
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(Eq. IV-5)

This reaction requires conformational changes and electrons to be transferred.  The reaction is a combination of the following two half reactions:
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+1.23 volts

The overall potential for the reaction is −0.02 volts.  Utilizing Equation IV-2, the Gibbs free energy can be calculated: (G = 3.86 kJ.

This information states that the reaction does not proceed as written and that NpO2 is the stable phase.  To corroborate this statement, the Gibbs free energy is calculated using Equation IV-3.


NpO2

−1021.8 ± 2.5 kJ/mol


Np2O5

−2023.3 ± 12.4 kJ/mol


(rG = 20.3 ± 13 kJ

The data are consistent within error for the Gibbs free energy calculated above.  The Organization for Economic Cooperation and Development (OECD) published an Np and Pu thermodynamics database in 2001 (OECD 2001 [DIRS 159027]).  Utilizing the data provides an ambiguous result, (G = 11.9 ± 12.3 kJ (Langmuir 2006 [DIRS 178139]), and indicates that the thermodynamic driver for this reaction in either direction is minimal within the uncertainty of 
the measurement.  

Published Eh–pH diagrams for Np at 25(C (e.g., Langmuir 1997 [DIRS 100051], Figures 13.27 through 13.29) show that two oxidation states (Np(V) and Np(IV)) dominate Np chemistry in natural waters.  In solution, Np(V) species dominate the upper half of the stability field of water (higher Eh values) while Np(IV) species dominate the lower half (lower Eh values).


[image: image12.wmf]888

.

11

)

574

.

031

,

2

(

)

731

.

021

,

1

(

2

2

5

2

2

0

-

=

-

-

-

´

=

D

-

D

´

=

D

o

O

Np

f

o

NpO

f

r

G

G

G

(kJ) ± 12.3 kJ

As this standard state Gibbs free energy of formation indicates, if kinetic or temperature barriers do not prevent NpO2 from precipitating, it should control neptunium-equilibrium solubility under most reducing and slightly oxidizing conditions. 

It has been proposed that the presence of tetravalent uranium will keep neptunium in the reduced state.  A reaction that illustrates this idea is shown below:
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(Eq. IV-6)

This reaction proceeds as written based on the published potentials.  This is taken from the two published reactions of:
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−0.327 volts

By combining these two equations, the potential for this reaction is 0.801 volts.  A positive potential indicates that the reaction will occur as written.  These data indicate that when neptunium(V) comes in contact with uranium(IV), a transfer of electrons will occur to reduce the neptunium and oxidize the uranium.  For this two-electron transfer, the Gibbs free energy can be calculated using Equation IV-2 ((G = −154.57 kJ).

Equation IV-3 can be used to compare the (G determined using potentials.  

NpO2+



−907.9 ± 5.8 kJ/mol

NpO2 (s)


−1021.8 ± 2.5 kJ/mol

U4+



−532.52 kJ/mol

UO22+



−954.08 kJ/mol

H2O



−237.2 ± 0.1 kJ/mol

(rG = −174.96 kJ

The difference between the two methods for calculating (G indicates that the measured thermodynamic values are inconsistent.  However, despite the difference in the absolute value, it should be noted that both methods give a negative (G.  Regardless of which data are used, it can be stated that U(IV) will reduce Np(V).  
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(Eq. IV-7)

This is a dissociation reaction; bonds are broken with no change in oxidation state.  The equilibrium constant can provide information on the Np4+ concentration expected from this phase in the absence of other ions.  The equilibrium constant can be calculated using Gibbs 
free energies:
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(Eq. IV-8)

This parameter is temperature-dependent, and R = 8.3145 J/mol K.  The Gibbs free energy of the reaction can be calculated using Equation IV-3.

Np(OH)4 (am)


−1431.3 ± 9.7 kJ/mol
Np(OH)4 (aq)


−1382.7 ± 11.1 kJ/mol

Np4+



−491.1 ± 9.5 kJ/mol

OH−



−157.2 kJ/mol

The Gibbs free energies for the reaction with both amorphous and aqueous neptunium hydroxide ((rG (am) = 311.4 ± 13.6 kJ/mol and (rG (aq) = 262.8 ± 14.6 kJ/mol) indicate that the reaction is not favored in the direction written.  The relevant temperatures for Yucca Mountain conditions are between 25(C and 100(C.  The equilibrium constants for the amorphous and aqueous systems at these temperatures have been calculated.

K25 (am) = 2.79 ( 10−55
K25 (aq) = 9.11 ( 10−47
K100 (am) = 2.57 ( 10−44
K100 (aq) = 1.63 ( 10−37
These calculated values correlate well with the literature (Fanghänel and Neck 2002 [DIRS 168170]), where K25 (am) = 2.00 ( 10−57.  The crystalline Np(IV) oxide (NpO2) is even less soluble than the hydroxide (Fanghänel and Neck 2002 [DIRS 168170]), K25 (cr) = 2.00 ( 10−64.  Neptunium and Pu are expected to behave very similarly if only solubility is considered and redox implications are ignored.  This is confirmed by comparing the Pu oxide and hydroxide equilibrium constant values (Fanghänel and Neck 2002 [DIRS 168170]) to the previously given Np equilibrium constant values:
K25 (Pu(OH)4) = 3.16 ( 10−59
K25 (PuO2) = 1.00 ( 10−64
The reaction for the reduction of Np(V) to Np(IV) using iron metal as a reducing agent is:

2NpO2+ + Fe0 → 2NpO2 + Fe2+    [+1.575 V]

The potential of the overall reaction is taken from the two published reactions of:

NpO2+ + e  →  NpO2 [0.564V]

Fe0 → Fe2+ + 2e [+0.447]

The Gibbs free energy of the reaction is calculated to be: ΔG = −303.93 kJ

Gibbs free energy of the reaction can also be calculated using the free energy of formation for each species in the reaction (Equation IV-3). 

Where (fG for the species are:

NpO2+



−907.9 kJ/mol

NpO2



−1021.8 kJ/mol

Fe0



+358.8 kJ/mol

Fe2+



−84.9kJ/mol

(rG= −671.5 kJ/mol

These data indicate that when neptunium (V) comes in contact with iron metal, the redox reaction will occur to reduce the neptunium and oxidize the iron.  The difference between the two methods for calculating (G indicates that the measured thermodynamic values are inconsistent.  However, despite the difference in the absolute value, it should be noted that both methods give a negative (G.  Regardless of which data are used, it can be stated that the reduction of neptunium will occur. 

Np4+ + Fe3+ + 2H20↔Fe2+ + NpO2+ + 4H+     [+0.022V]

The oxidation of Np (IV) to Np (V) using Fe2+ as the oxidizing agent has an overall reaction potential based on the half reactions:

Fe3+ + e  → Fe2+ [0.771V]

Np4+ +2H2O→NpO2+ 4H+ + e  [−0.749 V]

The Gibbs free energy of the reaction can be calculated: ΔG = −2.12 kJ.

Gibbs free energy of the reaction can also be calculated using the free energy of formation for each species in the reaction (Equation IV-3). 

Where (fG for the species are:

Np4+



−491.1 kJ/mol

NpO2+



−907.9 kJ/mol

Fe3+



−10.5 kJ/mol

Fe2+



−84.9 kJ/mol

H2O



−237.2 kJ/mol

(rG= −16.8 kJ/mol,

and has a rate law which can be expressed as:


d[Np(IV)]/dt = k2[Np(V)] [Fe(II)] [H+] − kl [Np(IV)] [Fe(III)]/[H+]
 (Eq. IV-9)

The transition of the Np from the (IV) to the (V) state has been observed to be slow, which indicates that the rate of electron transfer is dependent on the oxygen (Huizenga and Magnusson 1951 [DIRS 178257]).  Under anaerobic conditions, the reaction favors reduction of Np4+ while aerobic conditions will oxidize the Np5+.  This observation is consistent with the thermodynamic data above, which describes neptunium as tetravalent when reductants are present and pentavalent without reducing agents.

It is also noted that most reduction of Np(V) to Np(IV) is done on the surface of Fe(II)-bearing minerals, where the Fe(II) acts as a catalyst for the reaction, rather than the Fe(II) ions reducing the Np(V) in solution (Nakata et al. 2002 [DIRS 172674]).  The rate of reduction of Np(V) in a heterogeneous mixture can be determined by comparing the sorption kinetics between the anaerobic and aerobic conditions.
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(Eq. IV-10)

Several pure-neptunium phases have been identified in neptunium solubility experiments, including Np2O5·xH2O, Np2O5, NaNpO2CO3·xH2O, and NpO2 (Efurd et al. 1998 [DIRS 108015]; Nitsche et al. 1993 [DIRS 155218]; Roberts et al. 2003 [DIRS 162536]), at various temperatures and solution compositions.  At conditions more relevant to solubility limits in the repository (oxidizing conditions and temperatures from 25°C to 100°C), the observed precipitates in solubility experiments are Np2O5·xH2O, Np2O5, and NaNpO2CO3·xH2O (Efurd et al. 1998 [DIRS 108015]; Nitsche et al. 1993 [DIRS 155218], p. 37).

NaNpO2CO3(xH2O was observed in neptunium solubility experiments using J-13 well water (Nitsche et al. 1993 [DIRS 155218], p. 37).  However, a detailed analysis by Runde in Pure Phase Solubility Limits(LANL (CRWMS M&O 2001 [DIRS 154629]) found NaNpO2CO3(xH2O to be stable only when [Na+] is greater than 0.05 molar at neutral pH.  Based on the XRD data and by further analyzing the stability field for Np(V) solid phases (Np2O5, NpO2(OH), and NaNpO2CO3(xH2O), Runde (CRWMS M&O 2001 [DIRS 154629], p. 21) concluded that Np2O5 is the most stable pentavalent neptunium phase in J-13 well water under oxidizing conditions.  In work by the OECD (2001 [DIRS 159027]), equilibrium solubility product constants for both NaNpO2CO3 and NaNpO2CO3(3.5H2O were given.  The anhydrous phase is considered as the aging product of the hydrated solid.  Given that this difference between their log K is only 0.5 units, which is within the uncertainty ranges for each constant, and this difference is well within the uncertainty range of the model, these solids are considered to be the same thermochemically. 

Efurd et al. (1998 [DIRS 108015]) conducted neptunium solubility experiments using J-13 well water at pH values of about 6.0, 7.0, and 8.5 at temperatures of 25°C, 60°C, and 90°C, respectively.  These studies were conducted from both oversaturation and undersaturation to demonstrate that the steady-state concentrations attained represented equilibrium with the solid phases formed (even if these were metastable equilibrium conditions).  They identified the neptunium-controlling solid using XRD as Np2O5·xH2O and noted that the crystallinity of the solid, as shown by the sharpness of the diffraction patterns, increased with increasing temperature.  These laboratory experiments were conducted over a period of about 1 year.  Because the more-crystalline form of the solid was produced in these laboratory tests at temperatures of 90(C after about 1 year, and (in general) reaction rates double for each 10-degree rise in temperature, this transformation would require about 100 years at ambient temperature.  This increased crystallinity would be expected to occur even sooner than 100 years because the temperature of the waste form will be elevated well above ambient temperatures in most cases.  As a typical TSPA-LA time step is approximately 100 years or more  (with the smallest time step being 10 years), it is expected that within one (or two) TSPA-LA time steps, the crystalline phase would form and control the dissolved-neptunium concentrations. 

The NEA thermochemical database handbook review volume on neptunium (OECD 2001 [DIRS 159027]) recommended (2,031.6 ± 11.2 kJ/mol for the Gibbs free energy of formation of crystalline Np2O5 based on calorimetric studies (equivalent to –1,015.8 ± 5.6kJ/mol for NpO2.5).  For the solubility product reaction of Np2O5, the procedure outlined in Section 6.3.3.1 leads to a log K of 3.7 with a 2σ uncertainty of ±2.8 (at 25°C).  Efurd et al. (1998 [DIRS 108015]) report a log K value of 5.2 with an uncertainty of ±2.8 for the solubility product reaction of Np2O5·xH2O.  This higher log K value is attributed to the hydrated nature of the precipitate, which is expected to convert to crystalline Np2O5 solid with time due to the aging process (Efurd et al. 1998 [DIRS 108015]).  This conversion would effectively lower the log K value from that reported by Efurd et al. (1998 [DIRS 108015]) to that given by the OECD (2001 [DIRS 159027]).  The OECD (2001 [DIRS 159027]) value has been adopted in the Project’s thermodynamic database (data0.ymp.R2) and differs from the value obtained by Efurd et al. (1998 [DIRS 108015]) for the hydrated, amorphous phase by 1.5 units.  This means that the value for the Np2O5·xH2O falls within the calculated 2σ range for the OECD (2001 [DIRS 159027]) value, which is based on the critically reviewed NEA data (± 2.8) and is within the model uncertainty. 

It is recognized that the determination of the Np solubility-controlling phase is very complex and depends upon a number of parameters, such as temperature, time, redox controls, and solution composition.  However, there are numerous reasons to conclude that the Np solubility model based on the pentavalent neptunium (Np(V)) solids described above (Np2O5 and NaNpO2CO3) is a very conservative representation of the possible controls on dissolved-neptunium concentrations over geologic time, further justifying the use of the more crystalline solids.  The thermodynamic data in the literature isn’t strong enough to make any further evaluation.  The presence of reducing agents (U and Fe) will keep neptunium in the tetravalent oxidation state; however, once the reducing agents are gone, it is likely that Np will oxidize to the pentavalent state, which is kinetically favored.  

IV.1.1
Comparison of Reported Potentials (E0) and Gibbs Energy ((fG) Values

It is recognized that data on Np can differ slightly, even though it may come from several reputable sources.  This section compares the potential (E0) and Gibbs Energy ((fG) values used in this appendix with those reported elsewhere.  Table IV-2 presents the differences between the standard molar Gibbs energy of formation from Kaszuba and Runde (1999 [DIRS 122379]) and Guillaumont et al. (2003 [DIRS 168382]).  As can be seen from the table, the differences are small.  Table IV-3 contains the calculated values for (rG for both references.

Tables IV-2 and IV-3 show that the Gibbs energy values from the two sources, though slightly different, do not effect the outcome of the discussion presented Section IV.1.

For the potentials (E0) of the half reactions presented in Table IV-1, those taken from Lide (2006 [DIRS 178081]) were not researched further since this is a handbook and widely accepted in the scientific community as established fact.  A search of different chemistry handbooks, thermodynamic databases, and thermodynamics handbooks failed to provide additional values for the first three Np reactions in Table IV-1.  A potential of –0.604 volts was found for the following reaction given by Hummel et al. (2002 [DIRS: 161904]):


Np4+ + 2H2O ( NpO2+ + H+ + e

Using this potential, the reaction of Np4+ with Fe3+ (Np4+ + Fe3+ + 2H2O ( Fe2+ + NpO2+ + 4H+) is calculated at 0.167 V.  This gives a (rG of 16.11 kJ/mol.  Once again, this does not affect the outcome of the discussion presented Section IV.1.

Table IV-2.
Comparison of Standard Molar Gibbs Energy of Formation

	Species
	Gibbs Energy ((fG) Values

	
	Kaszuba and Runde 1999 [DIRS 122379)
	Lide 2006 [DIRS 178081]
	Guillaumont et al. 2003 [DIRS 168382]

	Np2O5
	−2023.3 ( 12.4 kJ/mol
	
	−2031.574 ( 11.227

	NpO2+
	−907.9 ( 5.8 kJ/mol 
	
	−907.765 ( 5.628

	NpO2
	−1021.8 ( 2.5 kJ/mol
	
	−1021.731 ( 2.514

	H2O
	−237.2 ( 0.1 kJ/mol
	
	−237.140 ( 0.041

	Np(OH)4 (am)
	−1431.3 ( 9.7 kJ/mol
	
	See Note a

	Np(OH)4 (aq)
	−1382.7 ( 11.1 kJ/mol
	
	−1392.927 ( 8.409

	Np4+
	−491.1 ( 9.5 kJ/mol
	
	−491.774 ( 5.586

	U4+
	
	−532.52 kJ/mol
	See Note b

	UO22+
	
	−954.08 kJ/mol
	See Note b

	OH−
	
	−157.2 kJ/mol
	See Note b

	Fe0
	
	+358.8 kJ/mol
	See Note b

	Fe2+
	
	−84.9 kJ/mol
	See Note b

	Fe3+
	
	−10.5 kJ/mol
	See Note b

	a
Guillaumont et al. (2003 [DIRS 168382]) do not report a value for this species.  However, the use of the value from Kaszuba and Runde (1999 [DIRS 122379]) is consistent with data0.ymp.R2, data0.ymp.R4, and data0.ymp.R5 (DTNs:  MO0302SPATHDYN.000 [DIRS 161756], SN0410T0510404.002 [DIRS 172712], and SN0612T0502404.014 [DIRS 178850]), the qualified thermodynamic databases used on the project.

b
No comparison is made to the data presented by Lide (2006 [DIRS 178081]).  Lide’s book, CRC Handbook of Chemistry and Physics, is a handbook and widely accepted in the scientific community as established fact.


Table IV-3.
Comparison of Calculated (rG Using Different References

	Reaction
	(rG using Kaszuba and Runde 1999 [DIRS 122379)
	(rG using Guillaumont et al. 2003 [DIRS 168382]

	NpO2 + 0.25O2 + H+  ( NpO2+ + 0.5H2O
	−4.7
	−4.6

	2NpO2 + 0.5O2  ( Np2O5
	20.3
	11.89

	2NpO2+ + U4+ + 2H2O   UO22+ + 2NpO2 + 4H+
	−174.96
	−175.21

	Np(OH)4(am) ( Np4+ + 4OH−
	311.4
	310.73

	Np(OH)4(aq) ( Np4+ + 4OH−
	262.8
	272.53

	2NpO2+ + Fe0 ( 2NpO2 + Fe2+
	−671.5
	−671.63

	Np4+ + Fe3+ + 2H2O (  Fe2+ + NpO2+ + 4H+
	−16.8
	−16.11

	

	


IV.2
Neptunium in Waste Forms

CSNF packages comprise the bulk (~ 67% or 7,472 out of 11,184 packages) of the spent nuclear fuel packages to be stored (BSC 2004 [DIRS 170022], Table 6-3).  CSNF packages also contain much more Np per package than CDSP waste packages.  Of the many co-disposed spent nuclear fuel types, the top three chosen for study according to the need for laboratory data based on mass, fissile content, fission product content, expected release rates, uniqueness, and availability, were U‑metal, Al-based, and MOX (DOE 2003 [DIRS 166268], p. 2-4).  The testing focused mainly on dissolution rates using the flow-through method, but some of the tests shed light on Np behavior in repository-like conditions, most notably the drip tests.

To identify the reaction paths and solid phases that may control the dissolved Np concentration inside the waste package, it is instructive to consider the initial state of the Np in the waste forms and the processes or chemical reactions that can lead to dissolution and reprecipitation of this Np as the waste form corrodes (i.e., it is instructive to consider the evolution of the reaction paths and how they are expected to influence the controls that are effective for the dissolved Np concentration).  This involves assessing the form of Np in the host waste form solids, the waste form degradation‑corrosion reactions, and the likely behavior (including dissolution and re‑precipitation behavior) of Np as the host solid corrodes.  It also involves considering how the dissolved Np that is released during waste form corrosion will interact with the waste form corrosion products and the corroding metals and their corrosion products inside the CSNF and CDSP waste packages.

Figure IV-2 illustrates the general conceptualization of salient features and processes that are considered here for the waste form corrosion and metal corrosion reaction paths.  It is intended to illustrate that the relevant Np reaction paths start in the waste forms and progress through the waste form alteration rind, the bulk solution, and the metal corrosion products and corroding metal.  Figure IV-2 also qualitatively illustrates the relevant potentials Np will “see” for reactions (as identified in five sections) occurring: (1) at the surface of the waste form (NpO2 is the most stable phase), (2) in the waste form corrosion rind (either NpO2 or Np2O5, depending on water chemistry), (3) in the bulk solution (Np2O5), (4) in the corrosion product layer on metal surfaces (NpO2 or Np2O5, depending on the water chemistry), and (5) at the surface of a corroding metal (NpO2).
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NOTE:
Ecorrw = corrosion potential of the waste; Eh is the Eh of the bulk solution; EcorrM = corrosion potential of the waste package metals.  The numbers at the top of the figure correspond to and are called out in discussions within the body of this report.

Figure IV-2.
General Conceptualization for the Waste Form Corrosion and Metal Corrosion Reaction Paths

Using the concepts presented in Figures IV-1 and IV-2, what oxidation state neptunium will be in under different conditions can be determined.  It should be noted that this determination of which oxidation state is most stable is under the assumption of a mixed reactor system.

In the waste package, there are three times that are important:  (1) before all the UO2 oxidizes, (2) the time between the disappearance of UO2 and before all the iron is oxidized, and (3) after all reductants (fuel and Fe components) are gone.  

1. With a waste package containing UO2 and Fe, the reactions 1, 3 and 5 in Figure IV-1 all proceed to NpO2.  It would be expected that the Eh of the water in contact with the fuel will be dramatically influenced by the UO2 and iron.  During this time period, the neptunium solubility should be modeled as NpO2.

2. After the UO2 has been completely oxidized, reaction 3 in Figure IV-1 can no longer reduce the neptunium.  However, the presence of iron should still control the effective Eh in the waste package, keeping the system reducing.  

3. When all of the uranium and iron has been oxidized, it is expected that the bulk water Eh will control the system.  

A truncated version of Figure IV-1 is shown below, to draw the reader’s attention to the relationship between the two solid phases of Np, NpO2 and Np2O5, and dissolved NpO2+.  The thermodynamic data pertinent to reactions 1, 2, and 7 is described in further detail below.  


[image: image20]
Figure IV-3.
Truncated Version of Figure IV-1

Under the conditions anticipated in the repository, reaction 1 in Figure IV-3 has a standard potential of 0.666 volts for the reaction with oxygen.  Given such a potential, it is expected that the oxidation of neptunium from NpO2 to NpO2+ will occur.  As indicated in Section 5, the repository is assumed to have an oxygen fugacity equal to 0.2 bars (atmospheric).  Slightly lower oxygen conditions which are used in the Np modeling are discussed in Appendix V.  This environment, however, is still very oxidizing.  Due to the oxidizing environment anticipated at Yucca Mountain, under most of the expected pH range, sufficient oxygen exists in the system to result in the oxidation of NpO2 to NpO2+.  

Likewise, in reaction 2 in Figure IV-3, the thermodynamic data suggest a slight energy gain for the reduction of Np2O5 to NpO2.  As with reaction 1, sufficient oxygen exists in the system at Yucca Mountain to cause oxidation rather than reduction.  

The thermodynamic data alone are inconsistent.  Both reactions 1 and 2 in Figure IV-3 have a (G that is close to zero with the uncertainty.  This suggests that the oxidation of NpO2 to Np(V) is slightly thermodynamically favored.  The reaction may also be kinetically fast.  The reduction of Np2O5 to NpO2 is also slightly thermodynamically favored from the available data.  This step has not been observed at repository-relevant conditions.  One potential reason is that the step is kinetically unfavorable.  Both reactions 2 (the reduction of Np2O5 to NpO2) and 1 (the oxidation of NpO2 to NpO2+) cannot both be thermodynamically favored as they create a clockwise sequence of spontaneous reactions  in direct contrast to what has been observed at repository relevant conditions.  This suggests that at least one of the reactions has thermodynamic data that are not correct.  

Determination of thermodynamic data for the actinides through experiment is notoriously difficult.  The potential for redox changes in the element during study and colloid formation of tetravalent species during measurement of thermodynamic data are examples of difficulties experienced by researchers.  Unintended side reactions may also be present in the system, making the values arrived at for the reaction of interest erroneous.  This may explain the inconsistencies observed in Section IV.1 when one calculates the Gibbs free energies.  In a qualitative sense, however, while the absolute values differ, the direction of spontaneity is the same, within the uncertainty, whichever of the two means is used for the calculation.  

Without additional reductants in the system, the dissolved concentration of Np should be controlled by the Np2O5 solubility.  This is consistent with typical laboratory observations under oxidizing conditions.  

IV.2.1
Corrosion of Waste Form Materials and Neptunium Behavior

IV.2.1.1
CSNF

In CSNF the oxygen potential is less than about –400 kJ/mol (Dehaudt 2001 [DIRS 164037], Section 5.2.6.5).  Under these conditions, the uranium in the fuel matrix is present mostly in the U(IV) oxidation state.  Np in the CSNF is expected to be present as a solid solution of NpO2 in the UO2 fluorite structure with which it is compatible (Dehaudt 2001 [DIRS 164037], Section 5.2.6.5).  Recent X-ray absorption near-edge spectroscopy data indicate that the oxidation state of Np in the CSNF matrix is Np(IV) and extended X-ray absorption fine structure (EXAFS) data indicate that the Np(IV) is present in a UO2-like phase, which is consistent with it being in solid solution in the fuel’s UO2 fluorite lattice structure (Kropf et al. 2004 [DIRS 173092]).
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Source:
Ebert et al. 2005 [DIRS 173071], Figure 2-18.

Figure IV-4.
Uranium XAS Map of the S62J-104 Specimen

The darker areas in Figure IV-4 are fuel grains, while the lighter, gray areas are uranyl 
alteration phases.  The black horizontal line denotes the location of the line scan of uranium and neptunium shown in Figure IV-5.  The field of view of the image is approximately 340 microns × 340 microns.
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Source
Ebert et al. 2005 [DIRS 173071], Figure 2-19b.

Figure IV-5.
Normalized Np XAS Spectra from Selected Points in the Line Scan

Figure IV-5 shows normalized Np XAS spectra from selected points in the line scan (labeled 
in order as 1, 2, 3, 4, and 12).  These spectra are consistent with Np(IV), with the possible exception of spectra 1, 2, and 12, which may indicate a mixed valence (Kropf et al. 2004 [DIRS 173092]).
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Source
Ebert et al. 2005 [DIRS 173071], Figure 2-19a.

Figure IV-6.
Line Scans for Total Uranium Intensity and the Ratio of Neptunium to Uranium
Figure IV-6 includes line scans showing total uranium intensity and the ratio of neptunium to uranium signal.  The more intense uranium signals coincide with fuel grains, while intermediate levels are uranyl alteration phases.  The neptunium appears to remain localized in or near the unaltered fuel, with a suggestion of enrichment above the nominal (expected) Np/U level of 0.00047 (Guenther et al. 1988 [DIRS 109206]) in spent fuel toward the left edge of the figure at position “3.”  A weak Np signal (Np/U ~ 0.0001) appears to coincide with a uranyl phase near the positioner setting of 880 microns.  The true length scale of the line scan is given by multiplying the indicated scale by the square root of 2 (e.g., the line scan spans 300 microns).

Np can be released from the CSNF matrix when the matrix degrades by oxidative dissolution.  To assess the likely behavior of Np as the host CSNF matrix undergoes oxidative dissolution, it is instructive to consider the electrochemical interactions between U(IV) and Np(IV).  Another set of data indicates that the standard potential for the UO22+/U4+ couple (+0.327 V, from Burney and Harbour 1974 [DIRS 178464]) is significantly lower than the standard potential for the NpO2+/Np4+ couple (+0.564 V, from Burney and Harbour 1974 [DIRS 178464]) and indicates that reduction of Np(V) by unoxidized U(IV) as the fuel corrodes is thermodynamically favored. 

This indicates that while the CSNF is corroding it is capable of reducing dissolved Np(V) to Np(IV) at the surface of the residual CSNF.  

Although the above arguments indicate that reduction of Np(V) by U(IV) is favored thermodynamically, it is instructive to assess if Np(IV) is unlikely to be oxidized under the corrosion conditions at the corroding fuel surface.  

Measured corrosion potentials (Ecorr) for CSNF in aerated near-neutral pH solutions depend on many factors but are generally in the range of about 300 mV to 600 mV SHE (Shoesmith 2000 [DIRS 162405], Figure 33).  Corrosion potentials in the range of 510 mV to 620 mV SHE were also measured for UO2 in 95% saturated NaCl solutions when 0.1M H2O2 was added to simulate the influence of radiolysis products (Grambow et al. 2000 [DIRS 162391], p. 123).  These data indicate that the CSNF corrosion potential (Figure IV-2) may be lower than the standard potential for the anodic dissolution of Np(IV) in the fuel matrix.  This indicates that oxidation of Np(IV) in the fuel’s lattice is unlikely to occur under the pertinent potential conditions at the fuel’s surface.  When the solubility of NpO2 is reached at the corroding CSNF surface, it is likely that NpO2 will precipitate onto, or be incorporated into, the corroding UO2 fluorite lattice structure with which it is compatible.  This indicates that the dissolved concentration of Np at the corroding CSNF surface is likely to be controlled by the solubility of NpO2.  Preliminary X-ray absorption data support these hypotheses (Ebert et al. 2005 [DIRS 173071], Figures 2-18 and 2‑19b, reproduced in this report as Figures IV-4 and IV-5).

As Figure IV-2 illustrates, any Np(IV) that does diffuse away from the corroding CSNF will encounter increasing oxidizing conditions as it diffuses through the CSNF rind and into the bulk solution.  It is, therefore, likely that some of the aqueous Np(IV) will be oxidized to Np(V) species as it traverses the CSNF’s corrosion product rind.  However, at this point, the Np(V) will then interact with uranyl phases of the rind (this is discussed in Section IV.3.3).

Figure IV-2 also illustrates aqueous Np(V) species in the bulk solution will encounter corroding metals and their corrosion products from the waste package internals.  These corrosion products will provide local environments with lower oxidizing potentials than the bulk Eh and may, therefore, be effective in promoting reductive precipitation of NpO2 by reducing aqueous Np(V) to Np(IV) species (see Section IV.4.3 for further explanation).

IV.2.1.2
Co-disposed Spent Nuclear Fuels/Waste Forms

The CDSP waste packages contain two broad categories of waste material (i.e., spent fuel and DHLW).  The initial state of Np in the codisposed spent nuclear fuels is principally as Np metal given that the majority of the uranium inventory of codisposed spent nuclear fuel is unoxidized N-reactor fuel.  In the context of Figure IV-2, the corrosion potential of the N-reactor fuel is probably much lower (more reducing) than CSNF.  Also, available experimental evidence indicates that the corrosion of this metal fuel proceeds by initially forming UO2 (Fortner et al. 2001 [DIRS 172671]).  If the Np in the fuel is oxidized to Np(IV) and incorporated into this intermediate UO2, then the above discussion of the Np behavior for the CSNF reaction path also applies here.  Also, the discussions of reductive precipitation onto the corroding metallic waste package internals and corrosion products apply to the Np behavior for the co-disposal scenario.

U-Metal—Drip tests on 0.5 grams of declad irradiated N-reactor fuel showed rapid corrosion (DOE 2003 [DIRS 166268], pp. 3-35 to 3-39).  At 1 month, there was a large amount of a corrosion product sludge consisting of black 10-nm UO2 particles with some yellow particles of metaschoepite.  Filtration of the leachate showed that the released U was 10% colloidal and 55% particulate (> 0.45 microns).  At 4 months, the fuel was completely corroded and the sludge showed increasing agglomeration.  At 8.5 months, XRD indicated the reaction products were a mixture of uranium oxyhydroxides, primarily U4O9.  At that time, the released U was 85% particulate and 15% dissolved and the released Np was 100% dissolved at 6 ppb (2.5 × 10−8 molar).  At 11 months the percent dissolved U and Np had declined to 10% and 70% with the Np concentration dropping to 2 ppb (8 × 10−9 molar).  It is noted (DOE 2003 [DIRS 166268]) that Np may have been incorporated in the growing particulate phase and may have been retained in the corrosion products.

Al-based—The Al-based fuel consists of particles of UAl alloy, UAlx, U3Si2, or U3O8 dispersed in an aluminum phase.  Drip tests on an unirradiated UAl alloy fuel showed formation of a hydrogel layer of boehmite (Al2O3(H2O) containing silicon and calcium covering the sample surface (DOE 2003 [DIRS 166268], pp. 4-24 to 4-29).  Uranium leached from the UAl alloy particles formed spherical uranium-rich patches throughout the hydrogel layer.  These patches were identified as uranyl oxyhydroxides with aluminum, silicon, and calcium present.  After drying, these patches crystallized to platelets of schoepite and becquerelite measuring 1 micron to 5 microns on a side.  Another unknown uranium-bearing needle-shaped phase formed later in the experiments.

MOX—MOX fuel is similar to light water reactor (LWR) UO2 spent nuclear fuel except MOX fuel has two phases (PuO2 and UO2) and can have higher burnup.  Flow-through tests showed the PuO2 phase reacting slower than the UO2 phase, which is slower than LWR UO2 spent nuclear fuel (DOE 2003 [DIRS 166268], p. 5-17), but the drip tests showed the release rates from MOX to be faster than for LWR UO2 spent nuclear fuel for all radionuclides except 99Tc (DOE 2003 [DIRS 166268], p. 5-26).  In the drip tests, the smallest measured radionuclide releases were of 239Pu and 237Np.

Glass—The other waste form source of Np in the CDSP packages is the DHLW.  Because the DHLW is expected to have very little electronic conductivity, the oxidizing potential at the corroding glass surface is likely to “float” to the bulk solution Eh.  For the conceptual picture shown in Figure IV-2, this indicates that the dissolution of the DHLW is likely to occur at the Eh potential (i.e., unlike the unoxidized co-disposed spent nuclear fuel), and the Np in the DHLW would not experience redox buffering effects at the corroding glass surface or in the glass alteration rind.  Also, the earlier discussions of the reductive precipitation onto the corroding metallic waste package internals and the corrosion products apply to the DHLW Np behavior (see Sections IV.3.3 and IV.4.3 for further explanation).

Rai et al. (1982 [DIRS 144598]) investigated the behavior of Np during degradation of actinide‑doped glass.  The redox of the solution was controlled by the quinone-hyroquinone buffer to pe + pH = 11.8.  They measured log Np (M) from –5.41 to –5.80 at pH values from 4.45 to 6.55, which was consistent with their measured solubility of crystalline NpO2 under those conditions.  Solvent extraction techniques were used to determine that the neptunium in solution was oxidized, which is consistent with the current thermodynamic database and would predict NpO2+ as the dominant aqueous species.  The experiments showed no kinetic barrier to precipitation of the solubility-controlling solid.  Rai et al. (1982 [DIRS 144598]) cited a similar study conducted under atmospheric conditions without the redox buffer giving consistent results.  The authors (Rai et al. 1982 [DIRS 144598]) concluded that NpO2 could be used to predict the maximum concentrations of Np that can be leached from glass.

Reductive precipitation will maintain the dissolved Np concentrations subsaturated with respect to NpO2.  

IV.3
NEpTUNIUM incorporation into Uranyl Phases

Although by definition solubility-controlling solids can be either a pure solid or a solid solution, in practice, pure solids are generally used to evaluate radionuclide solubility.  Using pure-phase control is acceptable for TSPA-LA calculations because it is conservative.  However, it is well recognized that the concentration of most radionuclides released during the corrosion of spent nuclear fuel is likely to be very low (except for uranium and thorium) and that the radionuclides may not form their own pure phases (Grenthe 1991 [DIRS 161964], pp. 429 and 430; Langmuir 1997 [DIRS 100051], p. 531).  Rather, they may be incorporated into secondary uranium minerals as solid solutions because of the large availability of uranium in the repository.

Neptunium concentrations in solution at 25°C to 90°C have been measured in a number of spent nuclear fuel degradation experiments (Finn et al. 1994 [DIRS 100746]; Finn et al. 1997 [DIRS 124142]; CRWMS M&O 2000 [DIRS 131861]; Wilson 1990 [DIRS 100949]; Wilson 1990 [DIRS 100793]).  Neptunium concentrations based on Np2O5 and NpO2 solubilities calculated at 25°C are several orders of magnitude higher than the neptunium concentrations measured in the degradation experiments.  This suggests that neptunium concentrations resulting from fuel degradation in a repository may be lower than the concentrations predicted by pure‑phase solubility modeled at 25°C.

IV.3.1
Uranium Mineralization

IV.3.1.1
Uranium Mineralization in the Rind

Buck et al. (2004 [DIRS 172668], Table 2) and Friese et al. (2004 [DIRS 172670], Table 1.1) give exhaustive lists of U minerals of “potential” interest to spent nuclear fuel in a repository.  Table IV-4 indicates the phases reported to form in fuel corrosion experiments carried out for up to 10 years.  The tests on UO2 degradation performed by Wronkiewicz et al. (1996 [DIRS 102047]) included unsaturated tests (drip tests) on zircaloy-clad fuel segments inside Stainless Steel Type 304 reaction vessels at 90(C.  Those tests performed by Finch et al. (1999 [DIRS 127332]) were drip tests with fuel fragments held in Zircaloy-4 fuel holders inside a Stainless Steel Type 304 reaction vessel at 90(C.  McNamara et al. (2003 [DIRS 172673]) carried out fuel corrosion tests on low-burnup fuel particles submerged in deionized water in capped vials at 90(C for six weeks.  The vials were then stored at approximately 28(C for 
two years.  Table IV-4 also shows the uranyl minerals found during laboratory degradation studies for which data are available in data0.ymp.R2 (DTN:  MO0302SPATHDYN.000 [DIRS 161756]); these are schoepite, soddyite, uranophane, and Na-boltwoodite.
Table IV-4.
Phases Observed during Degradation of UO2
	Mineral
	Formula 
(Burns 2005 [DIRS 182535])
	Phases Reported for Laboratory Degradation of UO2 
	data0.ymp.R2

	
	
	Wronkiewicz et al. 1996 [DIRS 102047], Table 5
	Finch et al. 1999

[DIRS 127332], Table I b
	McNamara et al. 2003 [DIRS 172673]
	DTN:  

MO0302SPATHDYN.000 [DIRS 161756]

	Uranyl-Oxide Hydrates

	Ianthinite
	[U24+(UO2)4O6(OH)4(H2O)4](H2O)5
	(
	
	
	

	Metaschoepite
	[(UO2)4O(OH)6](H2O)5
	
	(
	( (90°C)
	

	Dehydrated Schoepite
	UO2(OH)2 a
	(
	(
	
	

	Schoepite
	[(UO2)xO2(OH)12](H2O)12
	(
	
	( (90°C)
	(

	Compreignacite
	K2[(UO2)3O2(OH)3]2(H2O)7
	(
	
	
	

	Becquerelite
	Ca[(UO2)3O2(OH)3]2(H2O)8
	(
	
	
	

	Uranyl Silicate Hydrate

	Soddyite
	(UO2)2(SiO4)(H2O)2
	(
	(
	
	(

	Alkali and Alkaline Earth Uranyl Silicate Hydrates

	Uranophane
	Ca[(UO2)(SiO3OH)]2(H2O)5
	(
	(
	
	(

	Sklodowskite
	Mg[(UO2)(SiO3OH)]2(H2O)6
	(
	
	
	

	Weeksite
	K1.26Ba0.25Ca0.12[(UO2)2(Si5O13)]H2O
	(
	
	
	

	Boltwoodite
	(K0.56Na0.42)[(UO2)(SiO3OH)](H2O)1.5
	(
	
	
	

	Na-boltwoodite
	NaUO2SiO3OH(1.5H2O a
	(
	(
	
	(

	Uranyl Peroxides

	Studtite
	[(UO2)(O2)(H2O)2](H2O)2
	
	
	( (28°C)
	

	Metastudtite
	UO4(2H2Oc
	
	
	( (28°C)
	

	a
Composition from data0.ymp.R2 (DTN:  MO0302SPATHDYN.000 [DIRS 161756]).
b
Reference also reports [(Na,K)2[(UO2)3O2(OH)3]2(H2O)7] and [(Cs,Ba)(UO2)5(MoO6)(OH)6(H2O)n], as well as a Zr-U oxide and Zr-U-Pu oxide.  
c
Roberts et al. 1990 [DIRS 107105].


Wilson (1990 [DIRS 100793], Series 3) also show UO2 and uranophane with possible haiweeite [Ca(UO2)2Si6O15(5H2O] and soddyite.

Drip tests at 1 month on 0.5g of declad, irradiated N-reactor fuel showed a large amount of a corrosion product sludge consisting of black 10-nm UO2 particles with some yellow particles of metaschoepite.  At 8.5 months, XRD indicated the reaction products were a mixture of uranium oxyhydroxides (primarily U4O9).

Drip tests on an unirradiated UAl alloy fuel showed formation of a hydrogel layer of boehmite (Al2O3(H2O) containing silicon and calcium covering the sample surface (DOE 2003 [DIRS 166268], pp. 4-24 to 4-29).  Uranium leached from the UAl alloy particles formed spherical uranium-rich patches throughout the hydrogel layer.  These patches were identified as uranyl oxyhydroxides with aluminum, silicon, and calcium present.  After drying, these patches crystallized to platelets of schoepite and becquerelite 1 to 5 microns on a side.  Another unidentified uranium-bearing needle-shaped phase formed later in the experiments.

MOX fuel is similar to LWR UO2 spent nuclear fuel except MOX fuel has two phases, the 
PuO2 and the UO2 phases.  The mineralization for MOX fuel is considered the same as for 
UO2 (CSNF).

Wronkiewicz et al. (1997 [DIRS 163350], pp. 177, 183, and 191) show the alteration mineral paragenetic sequences for a number of high-level waste glasses.  Depending on the glass, the minerals formed include:  amorphous iron minerals, apatite, clays, and zeolites with the uranium minerals haiweeite, soddyite, weeksite, and boltwoodite.

IV.3.1.2
Natural Analogue Studies

CSNF Waste Form Degradation:  Summary Abstraction (BSC 2004 [DIRS 169987], Section 7.3) discusses natural analogues for spent nuclear fuel degradation.  Most of the material below is from that discussion.

CSNF consists of uranium dioxide (UO2) with a cubic fluorite-crystalline structure.  Uranium dioxide occurs in nature as the mineral uraninite, also exhibiting a fluorite structure.  Many geologic sites contain uraninite, and studies of natural uraninite alteration cover a wide range of geologic conditions.  Of the several extensively studied sites, only Nopal I, the uranium mining site at Peña Blanca, Mexico, has geologic, geochemical, and hydrogeologic characteristics similar to those at Yucca Mountain (Murphy 1995 [DIRS 100469]).  The volcanic (tuffaceous) host rock at Nopal I, the youngest of the studied sites, has been exposed to oxygen for tens of thousands of years.  Uraninite, containing U(IV), was originally formed several million years ago.  Pearcy and Murphy (1991 [DIRS 130197]) discuss in some detail other natural analogue sites around the world (Koongarra in Australia, Pocos de Caldas in Brazil, the Shinkolobwe mine in the Congo, and the Krunkelbach mine in Germany).  These sites are either somewhat reducing or hydrologically saturated, or the mineralogy of the uraninite alteration is significantly affected by the presence of chemical elements not found at Yucca Mountain (e.g., lead, phosphorus, 
or vanadium).

The process of uranium mineral formation and subsequent uranium transport at Nopal I has been extensively studied.  Because the sites are geologically similar, it is anticipated that the uranium compound alteration and transport processes will be comparable to those that would occur at the repository at Yucca Mountain.

Table IV-5 lists the uranium minerals found at Nopal I with a qualitative illustration of their relative time sequence of formation and relative abundance.  The compounds found are limited compared to other sites because of the simple chemistry of the Peña Blanca system.

Table IV-5.
Paragenesis of Uranium Minerals at Nopal I

	Mineral Group
	Mineral
	Time
	Nominal Chemical Formula

	Oxide
	Uraninite
	……….
	UO2+x

	Oxyhydroxides
	Ianthinite
	           (
	U4+(U6+O2)5(OH)14(3H2O

	
	Schoepite

Dehydrated Schoepite
	(······
	UO3(2H20

UO3(nH2O(n<2)

	
	Becquerelite
	(····
	Ca(UO2)6O4(OH)6·8H2O

	
	Billietite (?)

Abernathyite (?)
	                   ··········
	Ba(UO2)6O4(OH)6·nH2O(n=4-8)

K(UO2)(AsO4)·4H2O

	Silicates
	Soddyite
	(
	(UO2)2SiO4·2H2O

	
	Weeksite and

Boltwoodite
	                       ··················
	K2(UO2)2Si6O15·4H2O

KH(UO2)SiO4·1.5H2O

	
	Uranophane: -Uranophane
	(((((
	Ca(UO2)2Si2O7·6H2O

	Source:
BSC 2004 [DIRS 169987], Table 7-15; Pearcy et al. 1994 [DIRS 100486].

NOTES:
··············minor
(······ 
abundant, then minor
(
abundant
((
very abundant
(?) indicates tentative identification.


IV.3.2
Comparison of Laboratory Corrosion Products to Nopal Minerals

The sequence of uraninite alteration at Nopal I is similar to that of CSNF and UO2 in laboratory tests (Stout and Leider 1998 [DIRS 111047], pp. 2-250 and 2-261, Section 2.1.3.5).  Uraninite is already partially oxidized (Pearcy et al. 1994 [DIRS 100486]).  Spent nuclear fuel and UO2 must first undergo surface oxidation to approach uraninite.  The corrosion products observed in laboratory CSNF and UO2 tests conform to the mineral phases seen at Nopal I.  The general sequence is oxidation of the solid surface followed by hydration and the formation of uranyl‑oxide hydrates.  Silicate in the groundwater is incorporated as soddyite.  The silicate, in combination with alkali ions (e.g., calcium and sodium), forms various alkaline uranyl silicate hydrates, such as Na-boltwoodite and (-uranophane.  The exact sequence and timing of formation depends significantly on local chemical environment, water flows, and time in the laboratory tests and at the Nopal I site.  Simultaneous precipitation is indicated in laboratory and field tests.  Some alteration phases, such as sklodowskite and compreignacite, are found in the laboratory tests but not at Nopal I.  This may simply be a result of the small number of samples in all studies.  Also, some phases seen at the Nopal I site, such as ianthanite, are infrequently reported in the laboratory tests.  The fact that ianthanite has only been observed in a single laboratory test does not preclude its possible presence in other tests.  Ianthanite is an interesting phase, containing a mixture of U(VI) and U(IV) sites.  The conditions under which it forms thus may reflect local redox conditions present in the natural system at Nopal, but are not reproduced in the drip tests.

The Nopal I groundwater is richer in calcium than J-13 well water (Pearcy et al. 1994 [DIRS 100486]), but poorer in sodium and potassium.  This could explain the dominance of (‑uranophane at the natural site as well as the limited soddyite and weeksite occurrence.  There is substantial calcite at Yucca Mountain.  In time, this may make repository-alteration products conform more to the Nopal I sequence, which produces (-uranophane at long times, than that seen in the laboratory.

IV.3.3
Incorporation of Np in Uranyl Corrosion Products of Spent Nuclear Fuel

IV.3.3.1
Alternative Neptunium‑Solubility Model:  Secondary‑Phase Model

IV.3.3.1.1
Laboratory Studies on Np Incorporation

Although by definition a solubility‑controlling solid may be either a pure solid or a solid solution, pure solids are generally used to evaluate radionuclide solubility for ease of modeling.  However, most radionuclides released during the corrosion of spent nuclear fuel may not precipitate as pure phases (Grenthe 1991 [DIRS 161964], pp. 429 to 430; Langmuir 1997 [DIRS 100051], p. 531).  Rather, these trace radionuclides may be incorporated into secondary uranium minerals as solid solutions, as uranium will be the most abundant radionuclide released from waste forms in the repository.  Many uranyl minerals are known to persist in nature for hundreds of thousands of years (Finch et al. 1996 [DIRS 113056]).  This provides a basis for using Np‑bearing uranyl compound as long‑term Np‑limiting solids (> 100,000 years).

Simple mass‑balance calculations (Werme and Spahiu 1998 [DIRS 113466]) on the results of spent fuel dissolution experiments as well as neptunium solubility experiments (Werme and Spahiu 1998 [DIRS 113466]; Quinones et al. 1996 [DIRS 161925], p. 42) revealed that the amount of neptunium in the aqueous solution was just a small portion of what should have been released from the dissolved spent nuclear fuel.  One explanation for this observation is that released neptunium is included in uranyl solids that form during the degradation process.

Based on an analysis of the crystal‑chemical properties of the U–O, Np–O, and Pu–O bonds, Burns et al. (1997 [DIRS 100389], p. 8) predicted that “the substitutions Pu6+ for U6+ and (Np5+, Pu5+) for U6+ are likely to occur in most U6+ structures.”  However, due to differences in valence contribution by the apical oxygens of dioxo cations, the substitution of Np(V) for U(VI) will require local changes in the structure.  Additionally, the charge deficit resulting from such a substitution will require appropriate charge-balancing coupled substitutions.  One that has been proposed by Burns et al. (1997 [DIRS 100389]) is: NpO2+ + OH− (( UO22+ + O2−.  This indicates the substitution of a hydroxyl group for an oxygen ion in the structure during replacement of U(VI) by Np(V).  However, because O2− ions bridge Si4+ and UO22+ ions in the uranyl silicate sheet structure, this substitution may not be possible, and could thus present a barrier to neptunyl incorporation in uranyl silicate solid phases.  Additionally, coupled substitutions with charge-balancing cations such as Na+ or Ca2+ have been proposed to maintain charge balance, e.g.,  NpO2+ + Na+ (( UO22+ + H2O.

Recent experiments on humid oxidation of Np‑doped U3O8 (Np:U = 1:8) show formation of NpO2 in two weeks at 150°C and both Np2O5 and NpO2 in 16 weeks at 90°C (Finch 2002 [DIRS 172608]).  In these experiments, the starting Np‑doped U3O8 was demonstrated to be chemically homogeneous, with preliminary X-ray absorption near-edge spectroscopy data indicating that the Np was primarily tetravalent.  The Np‑doped U3O8 was placed inside a crucible within the reaction vessel to prevent direct contact with the added H2O2 and water (Finch 2002 [DIRS 172608], p. 641).  The vessel was sealed in air and heated.  The H2O2 was added to the water in order to ensure an oxidizing environment in the sealed vessel during the experiment.  Oxidation and hydration of the U3O8 to dehydrated schoepite was nearly complete at 150°C but only about half way at 90(C.  The formation of NpO2 at 150°C confirms the stability of that solid at that temperature and suggests that the presence of a redox active solid such as U3O8 may catalyze NpO2 precipitation.  At 90°C, it is not clear if both Np2O5 and NpO2 were present.

Buck et al. (1998 [DIRS 100388]) examined corrosion products of spent nuclear fuel drip tests by electron energy loss spectroscopy (EELS) analyses in a transmission electron microscope.  Their study reported that neptunium was associated with dehydrated schoepite (UO3·0.8H2O) or metaschoepite (UO3·2H2O).  Finch et al. (2002 [DIRS 161979]) also reported neptunium association with dehydrated schoepite formed from the reaction of Np‑doped U3O8 (moles Np:moles U = 1:8, 1:25, 1:80, and 1:160) with water at 90°C and 150°C.  They estimated that the amount of neptunium associated with dehydrated schoepite may be as high as 2% of the host solid based on EELS measurement.  These results were later brought into question by Fortner et al. (2003 [DIRS 170980]), who found that plural scattering effects of U interfered with the portion of the EELS spectra of Np used by Buck et al. (1998 [DIRS 100388]) and Finch et al. (2002 [DIRS 161979]).  Fortner et al. (2003 [DIRS 170980]) found that although they could detect Np in CSNF using X‑ray absorption spectroscopy, they could not detect Np in CSNF‑alteration products from samples exposed to 100% humidity at 90°C for 104 months.

Retention of Np by precipitated uranyl solids has recently been reported by several authors (Buck et al. 2004 [DIRS 172668]; Burns et al. 2004 [DIRS 171442]; Friese et al. 2004 [DIRS 172670]; Ebert et al. 2005 [DIRS 173071], Section 2.3.3).  However, the mechanism by which Np was retained in these synthetic uranyl solids (all high surface area powders) has not yet been identified (e.g., incorporation in the crystal structure, surface sorption, precipitation of amorphous or minor Np phases).

Burns et al. (2004 [DIRS 171442]) reported synthesis of uranophane (Ca(UO2SiO3OH)2·5H2O) and Na‑compreignacite (Na2[(UO2)3O2(OH)3]2·5H2O) containing neptunium ranging up to 497 ppm Np.  Furthermore, they found that there was a linear relationship between the neptunium content of α‑uranophane and Na‑compreignacite and the Np5+ concentration in their initial synthesis solutions.  Burns et al. (2004 [DIRS 171442]) found that only a small amount of Np (a few parts per million) was incorporated in metaschoepite and (‑(UO2)(OH)2.  Burns et al. (2004 [DIRS 171442]) attribute this to the lack of suitable low‑valence cations in their experiments to provide the charge balance needed for Np5+ incorporation into uranyl (U6+) minerals.  Although Burns et al. (2004 [DIRS 171442]) washed their samples to remove any surface-sorbed Np, they could not rule out the possibility that a minor/amorphous Np‑containing phase, not detectable by XRD, could be present in their synthesized samples. 

An important conclusion that can be drawn from the work of Burns et al. (2004 [DIRS 171442]) is that secondary uranyl solids with a structural charge appear to have a far higher affinity for Np(V) association than those without.  However, it is important to keep in mind the lack of available charge-compensation mechanisms provided to the minerals in the experiments; for example, the presence of low-valence cations.  Experiments have been performed at Argonne National Laboratory, and are reported by Ebert et al. (2005 [DIRS 173071], Section 3.4), further described later, which show that metaschoepite precipitated from solutions containing both Np(V) and Na+ contained significantly higher levels of Np than metaschoepite precipitated without Na+.  Thus, to have a more comprehensive picture of Np association with uranyl phases, additional experiments that reflect the range in composition of anticipated infiltration waters 
is needed.

Buck et al. (2004 [DIRS 172668]) coprecipitated Np5+ in synthetic studtite.  No difference could be found between studtite and Np‑doped studtite synthesized under identical conditions (addition of hydrogen peroxide to actinide nitrate solutions) with XRD and infrared spectroscopy.  Buck et al. (2004 [DIRS 172668]) mention that it is possible that Np may have been incorporated in studtite as Np6+ rather than as Np5+ under their experimental conditions.  Buck et al. (2004 [DIRS 172668]) also analyzed Np‑doped uranophane samples that were prepared and then washed to remove adsorbed Np.  Using two adjusted EELS techniques that avoid the U interference encountered by Buck et al. (1998 [DIRS 100388]) and Finch et al. (2002 [DIRS 161979]), Buck et al. (2004 [DIRS 172668]) were able to detect the “high concentration” of Np associated with synthetic studtite and 1,300 and 6,300 ppm of Np associated with samples of synthetic uranophane.  Buck et al. (2004 [DIRS 172668]) do not mention washing studtite to remove Np possibly adsorbed on crystal surfaces.  None of the analytical techniques used by Buck et al. (2004 [DIRS 172668]) can rule out the presence of an amorphous/trace Np‑containing solid phase in their samples.

Friese et al. (2004 [DIRS 172670]) synthesized seven metashoepite samples by adding Np(V) stock solution to uranyl acetate solutions (mol % Np = 0 to 2) and adjusting the pH to values ranging from 4.5 to 10.4.  These solutions were allowed to age at room temperature for 2 days and were centrifuged for 10 minutes.  The liquids were decanted, while the solids were washed with deionized water (3() and air‑dried.  Both the decanted liquids and the solids were counted by gamma energy analysis.  All solids precipitated were identified as metashoepite or sodium uranium hydroxide hydrate (Na2(UO2)6(OH)14·4H2O) by XRD analysis.  Friese et al. (2004 [DIRS 172670]) found that for starting solutions ranging from mol% Np = 0 to 2 aged at pH = 5.5, Np uptake/association with the precipitated solids increased slightly but remained less than 1% of the total Np.  For starting solutions with mol% Np = 1 but aged with pH values ranging from 6.5 to 10.4, the Np association with the solid increases to 100%.  Friese et al. (2004 [DIRS 172670]) hypothesized that more Np could be incorporated in metashoepite at high pH since more Na+ was available to achieve charge balance, but could not rule out the possibility of Np adsorbed on the solids or an amorphous or minor undetected Np solid being responsible for Np uptake.

Ebert et al. (2005 [DIRS 173071], Section 3) also attempted to coprecipitate Np in U6+ solids by adjusting the pH of solutions containing U, Ni, and Np in ratios relevant to a breached waste package with NaOH or tris(hydroxymethyl)aminomethane.  These samples were then shaken for 9 days at 90°C.  The solids separated from these experiments have not yet been characterized, but the removal of Np from the sample solutions during precipitation is greater than 80% for samples titrated with sodium hydroxide to pH values greater than 7.  Samples titrated with tris(hydroxymethyl)aminomethane to similar pH values show neptunium uptake of less than 40%.  This suggests that sodium, which is not present in the tris-titrated samples but is available in the NaOH‑titrated samples, plays an important role in the neptunium uptake process.  Although these Np uptake percentages may also include adsorbed Np, this observation is consistent with the hypothesis that sodium is providing charge compensation that facilitates the incorporation of neptunium into the structure of the precipitating uranyl oxide hydrate.

Recent examination of CSNF specimens that had been subjected to corrosion testing for up to 10 years under unsaturated conditions shows that neptunium and plutonium in CSNF samples remained in proximity to the corroding surface during corrosion and were not retained in the alteration rind (Ebert et al. 2005 [DIRS 173071], Section 2).  This observation is consistent with the hypothesis that Np is not oxidized to the soluble Np(V) oxidation state as the fuel corrodes because the potential needed to effect this oxidation is higher than the corrosion potential of the CSNF matrix that hosts the neptunium in the Np(IV) oxidation state (Ebert et al. 2005 [DIRS 173071], Section 2).  This may explain the apparent discrepancy between reported association of neptunium with uranyl phases in the direct synthesis experiments mentioned above and the absence or very low levels of neptunium observed in uranyl alteration phases derived from corroded CSNF; the CSNF‑derived uranyl phases are relatively depleted in neptunium because neptunium has resisted oxidation and is thus unavailable in the solution from which uranyl phases are precipitating (Ebert et al. 2005 [DIRS 173071], Section 2).

IV.3.3.1.2
Information Needed to Model Np Incorporation in Uranyl Minerals for TSPA‑LA

Although it has been proposed as a model for estimating dissolved Np concentrations (Chen 2003 [DIRS 162709]; Chen et al. 2002 [DIRS 161996]), there remain many issues to be resolved before a defendable model of Np-containing uranyl phases can be generated.  Chief among these are: evidence for the incorporation of Np into the structures has been investigated for only some of the U(VI) corrosion products, the nature of the Np association with uranyl solids has not been unambiguously determined, and the effect of such association on dissolved concentrations of Np, particularly in the long-term, has not been experimentally addressed.  Experiments are still needed that can help establish the following (Ebert et al. 2005 [DIRS 173071], p. 3-7):

· Identities of the most relevant U(VI) solids that are likely to sequester neptunium, confirmed by experiments under the range of water compositions anticipated at Yucca Mountain.

· Whether Np is incorporated into the structures of U(VI) corrosion products, and if so, the level at which other processes that may occur simultaneously contribute, including surface sorption effects.

· The molar Np:U ratio (or range of Np:U ratios) in Np‑bearing U(VI) corrosion products.

· The molar Np:U ratio (or range of Np:U ratios) in solutions in contact with Np‑bearing U(VI) corrosion products.

· The limit of Np concentrations in U(VI) compounds under repository‑relevant conditions.

· The fate of Np during the alteration of early formed U(VI) corrosion products as they continue to interact with in‑package aqueous solutions and Yucca Mountain groundwaters.

· The effect of Np association on the crystallinity of U(VI) phases.  Douglas et al. (2005 [DIRS 178245]) reported that crystallites of uranophane and Na-boltwoodite formed in the presence of Np(V) were smaller than those formed in its absence.  The possibility that association of Np with U(VI) corrosion products may alter the structure of the resulting solid with a corresponding decrease in crystallinity should be investigated.

· The effect that the paragenetic sequence of U(VI) secondary phase formation has on the uptake of Np released as the CSNF matrix degrades.

To model dissolved Np concentrations likely to be controlled by the solubilities of Np‑bearing solid corrosion products (if they exist), the following quantitative data are needed for each potentially relevant Np‑bearing solid (Ebert et al. 2005 [DIRS 173071, p. 3-8]):

· The solubilities and thermodynamic stabilities in water chemistries expected in the repository

· Equilibrium partitioning of Np between relevant solids and aqueous solutions (Henry’s Law behavior) as a function of solution chemistry, and possibly as a function of solid chemistry as well

· Precipitation and dissolution rates for all relevant Np‑bearing solids (kinetic rate laws).

Experimental data that demonstrate that an Np-associated uranyl phase can act as the solubility‑controlling phase for Np have not been shown.  Although Np has been found to associate with some uranyl phases under laboratory conditions, it remains to be shown whether dissolved concentrations of solutions in contact with such a phase are lowered as a result of such association.  For instance, as equilibrium dissolved concentrations are reached, it is possible that the Np released to solution may not re-associate with the uranyl solid; this would result in the solid purifying itself of Np over time as it achieves dynamic equilibration with the water with which it is in contact.  Such an effect would be consistent with observations of uranyl minerals in nature, which do not contain high levels of impurities.  

This type of behavior was reported for Np associated with synthetic uranyl solids by Douglas et al. (2005 [DIRS 173086]) and Friese et al. (2006 [DIRS 178465]).  When subjected to leaching studies with a constant pH solution deficient in dissolved U, release of Np was observed to exceed congruent release of U.  Furthermore, the re-precipitated uranyl solids excluded Np from their structures.  While Np association with amorphous and/or poorly crystalline uranyl solids are possible explanations for the observed rapid release of Np, this effect needs further investigation to ensure that dissolved Np concentrations are consistent with solid-solution theory under anticipated conditions in the repository.

However, to effectively model and take credit for this phenomena, an understanding of the change in crystal structure energy with and without the incorporation on neptunium is needed.  It has been shown that neptunium will interact with uranyl secondary phases; however, the stability of this interaction over geologic time is necessary.  Typically, as minerals dissolve and precipitate over time, they will become more pure.  This recrystallization effect is a common chemical technique for purifying a material.  If the (G of the incorporated uranium mineral is lower than the (G of the pure mineral, then it is likely that the interaction with uranium minerals will persist over geologic time.  However, if the opposite is true, then the uranium minerals will remove neptunium from its crystal structure over time and release it to the environment.  Currently, there are no thermodynamic data on this interaction.

Of the U(VI) minerals precipitated in the experiments above or that are formed during the degradation of CSNF or uraninite, only Na‑boltwoodite, schoepite, soddyite, α‑uranophane, and Na‑weeksite are represented in the thermodynamic databases used for geochemical modeling in this report (DTN:  MO0302SPATHDYN.000 [DIRS 161756]) and DTN:  SN0410T0510404.002 [DIRS 172712]).  Therefore, solubility modeling of Np based on Np‑U solid solutions will also require the determination of thermodynamic and solubility data for the relevant missing U 
end members.

IV.4
Neptunium in Contact with Waste Package Materials (Excluding Fuel)

Reaction paths for Np mineralization in the waste package must also take into account influences of corrosion of the waste package materials (primarily steel), and interactions of the corrosion products of steel corrosion (primarily Fe(II) and Cr(III) species).  Np(V) species will encounter corroded metals and their corrosion products from waste package internals.  As discussed below, these will provide local environments with lower oxidation potentials than the bulk solution, promoting reductive nucleation and precipitation of Np species by reducing Np(V) to Np(IV).  To show this, this section first establishes which metals are in the waste packages, their compositions, and their corrosion rates.  This lays the groundwork for determination of the reductants that will be present and the time frames for their release, establishing what will control the system over geologic time frames.  After laying this groundwork, a discussion of Np reduction by products of steel and alloy corrosion is presented.

IV.4.1
Waste Packages Materials

Waste packages come in a variety of different forms built with varied materials.  The primary materials composing waste packages (nonfuel components) are aluminum alloys, carbon steel, stainless steel, and zircaloys (SNL 2007 [DIRS 180506], Sections 4.1.4 and 4.1.4[a]).  These materials corrode at different rates, affecting or controlling the chemistry inside the package at different times during corrosion of canisters in the repository.  The degradation rates used by In‑Package Chemistry Abstraction (SNL 2007 [DIRS 180506]) for these materials are presented in Table IV-6.

Table IV-6.
Corrosion Rates of Waste Package Materials

	Material
	Aluminum Alloya
	Carbon Steel Type A516a
	Stainless Steel Type 316a
	Stainless Steel Type 304B4a
	Stainless Steel Type 304a
	Zircaloyb

	Minimum rate ((m/year)
	0.4
	3.69
	0.0007
	2.94
	0.001
	0.3 mils per million years

	Mid-range rate ((m/year)
	9.5
	N/A
	0.7362
	20.58
	0.1285
	

	Maximum rate ((m/year)
	110.9
	130.7
	14.8
	1058.4
	39.1
	

	Source:
a SNL 2007 [DIRS 180506], Tables 4-8 and 4-9[a].

b BSC 2004 [DIRS 169982], Section 6.2.5.


From these rates it can be seen that carbon steel and aluminum alloy will control the system early in waste package corrosion, with stainless steel having greater effect over longer periods.  Zircaloy degrades so slowly that it should have minimal effect on the chemistry inside the waste package.  This is further justified by In-Package Chemistry Abstraction (SNL 2007 [DIRS 180506]).
Table IV-7 provides compositions for the major alloys and steels affecting water chemistry.  These are the main components available for reaction in the waste packages.

Table IV-7.
Major Element Composition of Steels and Alloys

	Element
	Carbon Steel Type A516
(wt %)a
	Aluminum Alloy 6061
(wt %)b
	Stainless Steel Type 316
(wt %)c
	Aluminum Alloy 1100
(wt %)b
	Stainless Steel Type 304L
(wt %)c
	Stainless Steel Type 304B4
(wt %)d

	Mn
	0.85 to 1.2
	0.15
	2.00
	0.05
	2.00
	2.00

	Cr
	—
	0.04 to 0.35
	16.0 to 18.0
	—
	18.0 to 20.0
	18.00 to 20.00

	Ni
	—
	—
	10.0 to 14.0
	—
	8.0 to 12.0
	12.00 to 15.00

	Mo
	—
	—
	2.00 to 3.00
	—
	—
	—

	Fe
	Balance
	0.7
	Balance
	0.95 (Si+Fe)
	Balance
	Balance

	Mg
	—
	0.8 to 1.2
	—
	—
	—
	—

	Al
	—
	Balance
	—
	Balance
	—
	—

	B
	—
	—
	—
	—
	—
	1.00 to 1.24

	Source: 
a ASTM A 516/A 516M-01 [DIRS 162723], Table 1, grade 70, 1/2” to 2” thickness.


b ASTM B 209-96 [DIRS 144744], Table 1, p. 7.


c ASTM A 240/A 240M-03b [DIRS 165003], Table 1, p. 4.


d ASTM A 887-89 [DIRS 154062], Table 1.

NOTE:
Major elemental composition of alloys and steels.  Any element not comprising at least 1 wt % of any waste package component is not presented in this table.


IV.4.2
Minerals and Aqueous Species

The major components of the metals in waste packages are Fe, Al, Cr, Mo, Mn, and Ni.  The major minerals formed inside the packages from these elements are as follows:

Iron Minerals—Most of the information on the major iron minerals in this section comes from Schwertmann and Cornell (1991 [DIRS 144629]) and Schwertmann and Taylor (1995 [DIRS 105959]).  Any material not from these two sources will have an accompanying reference as to its source.

Goethite ((-FeOOH) and hematite ((-Fe2O3) are the two most thermodynamically stable Fe minerals under aerobic conditions, and therefore the most widespread Fe minerals.  Goethite is found in almost all soils and in other areas such as lakes and streams.  Hematite, on the other hand, is usually found in tropical and subtropical regions where higher temperatures and lower water activities aid in its formation.  It is generally accepted that goethite forms through precipitation directly from solution.  Hematite needs a precursor, such as ferrihydrite, from which it forms through dehydration and rearrangement.  Under surface conditions, simple transformation of goethite to hematite has not yet been observed, though it may occur after sediment burial.

In addition to hematite and goethite, other Fe minerals are found in the natural environment.  Even though less thermodynamically stable, they may be kinetically more favorable for formation depending on the environment.  Over time, these minerals would be expected to change or transform into either the more thermodynamically stable hematite or goethite, or both.  The exact process depends on time, temperature, chemical environment, etc., and so far there is no exact model.  A simplified diagram showing some of these transformations and the required conditions is presented in Figure IV-7.  The “rust flow chart” comes from a compilation of information primarily from Schwertmann and Cornell (1991 [DIRS 144629]), Schwertmann and Taylor (1995 [DIRS 105959]), and Misawa et al. (1974 [DIRS 159327]).  Minor contributions were made by Jobe et al. (1997 [DIRS 159328]) and Pednekar (1987 [DIRS 159329]).  This diagram does not present all of the processes possible, but those that are well understood and occur frequently.

Lepidocrocite ((-FeOOH) forms from the oxidation of Fe2+.  The formation of lepidocrocite is usually kinetically favored over that of goethite, and its transformation to goethite is extremely slow, so it may exist on the time scale of several thousand years.  However, in carbonate-rich solutions and those containing Al, goethite is more favored to form than lepidocrocite from Fe2+.  On the other hand, Cl and Si favor lepidocrocite formation, and Si also helps to stabilize the structure of the mineral so its transformation to goethite is stunted.

When iron corrodes in aerated solutions of neutral pH, the overall reaction can be written:

2Fe + 2H2O + O2 ( 2Fe2+ + 4OH− ( 2Fe(OH)2

However, in oxygen-rich environments, this Fe hydroxide is unstable and is oxidized to lepidocrocite, which in time changes to magnetite, maghemite, or hematite (Pednekar 1987 [DIRS 159329]).

Maghemite ((-Fe2O3) occurs primarily in the soils of tropical and subtropical regions, but has been found in temperate regions.  In addition to oxidation of magnetite and dehydration of lepidocrocite, maghemite can be formed from other Fe oxides, such as goethite.  However, an essential prerequisite for this is the presence of organic matter and heat.  In temperate zones, bush or forest fires usually provide the heat.

Magnetite (Fe3O4) is usually found on the protected side of any “rust deposit.”  That is, it forms directly against the metal and below any other oxide/hydroxide that may have formed.  It is common in low-oxygen and higher-temperature conditions.

Only a few occurrences of feroxyhyte (((-FeOOH) have been reported.  Rapid oxidation is presumed to be required for its formation.

Green rusts are not oxides or hydroxides in a strict sense, but contain anions as an essential structural component.  Forms with chloride, sulfate, and carbonate are known.  The name is derived from the bluish-green color of the compounds and their occurrence as anoxic products of steel corrosion.  They usually occur as an intermediate form between Fe2+ solutions and FeOOH.  Green rusts are very sensitive to oxidation, from which they quickly transform to other more stable iron oxide/hydroxides.
Ferrihydrite (Fe5HO8(4H2O) is limited to situations where fast hydrolysis occurs and where organic matter, phosphates, and silicates inhibit crystallization of more stable minerals.  These inhibitors also retard its formation to stable minerals, such as hematite.  Because of its high solubility and unstable crystalline structure, ferrihydrite may only last on the order of days to a few years.

Akaganeite ((-FeOOH) requires the presence of high chloride concentrations and elevated temperatures (( 60(C).
Wüstite (FeO) forms from the dehydration of Fe(OH)2 at higher temperatures in nonoxygenated atmospheres.  At lower temperatures, wüstite decomposes into Fe3O4 and Fe.

Fe(OH)3 is actually representative of amorphous or poorly crystallized Fe hydroxides such as ferrihydrite, with a general chemical formula of Fe(OH)3(am).  True crystalline Fe(OH)3 is called bernalite.  It was accepted as a mineral name only in 1992 (Birch et al. 1992 [DIRS 159330]; Birch et al. 1993 [DIRS 159387]).  This crystalline form of Fe(OH)3 is very rare and occurs in very limited quantities, so it is not expected to form in the waste package.

In the presence of sulfides or sulfate-reducing bacteria, FeS and FeSO4 are also recorded as corrosion products of steels.  This is shown by Booth et al. (1967 [DIRS 159331]; 1967 [DIRS 159332]), and in the literature review by Pednekar (1987 [DIRS 159329]).  Siderite (FeCO3) is also a common mineral in carbonate-rich waters.

The Fe3+ in the octahedral position may be partially replaced by other trivalent metal cations of similar size such as Al3+, Mn3+, and Cr3+ without modifying the structure.  Chromium and molybdenum may, however, replace some of the Fe in the structure of the Fe minerals due to the very similar ionic radii of the ions (Fe3+ = 0.064 and Cr3+ = 0.061; Schwertman and Cornell 1991 [DIRS 144629], Table 1-2).  Chromium replacement of iron is known to occur in goethite and lepidocrocite (Schwertman and Cornell 1991 [DIRS 144629]; Eary and Rai 1989 [DIRS 105788]; Deng et al. 1996 [DIRS 105778]).  Molybdenum replacement of Fe in Fe oxides is highly dependent on pH of the system.  Molybdenum adsorption reaches a maximum between pH values 4 and 5 and then decreases as pH increases until, at pH of 8, very little sorption occurs (Goldberg et al. 1996 [DIRS 158382]).

From the discussion above, the most prevalent forms of iron in the waste packages are magnetite, goethite, lepidocrocite, and hematite.  This also agrees with what has been observed in experiments on the corrosion of miniature waste packages corroded under two different configurations (flow-through and “bathtub”).  XRD analysis on materials collected from the effluent leaving these packages consisted of poorly crystalline materials containing magnetite, goethite, and lepidocrocite (Zarrabi et al. 2003 [DIRS 171238]).  Maghemite and iron oxide hydrate (Fe2O3(H2O) were also reported once.  Glass-walled miniature waste packages (at 25(C) with carbon steel internals showed the formation of reddish brown, green, and black (magnetic) corrosion products, likely goethite, green rusts, and magnetite.  As the duration of the experiments increased, the black magnetite increased in abundance.  These tests show the prevalence of Fe(II) minerals within the corrosion products.  Additionally, at higher temperatures, a higher concentration of the magnetite would be expected due to lower available oxygen.  The results of these experiments with the miniature waste packages also agree with the general literature, which shows a good mix of Fe(II) and Fe(III) mineral species (Table IV‑8).

Table IV-8.
Sampling of Iron Minerals Reported from Different Corrosive Environments

	References
	Year
	Test
	Corrosion products

	Ahn and Leslie [DIRS 159352]
	1998
	Literature review (aqueous corrosion)
	(-FeOOH, Fe3O4, and Fe(OH)2

	Raman and Nasrazadani [DIRS 159354]
	1990
	Analysis of Bridge packing Materials (atm)
	Exposed surface = ( + (-FeOOH

Unexposed surface = Fe3O4 and (-FeOOH

	Marsh and Taylor [DIRS 100917]
	1988
	Submerged granite and bentonite covered steel coupons
	Fe3O4

	Pednekar [DIRS 159329]
	1987
	Literature review of mild and carbon steels in varied environments
	Atmosphere = ( +(-FeOOH and Fe3O4

	
	
	
	Fresh water = ( +(-FeOOH, Fe3O4, and ( +(- Fe2O3

	
	
	
	Saltwater = = ( +(-FeOOH, Fe3O4, and (- Fe2O3

	
	
	
	Bacteria influenced = (,(, and (-FeOOH, Fe3O4, ( +(- Fe2O3, FeS, and FeSO4

	Brush and Pearl [DIRS 159355]
	1972
	Submerged steel coupons
	Fe3O4 and (-FeOOH with some (-Fe2O3 at the water–oxide interface

	


As discussed in Section IV.4.3, Fe(II) species can reduce Np(V) to Np(IV) and will be responsible for most of the reductive nucleation and precipitation of Np species by waste package materials.
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Figure IV-7.
Simplified Diagram of Interactions between Fe Oxides, Hydroxides, and Oxyhydroxides

Aluminum Minerals—Like iron, aluminum forms a number of different minerals, and a mixture of these is expected to form in the waste packages.  However, unlike the iron minerals where usually only one mineral forms in the simulation of waste package degradation, a primary mineral (an oxide, hydroxide, or oxyhydroxide) will form (gibbsite in the EQ6 cases) along 
with a host of clay minerals including smectites, kaolins, and zeolites.  A more in-depth discussion follows.

Crystalline Al(OH)3 exists as four polymorphs:  gibbsite, nordstrandite, doyleite, and bayerite, of which gibbsite is the most common.  Most naturally occurring Al(OH)3 polymorphs are very finely crystalline and usually admixed with each other and other Al minerals.  Gibbsite is the most abundant of these polymorphs (Hsu 1995 [DIRS 105875]).  Bayerite can be most readily synthesized but is rarely seen in nature, while norstrandite is the most frequently occurring, after gibbsite, in the natural environment (Apps et al. 1989 [DIRS 159378]).

Aluminum oxyhydroxides (AlO(OH) – boehmite and diaspore) are rarer than the hydroxides and are known to exist in many bauxite deposits.  They are thus regarded as the ultimate product of intensive weathering of primary Al silicates in soils (Allen and Hajek 1995 [DIRS 159372]).

Smectites are any monoclinic layer silicates of the general formula X0.33Y2to3Z4O10(OH,F)2(nH2O, where X = Ca, Li, or Na; Y = Al, Cr+3, Fe+2, Fe+3, Li, Mg, Ni, or Zn; and Z = Al, Si (Roberts et al. 1990 [DIRS 107105]).  The three most common forms of smectite are nontronite, montmorillonite, and beidellite.  Smectites are common soil minerals in temperate and cold climates.  They do not form where leaching is intense due to either a loss of bases or silica, or both.  They form through alteration of other phyllosilicates and synthesis.  Where weathering and leaching are extensive, smectites usually alter to kaolinite.

Minerals in the kaolinite-serpentine group are silicates of the general formula M2to3Z2O5(OH)4(nH2O, where M = Al, Fe+2, Fe+3, Mg, Mn+2, Ni, or Zn; and Z = Al, Fe+3, or Si (Roberts et al. 1990 [DIRS 107105]).  The most common are kaolinite and halloysite (Dixon 1995 [DIRS 159374]).

Zeolites are hydrous aluminosilicates of alkali and alkali earth elements characterized by the ratio (Al+Si):O = 1:2, and the reversible loss of water (Roberts et al. 1990 [DIRS 107105]).  The most commonly reported zeolites in sedimentary environments are analcime, chabazite, clinoptilolite, erionite, heulandite, laumontite, mordenite, and phillipsite, with clinoptilolite being the most abundant.

Although aluminum solids will be very abundant in the waste packages, the form of Np control they provide is by sorption and will not be responsible for the reductive nucleation and precipitation of Np species.  Therefore, they are not discussed in any greater detail for neptunium retardation.

Chromium Minerals—The following is taken from Engineered Barrier System:  Physical and Chemical Environment (BSC 2004 [DIRS 169860]):

Chromium exists in many oxidation states; however, only the +6 and +3 oxidation states 
are common.

Cr(VI) exists in solution as H2CrO4(, bichromate (HCrO4−), chromate (CrO42−), or dichromate (Cr2O72−) with the relative concentration of these species dependent on the pH and total Cr(VI) concentration.  Below a pH of 6.5, Cr2O72− dominates when Cr(VI) concentrations are above 1 mM (and possibly as low as 30 mM) and HCrO4− dominates when Cr(VI) concentrations are (30 mM.  Above a pH of 6.5, CrO42− is the dominant species.

Cr(III) exists in solution primarily as Cr3+ below a pH of 3.5.  Increasing hydrolysis with increasing pH values yields Cr(OH)2+, Cr(OH)2+, Cr(OH)3(, and Cr(OH)4−.  Cr(III) can precipitate as amorphous Cr(OH)3, which can subsequently crystallize to Cr(OH)3(3H2O or eskolaite (Cr2O3).  In groundwaters with pH greater than 4, Cr(III) and Fe(III) can precipitate in a solid solution with a general formula of CrxFe1-x(OH)3.

There is evidence that the chromium in the waste packages will be in the form of Cr(III).  Chromium speciation during the corrosion of Stainless Steel Type 316L showed a predominance of Cr(III) species and that oxidation of Cr(III) to Cr(VI) was negligible at room temperature.  Reaction with stainless steel or oxalic acid caused much greater reduction of Cr(VI) than the oxidation of the Cr(III).  Reduction of Cr(VI) in the presence of hematite (Fe2O3) is attributable to the small amount of an FeO component in the hematite.  Oxidation experiments exposing Cr(III) species to dissolved oxygen at near ambient conditions over a pH range of 4.0 to 12.5 did not detect Cr(VI) within 24 days.  Additionally, Langmuir (1997 [DIRS 100051], Figure 11.5) shows that observed disequilibrium of dissolved oxygen in water corresponds to the much more rapidly reacting O2-H2O2 couple.  In the pH range of 6 to 9, the Eh values for this couple (approximately 0.4 to 0.6 volts) corresponds to the Cr(III) field in Engineered Barrier System:  Physical and Chemical Environment (BSC 2004 [DIRS 169860], Figure 6.8-3).

As discussed in Section IV.4.3, Cr(II) species can reduce Np(V) to Np(IV) and will be responsible for some of the reductive nucleation and precipitation of Np species by waste package materials.

Molybdenum  and Manganese Minerals—Molybdenum and manganese solids will not be very prevalent in the waste packages since Mo and Mn are only a minor constituents of waste package materials.  Additionally, the form of Np control they provide is by sorption and will not be responsible for the reductive nucleation and precipitation of Np species.  Therefore, they are not discussed in any greater detail for neptunium retardation.

Nickel Minerals—The following is an excerpt from Engineered Barrier System:  Physical and Chemical Environment (BSC 2004 [DIRS 169860], Section 6.8.1.2):

Only Ni(II) occurs at ambient environmental conditions.  The higher oxidation states occur rarely and, even in those cases, it is not clear whether the ligand rather than the metal atom oxidizes.  No other oxidation state would be expected under repository environmental conditions once Ni is released by oxidation of the metal alloys.

Once the Ni is released into an aqueous environment under oxidizing conditions, nickel hydroxides [Ni(OH)2] are stable in a pH range between 8 and 12.  Otherwise, either the Ni2+ ion or the HNiO2− ions are in solution, indicating that the Ni is relatively soluble under neutral-acidic conditions and under relatively alkaline conditions.

Nickel tends to substitute for iron and manganese in solid phases, and tends to be co-precipitated as Ni(OH)2 with both iron oxides and manganese oxides.  Nickel will also adsorb to clays, iron and manganese oxides, and organic matter.

Although Ni solids will be very abundant in the waste packages, the form of Np control 
they provide is by sorption, and they will not be responsible for the reductive nucleation 
and precipitation of Np species.  Therefore, they are not discussed in any greater detail for neptunium retardation.

As indicated in Section IV.4.1, carbon steel will control the system early in waste package corrosion, with stainless steel having greater effect over longer periods.  Therefore, iron species will be of great importance in the reduction of Np(V) to Np(IV) in short and long time frames, whereas chromium from stainless steel corrosion will only be instrumental over long 
time frames.

IV.4.3
Reduction of Np by Corrosion Products and Reduced Species

Sorption of Np(V) and subsequent reduction to Np(IV) is another suggested mechanism for the creation of NpO2 inside waste packages.  Several experiments show Np(V) is readily sorbed to iron corrosion products (Nakayama and Sakamoto 1991 [DIRS 172676]; Kohler et al. 1999 [DIRS 172672]; Tochiyama et al. 1995 [DIRS 144644]).  However, Nakata et al. (2002 [DIRS 172674]; 2004 [DIRS 172675]) show that neptunium sorbed to Fe(II) inside mineral phases reduces Np(V) to Np(IV).  Specifically, experiments on neptunium sorption on magnetite show a very fast uptake of neptunium in the first hour, which is attributed to this reduction of neptunium to the +4 oxidation state.  This is also suggested by Beall et al. (1980 [DIRS 172677]), who also report this quick uptake of Np by Fe(II) minerals.  Although reported only for magnetite, it is also reasonable that there could be reduction of Np(V) by the FeO component of impure phases of hematite, goethite, and lepidocrocite in the package.  Like Fe(II), Cr(III) will also reduce Np from Np(V) to Np(IV).

As shown in several experiments, Np reduction by aqueous Fe species is not reported (Nakata et al. 2004 [DIRS 172675]; Cui and Eriksen 1996 [DIRS 172669]).  This may be because iron forms very insoluble corrosion products so the aqueous concentrations of iron are very low.  However, Nakata et al. (2004 [DIRS 172675]) added dissolved Fe2+ and were not reliant on equilibrium concentrations of Fe2+ with corrosion products.  Using variable concentrations of Fe2+, they were still unable to observe significant Np(V) reduction.  This is corroborated by Hem (1985 [DIRS 115670]), who indicated that natural waters are very low in Fe content because of the durability of iron-containing minerals.

APPENDIX V
Eh adjustment

INTENTIonally Left blank

V.1
Basis for Adjusted‑Eh Solubility Model

The basis for the adjusted Eh solubility model is developed by first examining the results for plutonium solubility assuming equilibrium with atmospheric oxygen.  The results from the model runs are then compared with experimental results and any discrepancies and the cause discussed.  The most likely cause for the discrepancy is the assumption of equilibrium with atmospheric oxygen fugacity.  Therefore, the oxygen fugacity observed in natural waters, waters surrounding Yucca Mountain, and miniature waste package experiments are examined.  These results are then applied to develop an empirical Eh solubility model that is used for the internal waste package environment.

V.2
atmospheric fO2 Model

The calculations for an atmospheric fO2 model are carried out with the solution redox conditions controlled by theoretical equilibrium between the solution and atmospheric oxygen fugacity (fO2) of 0.2 bars.

V.2.1
Atmospheric fO2 Modeling Results

The plutonium solubility for a range of pH and fCO2 values calculated using PuO2(hyd,aged) as the controlling solid with fO2 = 0.2 bars is shown in Figure V-1.  The variation of solubility with pH and fCO2 results from the presence in solution of Pu(V) and Pu(VI) species including PuO22+ and Pu(V) and (VI) aqueous complexes with CO32(, F− and SO42−.  The stability constants used in the modeling were those of the NEA compilation of chemical thermodynamic data 
(OECD 2001 [DIRS 159027]) included in the project database data0.ymp.R2 (DTN:  MO0302SPATHDYN.000 [DIRS 161756]).  At each fCO2, plutonium solubility increases with pH under alkaline conditions, while under acidic conditions it increases conversely to pH.  This U‑shape (or V‑shape) curve is typical for actinides.

When modeling with fO2 = 0.2 bars at pH <3.75, the EQ3NR calculations do not converge.  Neither do the EQ3NR calculations when pH is greater than 7.5 to 10.5, depending on fCO2.  These simulation runs do not converge because the modeling code is unable to reach a mathematical solution at these conditions.  For example, at high pH values, and especially at high fCO2 values, formation of the strong PuO2(CO3)34( complex may require the code to add very large amounts of CO2 or Pu, or both, to form the complex, or to add a very large amount of Na+ to balance the charge of large quantities of this complex.  At low pH values, PuO2SO4(aq) dominates.  Under the relatively high oxidation state represented by fO2 = 0.2 bars and with the use of SO42( as the charge‑balancing anion at low pH values, EQ3NR is also unable to reach a mathematical solution at low pH values (Section 6.4.4).
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Figure V-1.
PuO2(hyd,aged) Solubility Modeled with Theoretical fO2 as a Function of pH and log fCO2

V.2.2
Comparison with Experimental Measurements

Figure V-2 presents the modeling results at atmospheric fO2 and log fCO2 = −3.5 (bars) along with Pu‑solubility measurements from five experiments (Rai 1984 [DIRS 122768]; Nitsche et al. 1993 [DIRS 155218]; Nitsche et al. 1994  [DIRS 144515]; Efurd et al. 1998 [DIRS 108015]; Rai et al. 2001 [DIRS 168392]).  These five experiments have been discussed in Section 6.5.3.3. 
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Validation DTN:  MO0707DISENSSI.000, file:  simple pu solb.jnb.

Figure V-2.
Comparison of the Theoretical (Atmospheric) fCO2, PuO2(hyd,aged) Model with Pu Solubility Measurements

The inconsistency and the large difference between the experimental and modeling results strongly suggest that this model using a redox potential calculated from fO2 = 0.2 bars does not represent Pu‑solubility behavior.  Furthermore, the high Pu concentrations predicted by the theoretical fO2 model are unrealistic because it does not take into account the formation of Pu colloids.  It is well known that when the total concentration of plutonium is higher than 1.0E‑6 mol/L, plutonium polymers (colloids) form (Choppin 1983 [DIRS 168395]).  The formation of Pu colloids is quite rapid and its rate is third order in Pu concentration.  Colloids remove Pu from the aqueous phase and, thus, reduce the dissolved Pu concentration.  The predicted Pu concentration by the theoretical fO2 model ranges from 2.54E‑6 mol/L to 2.25 mol/L, which is above the threshold for colloids.  Thus, it is reasonable to expect that these high concentrations of Pu in aqueous phase cannot be sustained.  In other words, because of colloids, such a high Pu solubility predicted by the theoretical fO2 model is unrealistic.

V.2.3
Cause of the Discrepancy between the Atmospheric fO2 Model and Experimental Results

The discussion in Sections V.2.1 and V.2.2 and Figure V-2 concluded that the theoretical atmospheric fO2 model (fO2 = 0.2 bars) does not correctly represent Pu behavior in solution.  Therefore, an alternate Pu‑solubility model is needed to correctly represent dissolved Pu behavior in the waste package.  The first step in developing such a model is to examine in more detail the cause of the discrepancy between the atmospheric fO2 model and experimental results.

One of the properties of Pu is that species of different oxidation states (from III to VII) can coexist in equilibrium in many aqueous systems (Choppin 1983 [DIRS 168395]; 2003 [DIRS 168308]), although for natural aqueous environments, Pu(VII) is not important (Silva and Nitsche 1995 [DIRS 112092]).  The oxidation state has a large impact on the geochemical behavior of Pu in aqueous environments.

Figure V-3 shows the distribution of different oxidation states in experiments reported by Nitsche et al. (1993 [DIRS 155218]; 1994 [DIRS 144515]).  For pH from 6 to 8.5, the dominant Pu species is Pu(V).

Pu(V) is also the dominant species in the experiments conducted by Rai (1984 [DIRS 122768]) for pH from 3.5 to 5, as shown in Figure V-4.
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Source:
Validation DTN: MO0707DISENSSI.000, files:  Nitsche93aSDist.jnb and Nitsche94SDist.jnb.

NOTE:
Data in the left figure are from Nitsche et al. 1993 [DIRS 155218], while data in the right figure are from Nitsche et al. 1994 [DIRS 144515].  The fCO2 values used in these experiments were 10(1.2, 10(1.8, and 10(3.2 bars for the left figure and 10(0.5 bars, 10(1.2 bars, and 10(2.6 bars in the right figure for pH values of 6, 7, and 8.5, respectively.

Figure V-3.
Pu‑Oxidation States Distribution in Pu‑Solubility Experiments
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Source:
Validation DTN:  MO0707DISENSSI.000, file:  Rai84SpecDistr.jnb.

NOTE:
Data is from Rai 1984 [DIRS 122768].

Figure V-4.
Pu‑Oxidation States Distribution in Pu‑Solubility Experiments

In natural waters, Pu(V) is observed to be the dominant dissolved species (Choppin et al. 1986 [DIRS 168377]; Choppin and Stout 1989 [DIRS 168379]; Choppin 2003 [DIRS 168308]; Murphy and Shock 1999 [DIRS 168433]).  However, the oxidation state distribution in the EQ3NR results using the theoretical fO2 model with fO2 = 0.2 bars shows that Pu(VI) is the dominant species over the entire pH range modeled (Figure V-5)
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Validation DTN:  MO0707DISENSSI.000, file:  simplespecdistr.jnb.

Figure V-5.
Pu‑Oxidation States Distribution Given by the Simple PuO2(hyd,aged) Model

Since the distribution of different oxidation states is mainly controlled by redox reactions, the discrepancy between the theoretical atmospheric fO2 model results and solubility experiments as well as observations in natural waters strongly suggests that the redox potential, based on 
fO2 = 0.2 bars, causes the discrepancy.

V.3
Redox Potential

There is a discrepancy observed between the theoretical atmospheric fO2 model results and solubility experiments and observations.  To investigate the redox potentials that exist in nature, the data for natural waters, waters surrounding Yucca Mountain, and miniature waste package experiments are investigated.  
V.3.1
Redox Potentials in Natural Waters

There are several different ways to represent redox potential.  Oxygen fugacity is convenient and commonly used in geochemistry.  In many systems, the oxygen fugacity is approximately equal to its partial pressure, so when a system is open to air, it is assumed that fO2 = 0.2 bars.  As already pointed out, this convention was used in the theoretical fO2 model described earlier.

Other parameters used to represent redox conditions are Eh and pe (Eh = 0.0592pe at 25°C).  Assuming fO2 = 0.2 bars is equivalent to assuming (Wolery 1992 [DIRS 100836]; Krauskopf and Bird 1995 [DIRS 101702]; Langmuir 1997 [DIRS 100051]):
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(Eq. V-1)

Equation V-1 is given by the Nernst equation for reaction:


2H2O = O2 + 4H+ + 4e(
(Eq. V-2)

when fO2 = 0.2 bars.  This is the upper bound of the water stability field in an Eh–pH diagram.  Because water is unstable above this line, natural aqueous systems do not exist.

However, by analyzing 6,200 Eh and pH measurements in natural waters, Baas Becking et al. (1960 [DIRS 168371]) found that for pH between 3.2 and 12.6 there is an upper boundary for Eh–pH conditions in natural waters, that is:
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(Eq. V-3)

In other words, in these 6,200 samples, not one measurement exceeded the limit set by Equation V-3.  This equation is a more‑realistic boundary of redox conditions in natural waters that are in contact with the atmosphere (Krauskopf and Bird 1995 [DIRS 101702]).  However, “none of the likely inorganic reactions yielded characteristics remotely resembling” Equation V‑3 (Baas Becking et al. 1960 [DIRS 168371]).  Thus, this upper limit is empirical.

There are several plausible explanations for the discrepancy between the theoretical upper boundaries given by Equations V-1 and V-3.  One is that the noble metal electrodes commonly used to measure solution Eh values do not respond to the couple defined by Equation V-2 (Langmuir 1997 [DIRS 100051], Section 11.1.4).  Other researchers attribute it to the slow kinetics of redox reactions involving O2 (Krauskopf and Bird 1995 [DIRS 101702]; Stumm and Morgan 1996 [DIRS 125332]; Langmuir 1997 [DIRS 100051]).  It has been accepted that “dissolved oxygen does not exert the potential expected if it is functioning at equilibrium” (Garrels and Christ 1990 [DIRS 144877]).

For pH values between –0.6 to 3.2, the upper limit of Eh follows (Equation V-4) (Baas Becking et al. 1960 [DIRS 168371]):
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V.3.2
Redox Potential Measurements at Yucca Mountain

Figure V-6 presents measured Eh–pH values for waters obtained from wells at or near Yucca Mountain.  Table V-1 lists the data sources.  Most of these measurements were made in situ, either downhole or using a flow‑through cell.  Some samples are bailed samples.  The in situ samples provide more accurate Eh measurements since equilibration with the atmosphere at the wellhead does not occur as may happen in bailed samples taken in open containers.

Equations V-1 and V-3 are also plotted in Figure V-6 for comparison with measured Eh–pH values.  Figure V-6 shows that all the Eh‑pH measurements made at Yucca Mountain are below Equation V-3.

[image: image33.jpg]Eh (mV)

1,200
1,000 -
800 -
600 -
| 1"-;
400 ES * % * W)s% XX % %( %<x ; *
1 ) o 3 X % )
200 - y xgg& <y ow ol
1 5. T ++ ! 2 X g *
x + X XXX X % X XX XX
0+ +-HH-+ N 4 %;Z& Sy X 5
~200 - 5 < ®
-400 w w w ‘
5 6 7 8 9 10




	(
	USW SD‑6ST1 Flow‑through
	+
	UE‑25 WT #3 Downhole

	x
	NC‑ '99 to '01 Flow‑through
	+
	UE‑25 WT #3 Flow‑through

	x
	NC‑EWDP‑01S Flow‑through
	+
	UE‑25 WT #17 Downhole

	x
	NC‑EWDP‑03S Downhole
	+
	UE‑25 WT #17 Pumped

	x
	NC‑EWDP‑01DX Downhole
	+
	UE‑25 WT #17 Bailed

	x
	NC‑EWDP‑01,3,9S(X) Flow‑through
	+
	UE‑25 WT #17 Flow‑through Pumped

	


Source:
Table V-1.

NOTE:
The upper line shows the theoretical oxidation potential at fO2 = 0.2 bars (Equation V-1) and the lower line shows the upper limit for empirical Eh measurements in natural waters (Equation V-3).  The middle line shows the adjusted Eh (Equation V-5) discussed in Section V.5.

Figure V-6.
Eh–pH Measurements at Yucca Mountain

Table V-1.
Data Sources for Figure V-6

	
	Sample
	Source DTN
	Details

	(
	USW SD‑6ST1
	LA9907AM831234.010 [DIRS 149210]
	Flow‑through cell measurements for well water USW SD‑6ST1.  Depth is pump depth.  No casing in this well below the water table.  

	x
	NC‑ '99 to '01
	LA0206AM831234.001 [DIRS 160051]
	Flow‑through cell measurements from Nye County EWDP wells, Nevada

	x
	NC‑EWDP‑01S
	LA0004AM831234.001 [DIRS 149202]
	Flow‑through cell measurements from well NC‑EWDP‑O1S in Amargosa Valley, Nevada


Table V-1.  Data Sources for Figure V-6 (Continued)

	
	Sample
	Source DTN
	Details

	x
	NC‑EWDP‑03S
	LA0004AM831234.002 [DIRS 149213]
	Downhole probe measurements from well NC‑EWDP‑03S, in Amargosa Valley, Nevada

	x
	NC‑EWDP‑01DX
	LA9907AM831234.003 [DIRS 149196]
	Downhole measurements from well NC‑EWDP‑01DX in Amargosa Valley, Nevada

	x
	NC‑EWDP‑01,3,9S (X) 
	LA9907AM831234.009 [DIRS 149209]
	Flow‑through cell measurements from wells NC‑EWDP‑01S, NC‑EWDP‑03S, and NC‑EWDP‑09SX in Amargosa Valley, Nevada  

	+
	UE‑25 WT #3 Downhole
	LAAM831311AQ98.004 [DIRS 168346]
	Eh data of downhole measurements from well UE‑25 WT #3

	+
	UE‑25 WT #3 Flow‑through
	LAAM831311AQ98.007 [DIRS 149520]
	Flow‑through cell and static measurements of water from UE‑25 WT #3.  Analysis made on flow‑through samples as they flowed directly from pump outlet through a cell, to avoid contact with air.  

	+
	UE‑25 WT #17 Downhole
	LAAM831311AQ98.003 [DIRS 168347]
	Eh data of downhole measurements from well UE‑25 WT #17

	+
	UE‑25 WT #17 Pumped
	LAAM831311AQ98.005 [DIRS 149181]
	Field measurements of pumped water samples from well UE‑25 WT #17.  Static measurements obtained in containers open to the atmosphere during analysis.  

	+
	UE‑25 WT #17 Bailed
	LAAM831311AQ98.008 [DIRS 149521]
	Analysis of bailed samples from well UE‑25 WT #17.  Data values are static field measurements in an open beaker.  

	+
	UE‑25 WT #17 F‑t Pumped
	LAAM831311AQ98.009 [DIRS 168348]
	Eh data from flow‑through cell measurements of pumped water samples from well UE‑25 WT #17

	


The most recent investigation of YMP saturated zone waters was done to assess the potential impacts of precipitation and sorption due to variations in the redox conditions (BSC 2005 [DIRS 174958]).  The study found that waters from boreholes located within the boundary of Yucca Mountain or directly east were reducing (BSC 2005 [DIRS 174958], Section 2.1.3 and Figure 2.1‑2).  In this study, groundwater samples with less than 1.0 mg/L of dissolved oxygen were classified as indicating the potential existence of reducing conditions (BSC 2005 [DIRS 174958], Section 2.1).  The formation of the reducing conditions was attributed to the presence of pyrite within the Tram Tuff.  Reducing borehole waters were also obtained from boreholes penetrating the Bullfrog and Prow Pass volcanic units.  These volcanic units may contain unidentified pyrite, or an unidentified reducing agent.  Alternatively, the saturated zone waters may have remained reducing after migrating downgradient through the Tram Tuff.  The zone of reducing groundwater is directly east of the Yucca Mountain repository and transects the transport pathways predicted by the flow model (BSC 2005 [DIRS 174958], Section 2.1.3).  
This study confirms the presence of reducing ground waters surrounding the Yucca 
Mountain repository and its location downgradient indicates that it will interact with 
released radionuclides.

V.4
Redox conditions within waste packages

No direct measurements of redox conditions within breached waste packages are available.  Nonetheless, since (1) corrosion of waste package materials and waste forms consumes oxygen and, thus, it lowers redox conditions within waste packages; and (2) breached waste packages are not totally open to air, and transport of oxygen gas into the waste package is limited by waste package cracks or holes that can be plugged by corrosion products of waste package materials and waste forms; (3) redox conditions within waste packages cannot be higher than that given by Equation V‑3.  Therefore, the adjusted‑Eh Pu‑solubility model, which uses Equation V-5 to set redox conditions, is conservative.  

Zarrabi et al. (2003 [DIRS 171238]) conducted experiments that simulated a breached waste package based affected by flowing waters.  They used miniature waste packages (MWPs) and waters that were representative of anticipated drift flux compositions.  The MWPs were scaled to represent U.S. Department of Energy spent nuclear fuel waste packages, constructed of carbon steel, and configured to test both bathtub and flow through scenarios.  The character of the MWP corrosion was observed, and measurements performed to establish the mineralogy and particle sizes of the corrosion products. 

XRD analysis of corrosion products carried out of the MWP by the effluent documented that magnetite was a commonly formed, along with lepidiocrocite and goethite (Zarrabi et al. 2003 [DIRS 171238], Table 10).  Magnetite formation within the MWPs was also observed and physically confirmed while the experiment was being conducted (Zarrabi et al. 2003 [DIRS 171238], p. 22).  

Formation of magnetite indicates that portions of the environment within the MWP lie below the Eh-pH line defined by the hematite and magnetite boundary line.  The hematite and magnetite boundary line is described by the equation Eh (volt) = 0.221 – 0.0592pH (Garrels and Christ 1990 [DIRS 144877], Equation 7.13).  The hematite and magnetite boundary Eh-pH boundary line is below the Eh-pH boundary line for environments with atmospheric levels of oxygen 
(fO2 = 0.2 bars) Eh (volt) = 1.22 – 0.0592pH (Equation V‑1).  Therefore, the formation of magnetite indicates that within portions of the MWP, the oxygen fugacity was lower than the atmospheric value.
The MWPs experiments commonly produced magnetite corrosion products.  This indicates that portions of the MWP were reducing and not in equilibrium with atmospheric oxygen levels.  The lower oxygen levels occurred despite the smaller size and surface area of the MWPs.  Therefore, these MWP experiments support the hypothesis that a reducing environment could form within the waste package.

V.5
The Empirical‑Eh Solubility Model

Section V.2 concludes that the atmospheric fO2 model with fO2 = 0.2 bars does not correctly represent Pu behavior in aqueous systems because the model (due to differing oxidation states of plutonium) is sensitive to redox potential.  The discussion in Section V.3 further suggests that Equation V-3 is a more‑realistic upper limit for redox conditions in natural waters and for the repository than Equation V-1, which corresponds to fO2 = 0.2 bars as used in the theoretical fO2 model previously discussed.

A modified Pu‑solubility model (the empirical‑Eh model) uses Equation V-3 to set redox conditions for pH values between 3.2 to 12, and Equation V-4 to set redox conditions for pH values between 1.0 to 3.2, while all other conditions are kept the same as described in Section 6.5.2.  The controlling phase is still PuO2(hyd,aged).

Figure V-7 shows the distribution of different oxidation states of Pu species in the empirical‑Eh model.  Figure V-7 also shows that Pu(V) is the dominant oxidation state for pH values between 3 and 9.  This matches experimental results very well (Figures V-3 and V-4).
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Source:
Validation DTN:  MO0707DISENSSI.000, file:  pu 104 spe dist.jnb.

NOTE: 
log fCO2 = (3.5 bars, Equation V-3 for pH > 3.2, Equation V-4 for pH <3.2.  Note that for pH ≤2, the total of Pu(IV), Pu(V), and Pu(VI) is less than 100% because of the existence of Pu(III).

Figure V-7.
Pu Oxidation States Distribution Given by the Eh Model

Pu solubility given by the empirical‑Eh model is presented in Figure V-8, along with measured Pu solubilities under compatible conditions (Rai 1984 [DIRS 122768]; Nitsche et al. 1993 [DIRS 155218]; Nitsche et al. 1994 [DIRS 144515]; Efurd et al. 1998 [DIRS 108015]; Rai et al. 2001 [DIRS 168392]).  These results agree much more closely with the experimental results than those obtained from the fO2 model and most of the measured Pu solubilities fall within the uncertainty range.

The good match between the modeling results and experimental results in the oxidation state distribution and Pu solubility indicate that the empirical‑Eh model better represents Pu solubility.

However, Figure V-8 also shows that although the mean modeled Pu concentration is below most of the experimental results, most are within the upper half of the uncertainty range model.  There are several possible explanations for this uneven distribution.
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Source:
Validation DTN:  MO0707DISENSSI.000, file:  pu solb 104‑3.jnb.

NOTE:
log fCO2 = (3.5 bars, Equation V-3 for pH > 3.2, Equation V-4 for pH <3.2.

Figure V-8.
Pu Solubility Given by the Eh Model

The first explanation is that the actual Eh in the experiments does not exactly follow Equations V-3 and V-4.  Note that Equations V-3 and V-4 are empirical relations obtained from measurements of natural waters.  The Eh measured in individual experiments may have a slightly different value.  For example, in Rai’s (1984 [DIRS 122768]) experiments, measured Eh values for pH < 4.2 are systematically higher than the values given by Equations V-3 and V-4, as shown in Figure V-8.  Moreover, the transition point where Eh becomes horizontal also shifts from pH = 3.2 given by Baas Becking et al. (1960 [DIRS 168371]) to about pH = 2.0 in Rai’s (1984 [DIRS 122768]) experiments.  For pH between 2 and 3.8, the measured Eh is about 50 to 60 mv higher than the values given by Equation V-4.  The measured Eh for pH > 4.25 in Rai’s (1984 [DIRS 122768]) experiments is lower than the values given by Equation V-3 by 200 to 300 mv.  This was attributed to poor system poise (Rai 1984 [DIRS 122768]).

Adding 60 mv to the calculated Eh value given by Equation V-3, a modified (“adjusted”) Eh–pH relation is given below:
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(Eq.V-5)

Using it for 2 ( pH ( 3, the calculated Pu solubility is conservative compared to those presented by Rai (1984 [DIRS 122768]) as shown in Figure V-9.  Moreover, most of the data points from the five solubility experiments fall within the uncertainty range of the model.  More importantly, no data points are above the upper bound of the model.  The good match between 
model prediction and experimental measurement indicates this is a good model to represent 
Pu behavior.  
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Source:
Output DTN: MO0707DISVALID.000, spreadsheet:  Pu model‑lab.xls.

Figure V-9.
Comparison of Experimental Data with the Predictions of the Plutonium‑Solubility  Using Equation V-5.

The second explanation is that the measured Pu concentrations are not true dissolved Pu, but contain Pu colloids or polymers, or both, which could be smaller than the filter size.  For example, Kim and Kanellakopulos (1989 [DIRS 122387]) reported in their experiments that a large percent (80%) of Pu is in Pu(IV) colloid form even though the filter size is as small 
as 1 nm.

The third explanation is that the experimental solutions have a higher ionic strength than that modeled, which yields a higher solubility because of the “salting‑in” effect.  For example, as discussed in Section 6.5.3.3, in experiments conducted by Rai et al. (2001 [DIRS 168392]), the solutions are 0.402 m NaCl and 0.408 m NaClO4.  The ionic strengths of these solutions are about 1 molal.

APPENDIX VI
Solubility Model Sensitivity – 60°C

INTENTIonally Left blank

Due to decay heat from the waste, the temperature within waste packages is increased from the ambient temperature.  Immediately after the emplacement of waste packages, the temperature can rise to nearly 200°C.  The temperature in the repository relevant to this model is between 25(C and 100(C, since any temperature above boiling is not relevant for solubility considerations because liquid water will not exist in the waste package.  In this appendix, solubilities at 60°C are investigated.  As discussed in Section 6.3.3.3, solubilities of actinides decrease with increasing temperature, so the base case (25(C compliance case) models presented in Sections 6.5 through 6.9 and 6.11 use 25°C solubilities as a conservative estimate for the entire temperature range from 25(C and 100(C. (Radium, Section 6.12, uses 100(C model as a conservative estimate for the entire temperature range from 25(C and 100(C.)  A more realistic representation of solubility limits would be to perform an abstraction for solubility over temperature.  However, this is not possible due to the amount of higher temperature data missing from the thermodynamic database used in EQ3/6 modeling.  This is shown in Table VI-1, which indicates the major species in the EQ3/6 runs, which of the major species are missing higher temperature data, and the importance (represented by percent total species) of each aqueous species to the models.  In all models, thermodynamic data for several key aqueous species (and in some cases the solubility controlling phases) are missing.  When this occurs in EQ3/6, the code reverts back to the 25(C data for that species.  Therefore, 60(C models presented here are solely as sensitivity cases.

Dissolved concentration limits for plutonium, neptunium, uranium, thorium, americium, and protactinium are presented as tabulated functions of environmental conditions (namely, pH and fCO2) with one or more uncertainty terms or distributions.  For these actinides, sensitivity cases run using the information in this appendix would utilize the 60(C model between 100(C and 60(C and the 25(C base model below 60(C. Dissolved concentration limits for radium are presented as a single value over a range of chemical conditions.  Unlike the actinides, radium is not retrograde soluble.  Section 6.12 gives radium solubility at 100(C to use as a conservative estimate for the entire temperature range from 25(C and 100(C.  Use of the radium model in this appendix would utilize the 100(C base model between 100(C and 60(C and the 60(C model below 60(C.  The presentation of other elements (actinium, carbon, cesium, iodine, lead, strontium, technetium, selenium, and chlorine) is discussed in Sections 6.10, 6.13 through 6.18, 6.20, and 6.21. 

Table VI-1.
Comparison of 25(C and 60(C Cases

	Element
	Species Present in 25°C Model Runsa
	Missing Higher Temperature Data in data0.ymp.R4
	Maximum % of Total Aqueous Species of 
25°C Runsb,c
	Species Present in 60°C Model Runs
	Maximum % of Total Aqueous Species of 60°C Runsb,c

	Pu
	Solid - PuO2(hyd,aged)
	X
	
	Solid – PuO2
	

	
	PuO2(CO3)34−
	
	
	PuO2(CO3)34−
	

	
	PuO2+
	
	
	PuO2+
	

	
	PuO2CO3(aq)
	X
	88.2 at pH 8.0
	PuO2CO3(aq)
	31.1 at pH 8.5

	
	PuO2SO4(aq)
	
	
	PuO2SO4(aq)
	

	
	PuO22+
	
	
	PuO22+
	

	
	PuO2F+
	X
	20.1 at pH 3.5
	PuO2F+
	4.2 at pH 3.0

	
	PuO2CO3−
	X
	17.6 at pH 8.75
	PuO2CO3−
	68.7 at pH 8.75

	
	PuO2(CO3)22−
	
	
	PuO2(CO3)22−
	

	Np
	Solid – NpO2
	
	
	Solid – NpO2
	

	
	Solid – Np2O5
	
	
	Solid – Np2O5
	

	
	Solid – NaNpO2CO3
	X
	
	
	

	
	NpO2+
	
	
	NpO2+
	

	
	NpO2(CO3)34−
	
	
	NpO2(CO3)34−
	

	
	NpO2CO3−
	X
	90.8 at pH 9.75
	NpO2CO3−
	65.7 at pH 8.5

	
	NpO2(CO3)35−
	
	
	
	

	
	NpO2(CO3)23−
	X
	14.0 at pH 9.25
	NpO2(CO3)23−
	1.4 at pH 9.0

	
	NpO2(CO3)22−
	X
	3.1 at pH 9.0
	NpO2(CO3)22−
	27.2 at pH 9.0

	U
	Solid – Schoepite (UO3(2H2O)
	
	
	Solid – Schoepite (UO3(2H2O)
	

	
	Solid – Na boltwoodite (NaUO2SiO3OH(1.5H2O)
	
	
	Solid – Na boltwoodite (NaUO2SiO3OH(1.5H2O)
	

	
	Solid – Na4UO2(CO3)3
	X
	
	
	

	
	UO2(CO3)34−
	
	
	UO2(CO3)34−
	

	
	(UO2)2CO3(OH)3−
	X
	75.8 at pH 7.25
	(UO2)2CO3(OH)3−
	2.8 at pH 7.75


Table VI-1.
Comparison of 25(C and 60(C Cases (Continued)

	Element
	Species Present in 25°C Model Runsa
	Missing Higher Temperature Data in data0.ymp.R4
	Maximum % of Total Aqueous Species of 
25°C Runsb,c
	Species Present in 60°C Model Runs
	Maximum % of Total Aqueous Species of 60°C Runsb,c

	U
(cont.)
	UO2SO4(aq)
	
	
	UO2SO4(aq)
	

	
	UO2F+
	X
	52.4 at pH 5.0
	UO2F+
	46.8 at pH 4.75

	
	UO3(aq)
	
	
	UO3(aq)
	

	
	UO2(CO3)22−
	
	
	UO2(CO3)22−
	

	
	UO22+
	
	
	UO22+
	

	
	UO2F2(aq)
	X
	11.3 at pH 5.25
	UO2F2(aq)
	12.0 at pH 5.0

	
	(UO2)2(OH)22+
	
	
	(UO2)2(OH)22+
	

	
	UO2OH+
	
	
	UO2OH+
	

	
	UO2HPO4(aq)
	X
	5.8 at pH 6.0
	UO2HPO4(aq)
	4.2 at pH 5.5

	
	(UO2)2OH3+
	X
	6.6 at pH 3.5
	
	

	
	UO2(SO4)22−
	
	
	UO2(SO4)22−
	

	
	UO2CO3(aq)
	
	
	
	

	
	UO2PO4−
	X
	3.5 at pH 6.25
	UO2PO4−
	1.3 at pH 6.25

	
	(UO2)3(OH)5+
	
	
	(UO2)3(OH)5+
	

	
	
	
	
	HUO4−
	

	Th
	Solid - ThO2(am)
	X
	
	Solid - ThO2
	

	
	Th(OH)3CO3−
	X
	99.9 at pH 9.0
	Th(OH)3CO3−
	99.9 at pH 9.25

	
	Th(SO4)2(aq)
	X
	93.8 at pH 3.25
	Th(SO4)2(aq)
	13.0 at pH 3.0

	
	ThF3+
	
	
	ThF3+
	

	
	ThF22+
	
	
	ThF22+
	

	
	Th(OH)4(aq)
	X
	33.8 at pH 6.0
	Th(OH)4(aq)
	45.9 at pH 6.25

	
	ThF4(aq)
	
	
	ThF4(aq)
	

	
	Th(CO3)56−
	X
	54.4 at pH 9.5
	Th(CO3)56−
	99.5 at pH 9.75

	
	ThSO42+
	
	
	
	

	
	Th(OH)3+
	X
	2.4 at pH 5.75
	Th(OH)3+
	3.0 at pH 5.75


Table VI-1.
Comparison of 25(C and 60(C Cases (Continued)

	Element
	Species Present in 25°C Model Runsa
	Missing Higher Temperature Data in data0.ymp.R4
	Maximum % of 
Total Aqueous Species of 25°C Runsb,c
	Species Present in 60°C Model Runs
	Maximum % of Total Aqueous Species of 60°C Runsb,c

	Am
	Solid – AmOHCO3
	
	
	Solid – AmOHCO3
	

	
	Am3+
	
	
	Am3+
	

	
	AmSO4+
	X
	72.5 at pH 6.0
	AmSO4+
	78.9 at pH 5.5

	
	AmOH2+
	X
	28.4 at pH 7.0
	AmOH2+
	33.2 at pH 7.25

	
	AmF2+
	X
	3.3 at pH 6.25
	AmF2+
	3.7 at pH 6.0

	
	Am(OH)2+
	X
	11.8 at pH 7.75
	Am(OH)2+
	18.3 at pH 8.0

	
	Am(CO3)33−
	X
	100.0 at pH 10.0
	Am(CO3)33−
	99.6 at pH 9.75

	
	Am(SO4)2−
	X
	2.9 at pH 6.0
	Am(SO4)2−
	5.8 at pH 5.5

	
	AmCO3+
	X
	67.7 at pH 7.75
	AmCO3+
	60.3 at pH 8.0

	
	Am(CO3)2−
	X
	62.4 at pH 8.75
	Am(CO3)2−
	63.9 at pH 8.75

	Ra
	Solid - RaSO4
	X
	
	
	

	
	Ra2+
	X
	100.0 all pH values
	
	

	
	
	
	
	Solid – BaSO4d
	

	
	
	
	
	Ba2+
	

	
	
	
	
	BaHCO3+
	

	
	
	
	
	BaCO3(aq)
	

	Source:
Validation DTN:  MO0707DISENSSI.000, spreadsheets:  Pu(cr) 60C species.xls, NpO2 60C species.xls, Schoepite 60C species.xls, Na-bolt 60C species.xls, ThO2(cr) 60C species.xls, and Am 60C species.xls; Output DTN:  MO0707DISVALID.000, spreadsheet:  Ba Species Plot.xls.

a
Species listed account for 1% or more of the total aqueous species.  Aqueous species composing less than 1% of total are not listed.
b
Maximum % of total aqueous species of runs at log fCO2 (bars) = −3.0.

c
For species with no higher temperature data in the thermodynamic database.

d
Ba used as analogue for higher temperature Ra cases.


VI.1
Solubility controlling phases

The solubility controlling phases used in the 60(C models for Np, U, Am, and Ra remain the same as the 25(C models presented in Section 6 of this document.

Elevated temperature data for the controlling solids ThO2(am) and PuO2(am) are not 
available.  Therefore, to conduct elevated temperature sensitivity runs, data for the crystalline forms of ThO2 were used, and a  mixture of amorphous-crystalline data were used to evaluate PuO2.  The justification and explanation for these decisions are provided by the following 
experimental results.

In experiments with ThO2, Prasad et al. (1967 [DIRS 177365]) showed that the transformation of ThO2(am) to ThO2(cr) was slow at 25°C (270 days) and much more rapid at 100°C (12 days).  The results of this study were confirmed in experiments by Rai et al. (2000 [DIRS 173045]).  Rai et al. (2000 [DIRS 173045]) showed when ThO2(am) was heated to 90°C it transformed to the relatively insoluble ThO2(cr).  The observed solubility of ThO2(cr) at 23° and 90°C was found to be orders of magnitude lower than ThO2(am), at a fixed pH.

PuO2 solubility experiments conducted by Efurd et al. (1998 [DIRS 108015]) indicated that the crystallinity of the solid phase increased at 90°C compared to the 25°C material.  The X‑ray diffraction pattern matched that of PuO2(cr); however, the results did not exclude the possible presence of PuO2(am).  Based on the experimental results, Efurd et al. (1998 [DIRS 108015]) concluded that the solubility controlling solids are most likely plutonium hydroxides and/or plutonium colloids, aging towards PuO2·xH2O.  Because the form of the PuO2 controlling solid cannot be uniquely determined, and radiation damage (discussed in Section 6.5.3.1) will also affect solubility values, it was decided to employ a mixed model PuO2 based on the crystalline and amorphous data in investigating the 60°C elevated temperature model for plutonium.  

For some very soluble elements, there is no adequate basis to specify a solubility-controlling solid, so they are modeled as highly soluble, and their releases are to be controlled by the dissolution rate of waste forms.  Elements in this category are technetium, carbon, iodine, cesium, strontium, selenium, and chlorine.

VI.3
Valid Ranges of 60°C Solubility Models

The 60°C solubility models developed in this appendix are valid for broad ranges of water composition, as listed in Table VI-1.  They may be applied inside and outside waste packages (unless otherwise indicated). 

Table VI.3-1.
Valid Range of the 60(C Solubility Models

	Variable
	Value or Range

	pH
	3.0 to 11.0

	log fCO2
	(5.0 to (1.5 bars

	Temperature
	60 °C to 100°C for actinides, 25°C to 60°C for radium

	Ionic Strength
	I ≤1 molal


VI.4
PLUTONIUM SOLUBILITY

Table VI.4-1 provides the calculated‑Pu solubility (log [Pu] (mg/L)) with pH and log fCO2 as independent variables.  Because the independent variables are in log scales, and Table VI.4-1 may need to be interpolated between calculated values, the logarithm of Pu solubility is given.

Table VI.4-1.
Calculated Pu Solubility at 60(C (log [Pu] mg/L)

	pH
	log fCO2 (bars)

	
	(1.50
	(2.00
	(2.50
	(3.00
	(3.50
	(4.00
	(4.50
	(5.00

	3.00
	(1.08
	(1.08
	(1.08
	(1.08
	(1.08
	(1.08
	(1.08
	(1.08

	3.25
	(1.43
	(1.44
	(1.44
	(1.44
	(1.44
	(1.44
	(1.44
	(1.44

	3.50
	(1.76
	(1.76
	(1.76
	(1.76
	(1.76
	(1.76
	(1.76
	(1.76

	3.75
	(2.07
	(2.07
	(2.07
	(2.07
	(2.07
	(2.07
	(2.07
	(2.07

	4.00
	(2.36
	(2.37
	(2.37
	(2.37
	(2.37
	(2.37
	(2.37
	(2.37

	4.25
	(2.63
	(2.64
	(2.65
	(2.65
	(2.65
	(2.65
	(2.65
	(2.65

	4.50
	(2.89
	(2.91
	(2.92
	(2.92
	(2.92
	(2.92
	(2.92
	(2.92

	4.75
	(3.13
	(3.16
	(3.18
	(3.18
	(3.18
	(3.18
	(3.18
	(3.18

	5.00
	(3.35
	(3.41
	(3.43
	(3.44
	(3.44
	(3.44
	(3.44
	(3.44

	5.25
	(3.55
	(3.63
	(3.68
	(3.69
	(3.69
	(3.70
	(3.70
	(3.70

	5.50
	(3.73
	(3.84
	(3.92
	(3.94
	(3.94
	(3.95
	(3.95
	(3.95

	5.75
	(3.88
	(4.03
	(4.14
	(4.18
	(4.19
	(4.20
	(4.20
	(4.20

	6.00
	(4.01
	(4.19
	(4.36
	(4.42
	(4.44
	(4.45
	(4.45
	(4.45

	6.25
	(4.12
	(4.33
	(4.56
	(4.65
	(4.68
	(4.69
	(4.70
	(4.70

	6.50
	(4.20
	(4.43
	(4.73
	(4.86
	(4.92
	(4.94
	(4.95
	(4.95

	6.75
	(4.26
	(4.50
	(4.88
	(5.06
	(5.15
	(5.18
	(5.20
	(5.20

	7.00
	(4.30
	(4.54
	(5.01
	(5.23
	(5.36
	(5.42
	(5.44
	(5.45

	7.25
	(4.31
	(4.56
	(5.11
	(5.38
	(5.55
	(5.64
	(5.68
	(5.69

	7.50
	(4.31
	(4.56
	(5.18
	(5.50
	(5.73
	(5.86
	(5.92
	(5.94

	7.75
	(4.24
	(4.53
	(5.22
	(5.59
	(5.87
	(6.05
	(6.14
	(6.18

	8.00
	(3.93
	(4.40
	(5.21
	(5.64
	(5.97
	(6.21
	(6.35
	(6.41

	8.25
	(2.96
	(3.86
	(5.15
	(5.63
	(6.03
	(6.33
	(6.53
	(6.63

	8.50
	(1.56
	(2.70
	(4.96
	(5.57
	(6.03
	(6.40
	(6.66
	(6.82

	8.75
	(1.97
	(1.22
	(4.36
	(5.39
	(5.95
	(6.39
	(6.74
	(6.97

	9.00
	(1.09
	0.51
	(3.21
	(4.91
	(5.78
	(6.31
	(6.73
	(7.05

	9.25
	500
	500
	(1.66
	(3.91
	(5.38
	(6.13
	(6.63
	(7.03

	9.50
	500
	500
	(1.83
	(2.40
	(4.52
	(5.79
	(6.45
	(6.93

	9.75
	500
	500
	500
	(0.34
	(3.08
	(5.05
	(6.15
	(6.75


Table VI.4-1.
Calculated Pu Solubility at 60(C (log [Pu] mg/L) (Continued)

	pH
	log fCO2 (bars)

	
	(1.50
	(2.00
	(2.50
	(3.00
	(3.50
	(4.00
	(4.50
	(5.00

	10.00
	500
	500
	500
	500
	500
	(3.69
	(5.51
	(6.47

	10.25
	500
	500
	500
	500
	500
	500
	(3.24
	(5.48

	Source:
Validation DTN: MO0707DISENSSI.000, spreadsheet:  Pu xlline 60C.xls.

NOTES:
Combination of PuO2(hyd,aged) and PuO2(cr) (see Section VI.1).


Cells with no valid data, because the EQ3NR calculations do not converge, are reported as “500.”  Runs with ionic strengths >1.0 are also reported as “500.”


Figure VI.4-1 shows the same aqueous Pu speciation results plotted as percent of total Pu.  These calculations were made at redox conditions of the adjusted‑Eh model as specified by Equation V‑5 in Appendix V.
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Figure VI.4-1.
60(C Plutonium Speciation Diagram in Percent Total Plutonium Calculated at fCO2 = 10−3 bars (Based on PuO2(cr))

VI.5
Neptunium SOLUBILITY

Tables VI.5-1 and VI.5-2 provide the calculated‑Np solubility (log [Np] (mg/L)) with pH and log fCO2 as independent variables.  Because the independent variables are in log scales, and Tables VI.5-1 and VI.5-2 may need to be interpolated between calculated values, the logarithm of Np solubility is given.

As discussed in Section 6.6 and in Appendix IV, NpO2‑NaNpO2CO3 are considered 
as the controlling phases inside corroding waste packages when there is a reductant present, 
such as fuel or steel (Table VI.5-1).  Additionally, it is recommended that the Np2O5‑NaNpO2CO3‑solubility model (Table VI.5-2) be used inside the waste package when all reducing materials are fully corroded and for the invert.

Table VI.5-1.
Calculated Np Solubility at 60(C (log [Np] mg/L) Using NpO2
	pH
	log fCO2 (bars)

	
	(1.50
	(2.00
	(2.50
	(3.00
	(3.50
	(4.00
	(4.50
	(5.00

	3.00
	2.17
	2.17
	2.17
	2.17
	2.17
	2.17
	2.17
	2.17

	3.25
	1.91
	1.91
	1.91
	1.91
	1.91
	1.91
	1.91
	1.91

	3.50
	1.65
	1.65
	1.65
	1.65
	1.65
	1.65
	1.65
	1.65

	3.75
	1.40
	1.40
	1.40
	1.40
	1.40
	1.40
	1.40
	1.40

	4.00
	1.15
	1.15
	1.15
	1.15
	1.15
	1.15
	1.15
	1.15

	4.25
	0.90
	0.90
	0.90
	0.90
	0.90
	0.90
	0.90
	0.90

	4.50
	0.65
	0.65
	0.65
	0.65
	0.65
	0.65
	0.65
	0.65

	4.75
	0.40
	0.40
	0.40
	0.40
	0.40
	0.40
	0.40
	0.40

	5.00
	0.15
	0.15
	0.15
	0.15
	0.15
	0.15
	0.15
	0.15

	5.25
	−0.10
	−0.10
	−0.10
	−0.10
	−0.10
	−0.10
	−0.10
	−0.10

	5.50
	−0.35
	−0.35
	−0.35
	−0.35
	−0.35
	−0.35
	−0.35
	−0.35

	5.75
	−0.60
	−0.60
	−0.60
	−0.60
	−0.60
	−0.60
	−0.60
	−0.60

	6.00
	−0.85
	−0.85
	−0.85
	−0.85
	−0.85
	−0.85
	−0.85
	−0.85

	6.25
	−1.10
	−1.10
	−1.10
	−1.10
	−1.10
	−1.10
	−1.10
	−1.10

	6.50
	−1.35
	−1.35
	−1.35
	−1.35
	−1.35
	−1.35
	−1.35
	−1.35

	6.75
	−1.59
	−1.60
	−1.60
	−1.60
	−1.60
	−1.60
	−1.60
	−1.60

	7.00
	−1.80
	−1.84
	−1.85
	−1.85
	−1.85
	−1.85
	−1.85
	−1.85

	7.25
	−1.92
	−2.06
	−2.09
	−2.10
	−2.10
	−2.10
	−2.10
	−2.10

	7.50
	−1.85
	−2.20
	−2.31
	−2.34
	−2.35
	−2.35
	−2.35
	−2.35

	7.75
	−1.53
	−2.18
	−2.46
	−2.56
	−2.59
	−2.60
	−2.60
	−2.60

	8.00
	−0.92
	−1.94
	−2.47
	−2.71
	−2.80
	−2.84
	−2.85
	−2.85

	8.25
	0.12
	−1.47
	−2.30
	−2.75
	−2.96
	−3.05
	−3.08
	−3.09

	8.50
	1.50
	−0.62
	−1.93
	−2.61
	−3.00
	−3.21
	−3.30
	−3.33

	8.75
	3.25
	0.66
	−1.26
	−2.32
	−2.90
	−3.26
	−3.46
	−3.54

	9.00
	500
	2.25
	−0.11
	−1.79
	−2.65
	−3.16
	−3.50
	−3.70

	9.25
	500
	500
	1.44
	−0.79
	−2.23
	−2.94
	−3.41
	−3.74

	9.50
	500
	500
	3.80
	0.72
	−1.39
	−2.60
	−3.22
	−3.66

	9.75
	500
	500
	500
	2.73
	0.07
	−1.90
	−2.92
	−3.47

	10.00
	500
	500
	500
	500
	2.08
	−0.51
	−2.34
	−3.20

	10.25
	500
	500
	500
	500
	500
	1.51
	−1.05
	−2.72

	10.50
	500
	500
	500
	500
	500
	500
	0.97
	−1.53

	10.75
	500
	500
	500
	500
	500
	500
	500
	0.47

	Source:
Validation DTN:  MO0707DISENSSI.000, spreadsheet:  NpO2 - 60C.xls.

NOTE:
Cells with no valid data, because the EQ3NR calculations do not converge, are reported as “500.”  Runs with ionic strengths >1.0 are also reported as “500.”


Figure VI.5-1 shows the same aqueous Np speciation results plotted as percent of total Np.  
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Figure VI.5-1.
60(C Neptunium Speciation Diagram in Percent Total Neptunium Calculated at fCO2 = 10−3 bars (Based on NpO2)

Table VI.5-2.
Calculated Np Solubility at 60(C (log [Np] mg/L) Using Np2O5
	pH
	log fCO2 (bars)

	
	(1.50
	(2.00
	(2.50
	(3.00
	(3.50
	(4.00
	(4.50
	(5.00

	3.00
	3.55
	3.55
	3.55
	3.55
	3.55
	3.55
	3.55
	3.55

	3.25
	3.29
	3.29
	3.29
	3.29
	3.29
	3.29
	3.29
	3.29

	3.50
	3.02
	3.02
	3.02
	3.02
	3.02
	3.02
	3.02
	3.02

	3.75
	2.76
	2.76
	2.76
	2.76
	2.76
	2.76
	2.76
	2.76

	4.00
	2.51
	2.51
	2.51
	2.51
	2.51
	2.51
	2.51
	2.51

	4.25
	2.26
	2.26
	2.26
	2.26
	2.26
	2.26
	2.26
	2.26

	4.50
	2.00
	2.00
	2.00
	2.00
	2.00
	2.00
	2.00
	2.00

	4.75
	1.75
	1.75
	1.75
	1.75
	1.75
	1.75
	1.75
	1.75

	5.00
	1.50
	1.50
	1.50
	1.50
	1.50
	1.50
	1.50
	1.50

	5.25
	1.25
	1.25
	1.25
	1.25
	1.25
	1.25
	1.25
	1.25

	5.50
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00

	5.75
	0.75
	0.75
	0.75
	0.75
	0.75
	0.75
	0.75
	0.75

	6.00
	0.50
	0.50
	0.50
	0.50
	0.50
	0.50
	0.50
	0.50

	6.25
	0.25
	0.25
	0.25
	0.25
	0.25
	0.25
	0.25
	0.25


Table VI.5-2.  Calculated Np Solubility at 60(C (log [Np] mg/L) Using Np2O5 (Continued)
	pH
	log fCO2 (bars)

	
	(1.50
	(2.00
	(2.50
	(3.00
	(3.50
	(4.00
	(4.50
	(5.00

	6.50
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	6.75
	−0.24
	−0.25
	−0.25
	−0.25
	−0.25
	−0.25
	−0.25
	−0.25

	7.00
	−0.45
	−0.49
	−0.49
	−0.50
	−0.50
	−0.50
	−0.50
	−0.50

	7.25
	−0.61
	−0.71
	−0.73
	−0.74
	−0.75
	-0.75
	−0.75
	−0.75

	7.50
	−0.65
	−0.87
	−0.95
	−0.98
	−0.99
	−1.00
	−1.00
	−1.00

	7.75
	−0.55
	−0.91
	−1.12
	−1.20
	−1.23
	−1.24
	−1.25
	−1.25

	8.00
	−0.33
	−0.81
	−1.17
	−1.36
	−1.45
	−1.48
	−1.49
	−1.49

	8.25
	0.05
	−0.61
	−1.07
	−1.42
	−1.61
	−1.70
	−1.73
	−1.74

	8.50
	0.95
	−0.31
	−0.88
	−1.33
	−1.66
	−1.86
	−1.94
	−1.97

	8.75
	2.45
	0.30
	−0.61
	−1.14
	−1.58
	−1.91
	−2.10
	−2.19

	9.00
	500
	1.62
	−0.16
	−0.88
	−1.39
	−1.83
	−2.15
	−2.34

	9.25
	500
	500
	0.91
	−0.52
	−1.14
	−1.64
	−2.07
	−2.39

	9.50
	500
	500
	2.82
	0.33
	−0.81
	−1.40
	−1.89
	−2.31

	9.75
	500
	500
	500
	2.15
	−0.12
	−1.08
	−1.65
	−2.14

	10.00
	500
	500
	500
	500
	1.61
	−0.48
	−1.34
	−1.90

	10.25
	500
	500
	500
	500
	500
	500
	0.81
	−1.04

	Source:
Validation DTN:  MO0707DISENSSI.000, spreadsheet:  Np2O5 - 60C.xls.

NOTE:
Cells with no valid data, because the EQ3NR calculations do not converge, are reported as “500.”  Runs with ionic strengths >1.0 are also reported as “500.”


VI.6
Uranium SOLUBILITY

Tables VI.6-1, VI.6-2, and VI.6-3 provide the calculated‑U solubility (log [Np] (mg/L)) with pH and log fCO2 as independent variables.  Because the independent variables are in log scales, and Tables VI.6-1, VI.6-2, and VI.6-3 may need to be interpolated between calculated values, the logarithm of U solubility is given.

As discussed in the Section 6.7, solubility calculations were carried out for two environments based on those used for modeling the chemistry of in‑package fluids.  The first comprises CSNF packages breached under the nominal or seismic scenarios (Table VI.6-1).  The second environment comprises CDSP packages breached under all scenarios, CSNF packages breached under the intrusion scenario, and the invert (Tables VI.6-2 and VI.6-3).  

Table VI.6-1.
Calculated U Solubility at 60(C (log [U] mg/L) Using Schoepite for CSNF Packages Breached under Nominal Conditions or by Seismic Activity

	pH
	log fCO2 (bars)

	
	−1.5
	−2.0
	−2.5
	−3.0
	−3.5
	−4.0
	−4.5
	−5.0

	3.50
	3.20E+00
	3.20E+00
	3.20E+00
	3.20E+00
	3.20E+00
	3.20E+00
	3.20E+00
	3.20E+00

	3.75
	2.61E+00
	2.61E+00
	2.61E+00
	2.61E+00
	2.61E+00
	2.61E+00
	2.61E+00
	2.61E+00

	4.00
	2.14E+00
	2.13E+00
	2.13E+00
	2.13E+00
	2.13E+00
	2.13E+00
	2.13E+00
	2.13E+00

	4.25
	1.75E+00
	1.75E+00
	1.75E+00
	1.75E+00
	1.75E+00
	1.75E+00
	1.75E+00
	1.75E+00

	4.50
	1.44E+00
	1.43E+00
	1.43E+00
	1.43E+00
	1.43E+00
	1.43E+00
	1.43E+00
	1.43E+00

	4.75
	1.12E+00
	1.12E+00
	1.12E+00
	1.12E+00
	1.12E+00
	1.12E+00
	1.12E+00
	1.12E+00

	5.00
	8.01E-01
	7.88E-01
	7.84E-01
	7.83E-01
	7.83E-01
	7.82E-01
	7.82E-01
	7.82E-01

	5.25
	5.07E-01
	4.80E-01
	4.71E-01
	4.68E-01
	4.67E-01
	4.67E-01
	4.67E-01
	4.67E-01

	5.50
	3.01E-01
	2.50E-01
	2.34E-01
	2.29E-01
	2.27E-01
	2.27E-01
	2.27E-01
	2.27E-01

	5.75
	2.01E-01
	1.16E-01
	9.07E-02
	8.31E-02
	8.07E-02
	7.99E-02
	7.97E-02
	7.97E-02

	6.00
	2.06E-01
	5.55E-02
	1.73E-02
	6.72E-03
	3.59E-03
	2.60E-03
	2.30E-03
	2.17E-03

	6.25
	3.34E-01
	5.14E-02
	−1.48E-02
	−3.02E-02
	−3.44E-02
	−3.56E-02
	−3.60E-02
	−3.62E-02

	6.50
	6.07E-01
	1.14E-01
	−1.98E-02
	−4.62E-02
	−5.22E-02
	−5.39E-02
	−5.44E-02
	−5.46E-02

	6.75
	9.99E-01
	2.83E-01
	6.04E-03
	−4.85E-02
	−5.89E-02
	−6.14E-02
	−6.21E-02
	−6.23E-02

	7.00
	1.48E+00
	5.87E-01
	8.85E-02
	−3.62E-02
	−5.73E-02
	−6.16E-02
	−6.26E-02
	−6.29E-02

	7.25
	2.03E+00
	9.97E-01
	2.73E-01
	2.81E-03
	−4.61E-02
	−5.45E-02
	−5.63E-02
	−5.68E-02

	7.50
	2.84E+00
	1.50E+00
	5.89E-01
	9.74E-02
	−1.92E-02
	−3.76E-02
	−4.11E-02
	−4.19E-02

	7.75
	500
	2.12E+00
	1.01E+00
	2.92E-01
	3.77E-02
	−5.63E-03
	−1.27E-02
	−1.42E-02

	8.00
	500
	500
	1.56E+00
	6.18E-01
	1.52E-01
	5.06E-02
	3.54E-02
	3.27E-02

	8.25
	500
	500
	2.41E+00
	1.07E+00
	3.61E-01
	1.45E-01
	1.11E-01
	1.06E-01

	8.50
	500
	500
	500
	1.74E+00
	7.05E-01
	2.95E-01
	2.23E-01
	2.12E-01

	8.75
	500
	500
	500
	500
	1.23E+00
	5.30E-01
	3.75E-01
	3.55E-01

	9.00
	500
	500
	500
	500
	2.18E+00
	8.99E-01
	5.73E-01
	5.32E-01

	9.25
	500
	500
	500
	500
	500
	1.57E+00
	8.33E-01
	7.37E-01

	9.50
	500
	500
	500
	500
	500
	500
	1.25E+00
	9.68E-01

	9.75
	500
	500
	500
	500
	500
	500
	2.20E+00
	1.25E+00

	10.00
	500
	500
	500
	500
	500
	500
	500
	1.77E+00

	Source:
Validation DTN: MO0707DISENSSI.000, spreadsheet:  Schoepite_60C.xls.

NOTES:
These concentrations correspond to schoepite saturation.


Cells with no valid data, because the EQ3NR calculations do not converge, are reported as “500.”  Runs with ionic strengths >1.0 are also reported as “500.”


Figure VI.6-1 shows the aqueous U speciation results from schoepite plotted as percent of total U.
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Source
Validation DTN: MO0707DISENSSI.000, spreadsheet:  Schoepite 60C species.xls.

Figure VI.6-1.
60(C Uranium Speciation Diagram in Percent Total Uranium Calculated at fCO2 = 10−3 bars (Based on Schoepite)

Table VI.6-2.
Calculated Uranium Solubility at 60(C (Controlled by Schoepite) as log [U] (mg/L) within CDSP Waste Packages Breached under Any Scenario, CSNF Waste Packages Breached by a Hypothetical Igneous Intrusion, and in the Invert

	pH
	Schoepite

	
	log fCO2 (bars)

	
	−1.5
	−2.0
	−2.5
	−3.0
	−3.5
	−4.0
	−4.5
	−5.0

	3.50
	3.20E+00
	3.20E+00
	3.20E+00
	3.20E+00
	3.20E+00
	3.20E+00
	3.20E+00
	3.20E+00

	3.75
	2.61E+00
	2.61E+00
	2.61E+00
	2.61E+00
	2.61E+00
	2.61E+00
	2.61E+00
	2.61E+00

	4.00
	2.14E+00
	2.13E+00
	2.13E+00
	2.13E+00
	2.13E+00
	2.13E+00
	2.13E+00
	2.13E+00

	4.25
	1.75E+00
	1.75E+00
	1.75E+00
	1.75E+00
	1.75E+00
	1.75E+00
	1.75E+00
	1.75E+00

	4.50
	1.44E+00
	1.43E+00
	1.43E+00
	1.43E+00
	1.43E+00
	1.43E+00
	1.43E+00
	1.43E+00

	4.75
	1.12E+00
	1.12E+00
	1.12E+00
	1.12E+00
	1.12E+00
	1.12E+00
	1.12E+00
	1.12E+00

	5.00
	8.01E-01
	7.88E-01
	7.84E-01
	7.83E-01
	7.83E-01
	7.82E-01
	7.82E-01
	7.82E-01

	5.25
	5.07E-01
	4.80E-01
	4.71E-01
	4.68E-01
	4.67E-01
	4.67E-01
	4.67E-01
	4.67E-01

	5.50
	3.01E-01
	2.50E-01
	2.34E-01
	2.29E-01
	2.27E-01
	2.27E-01
	2.27E-01
	2.27E-01

	5.75
	2.01E-01
	1.16E-01
	9.07E-02
	8.31E-02
	8.07E-02
	7.99E-02
	7.97E-02
	7.97E-02

	6.00
	2.06E-01
	5.55E-02
	1.73E-02
	6.72E-03
	3.59E-03
	2.60E-03
	2.30E-03
	2.17E-03

	6.25
	3.34E-01
	5.14E-02
	−1.48E-02
	−3.02E-02
	−3.44E-02
	−3.56E-02
	−3.60E-02
	−3.62E-02

	6.50
	6.07E-01
	1.14E-01
	−1.98E-02
	−4.62E-02
	−5.22E-02
	−5.39E-02
	−5.44E-02
	−5.46E-02

	6.75
	9.99E-01
	2.83E-01
	6.04E-03
	−4.85E-02
	−5.89E-02
	−6.14E-02
	−6.21E-02
	−6.23E-02

	7.00
	1.48E+00
	5.87E-01
	8.85E-02
	−3.62E-02
	−5.73E-02
	−6.16E-02
	−6.26E-02
	−6.29E-02

	7.25
	2.03E+00
	9.97E-01
	2.73E-01
	2.81E-03
	−4.61E-02
	−5.45E-02
	−5.63E-02
	−5.68E-02

	7.50
	2.84E+00
	1.50E+00
	5.89E-01
	9.74E-02
	−1.92E-02
	−3.76E-02
	−4.11E-02
	−4.19E-02

	7.75
	
	2.12E+00
	1.01E+00
	2.92E-01
	3.77E-02
	−5.63E-03
	−1.27E-02
	−1.42E-02

	8.00
	
	
	1.56E+00
	6.18E-01
	1.52E-01
	5.06E-02
	3.54E-02
	3.27E-02

	Source:
Validation DTN:  MO0707DISENSSI.000, spreadsheet:  Schoepite_60C.xls.

NOTE:
These concentrations correspond to schoepite saturation.  The gray area indicates the region where it is uncertain whether U is controlled by schoepite or Na-boltwoodite saturation.


Table VI.6-3.
Calculated Uranium Solubility at 60(C (Controlled by Na-boltwoodite and Na4UO2(CO3)3) as log [U] (mg/L) within CDSP Waste Packages Breached under Any Scenario, CSNF Waste Packages Breached by a Hypothetical Igneous Intrusion, and in the Invert

	pH
	Na-boltwoodite

	
	log fCO2 (bars)

	
	−1.5
	−2.0
	−2.5
	−3.0
	−3.5
	−4.0
	−4.5
	−5.0

	5.25
	3.60E+00
	3.59E+00
	3.59E+00
	3.59E+00
	3.59E+00
	3.59E+00
	3.59E+00
	3.59E+00

	5.50
	2.56E+00
	2.54E+00
	2.53E+00
	2.53E+00
	2.53E+00
	2.53E+00
	2.53E+00
	2.53E+00

	5.75
	1.75E+00
	1.69E+00
	1.67E+00
	1.66E+00
	1.66E+00
	1.66E+00
	1.66E+00
	1.66E+00

	6.00
	1.27E+00
	1.10E+00
	1.05E+00
	1.03E+00
	1.03E+00
	1.02E+00
	1.02E+00
	1.02E+00

	6.25
	1.05E+00
	7.55E-01
	6.67E-01
	6.42E-01
	6.35E-01
	6.32E-01
	6.32E-01
	6.31E-01

	6.50
	1.03E+00
	5.37E-01
	3.88E-01
	3.54E-01
	3.45E-01
	3.43E-01
	3.42E-01
	3.42E-01

	6.75
	1.14E+00
	4.35E-01
	1.55E-01
	9.67E-02
	8.50E-02
	8.21E-02
	8.12E-02
	8.10E-02

	7.00
	1.18E+00
	4.74E-01
	−2.29E-02
	−1.44E-01
	−1.64E-01
	−1.68E-01
	−1.69E-01
	−1.69E-01

	7.25
	1.22E+00
	6.30E-01
	−9.58E-02
	−3.60E-01
	−4.03E-01
	−4.09E-01
	−4.10E-01
	−4.11E-01

	7.50
	1.36E+00
	7.02E-01
	−2.95E-02
	−5.19E-01
	−6.26E-01
	−6.40E-01
	−6.42E-01
	−6.42E-01

	7.75
	1.73E+00
	7.97E-01
	1.54E-01
	−5.73E-01
	−8.18E-01
	−8.53E-01
	−8.57E-01
	−8.57E-01

	8.00
	2.46E+00
	1.08E+00
	2.67E-01
	−4.84E-01
	−9.48E-01
	−1.04E+00
	−1.05E+00
	−1.05E+00

	8.25
	500
	1.65E+00
	4.86E-01
	−2.57E-01
	−9.71E-01
	−1.18E+00
	−1.20E+00
	−1.21E+00

	8.50
	500
	2.57E+00
	9.72E-01
	−6.42E-02
	−8.41E-01
	−1.25E+00
	−1.31E+00
	−1.32E+00

	8.75
	500
	500
	1.74E+00
	3.62E-01
	−5.64E-01
	−1.21E+00
	−1.35E+00
	−1.37E+00

	9.00
	500
	500
	3.03E+00
	1.07E+00
	−1.98E-01
	−1.00E+00
	−1.32E+00
	−1.36E+00

	9.25
	500
	500
	500
	2.08E+00
	4.74E-01
	−6.91E-01
	−1.20E+00
	−1.29E+00

	9.50
	500
	500
	500
	500
	1.43E+00
	−7.11E-02
	−1.01E+00
	−1.16E+00

	9.75
	500
	500
	500
	500
	2.95E+00
	8.51E-01
	−5.52E-01
	−1.06E+00

	10.00
	500
	500
	500
	500
	500
	2.17E+00
	3.19E-01
	−8.63E-01

	10.25
	500
	500
	500
	500
	500
	500
	1.58E+00
	−1.70E-01

	10.50
	500
	500
	500
	500
	500
	500
	500
	1.06E+00

	10.75
	500
	500
	500
	500
	500
	500
	500
	3.02E+00

	Source:
Validation DTN: MO0707DISENSSI.000, spreadsheet:  Boltwoodite-Na_60C.xls.

NOTES:
These concentrations correspond to Na‑boltwoodite saturation.  The shaded area indicates the region where it is uncertain whether U is controlled by schoepite or Na-boltwoodite saturation.


Cells with no valid data, because the EQ3NR calculations do not converge, are reported as “500.”  Runs with ionic strengths >1.0 are also reported as “500.”


Figure VI.6-2 shows the aqueous U speciation results from Na-Boltwoodite plotted as percent of total U.  
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Source:
Validation DTN: MO0707DISENSSI.000, spreadsheet:  Na-bolt 60C species.xls.

Figure VI.6-2.
60(C Uranium Speciation Diagram in Percent Total Uranium Calculated at fCO2 = 10−3 bars (Based on Na-Boltwoodite)

VI.7
Thorium SOLUBILITY

Table VI.7-1 provides the calculated‑Th solubility (log [Th] (mg/L)) with pH and log fCO2 as independent variables.  Because the independent variables are in log scales, and Table VI.7-1 may need to be interpolated between calculated values, the logarithm of Th solubility is given.

Table VI.7-1.
Calculated Th Solubility at 60(C (log [Th] mg/L)

	pH
	log fCO2 (bars)

	
	(1.50
	(2.00
	(2.50
	(3.00
	(3.50
	(4.00
	(4.50
	(5.00

	3.00
	−1.45
	−1.45
	−1.45
	−1.45
	−1.45
	−1.45
	−1.45
	−1.45

	3.25
	−2.05
	−2.05
	−2.05
	−2.05
	−2.05
	−2.05
	−2.05
	−2.05

	3.50
	−2.70
	−2.70
	−2.70
	−2.70
	−2.70
	−2.70
	−2.70
	−2.70

	3.75
	−3.41
	−3.41
	−3.41
	−3.41
	−3.41
	−3.41
	−3.41
	−3.41

	4.00
	−4.22
	−4.22
	−4.22
	−4.22
	−4.22
	−4.22
	−4.22
	−4.22

	4.25
	−5.08
	−5.08
	−5.08
	−5.08
	−5.08
	−5.08
	−5.08
	−5.08

	4.50
	−6.00
	−6.00
	−6.00
	−6.00
	−6.00
	−6.00
	−6.00
	−6.00

	4.75
	−6.96
	−6.96
	−6.96
	−6.96
	−6.96
	−6.96
	−6.96
	−6.96

	5.00
	−7.93
	−7.93
	−7.93
	−7.93
	−7.93
	−7.93
	−7.93
	−7.93

	5.25
	−8.88
	−8.90
	−8.90
	−8.90
	−8.90
	−8.91
	−8.91
	−8.91

	5.50
	−9.53
	−9.72
	−9.80
	−9.83
	−9.84
	−9.85
	−9.85
	−9.85

	5.75
	−9.52
	−9.93
	−10.25
	−10.43
	−10.50
	−10.53
	−10.54
	−10.54

	6.00
	−9.29
	−9.76
	−10.18
	−10.49
	−10.66
	−10.74
	−10.76
	−10.77

	6.25
	−9.05
	−9.53
	−9.99
	−10.37
	−10.62
	−10.74
	−10.79
	−10.81

	6.50
	−8.80
	−9.29
	−9.77
	−10.19
	−10.51
	−10.70
	−10.78
	−10.81

	6.75
	−8.56
	−9.05
	−9.54
	−9.99
	−10.37
	−10.62
	−10.75
	−10.80

	7.00
	−8.31
	−8.80
	−9.30
	−9.77
	−10.19
	−10.52
	−10.70
	−10.78

	7.25
	−8.05
	−8.56
	−9.05
	−9.54
	−9.99
	−10.37
	−10.63
	−10.75

	7.50
	−7.79
	−8.31
	−8.80
	−9.30
	−9.77
	−10.19
	−10.52
	−10.70


	7.75
	−7.53
	−8.05
	−8.56
	−9.05
	−9.54
	−9.99
	−10.37
	−10.63

	8.00
	−7.26
	−7.79
	−8.31
	−8.81
	−9.30
	−9.77
	−10.19
	−10.52

	8.25
	−6.99
	−7.53
	−8.05
	−8.56
	−9.05
	−9.54
	−9.99
	−10.37

	8.50
	−6.10
	−7.26
	−7.79
	−8.30
	−8.81
	−9.30
	−9.77
	−10.19

	8.75
	−3.40
	−6.95
	−7.53
	−8.05
	−8.56
	−9.05
	−9.54
	−9.99

	9.00
	−0.17
	−5.18
	−7.25
	−7.79
	−8.30
	−8.81
	−9.30
	−9.77

	9.25
	500
	−1.80
	−6.60
	−7.52
	−8.04
	−8.55
	−9.05
	−9.54

	9.50
	500
	500
	−3.29
	−7.20
	−7.77
	−8.30
	−8.80
	−9.30

	9.75
	500
	500
	500
	−4.65
	−7.49
	−8.03
	−8.55
	−9.05

	10.00
	500
	500
	500
	500
	−5.87
	−7.75
	−8.28
	−8.80

	10.25
	500
	500
	500
	500
	500
	−6.90
	−8.00
	−8.53

	10.50
	500
	500
	500
	500
	500
	500
	−7.56
	−8.25

	10.75
	500
	500
	500
	500
	500
	500
	500
	−7.93

	Source:
Validation DTN:  MO0707DISENSSI.000, spreadsheet:  ThO2 – 60C.xls.

NOTE:
Cells with no valid data, because the EQ3NR calculations do not converge, are reported as “500.”  Runs with ionic strengths >1.0 are also reported as “500.”


Figure VI.7-1 shows the same aqueous Th speciation results plotted as percent of total Th.  These calculations were made using ThO2 as the solubility controlling phase (see Section VI.1).
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Source:
Validation DTN: MO0707DISENSSI.000, spreadsheet:  ThO2(cr) 60C Species.xls.

Figure VI.7-1.
60(C Thorium Speciation Diagram in Percent Total Thorium Calculated at fCO2 = 10−3 bars (Based on ThO2(cr))

VI.8
Americium SOLUBILITY

Table VI.8-1 provides the calculated‑Am solubility (log [Am] (mg/L)) with pH and log fCO2 as independent variables.  Because the independent variables are in log scales, and Table VI.8-1 may need to be interpolated between calculated values, the logarithm of Am solubility is given.

Table VI.8-1.
Calculated Am Solubility at 60(C (log [Am] mg/L)

	pH
	log fCO2 (bars)

	
	(1.50
	(2.00
	(2.50
	(3.00
	(3.50
	(4.00
	(4.50
	(5.00

	5.00
	3.12
	500
	500
	500
	500
	500
	500
	500

	5.25
	2.01
	2.67
	3.72
	500
	500
	500
	500
	500

	5.50
	1.20
	1.73
	2.32
	3.13
	500
	500
	500
	500

	5.75
	0.45
	0.96
	1.47
	2.02
	2.68
	3.73
	500
	500

	6.00
	−0.28
	0.22
	0.72
	1.23
	1.75
	2.34
	3.15
	500

	6.25
	−0.95
	−0.49
	−0.01
	0.49
	0.99
	1.51
	2.06
	2.73

	6.50
	−1.51
	−1.15
	−0.70
	−0.22
	0.28
	0.78
	1.29
	1.81

	6.75
	−1.92
	−1.70
	−1.33
	−0.89
	−0.41
	0.09
	0.59
	1.09

	7.00
	−2.22
	−2.12
	−1.87
	−1.49
	−1.04
	−0.56
	−0.06
	0.44

	7.25
	−2.44
	−2.44
	−2.30
	−2.01
	−1.61
	−1.14
	−0.66
	−0.16

	7.50
	−2.60
	−2.69
	−2.63
	−2.43
	−2.09
	−1.66
	−1.18
	−0.69

	7.75
	−2.61
	−2.85
	−2.90
	−2.78
	−2.50
	−2.10
	−1.63
	−1.14

	8.00
	−2.40
	−2.87
	−3.08
	−3.06
	−2.84
	−2.47
	−2.02
	−1.54

	8.25
	−1.85
	−2.69
	−3.12
	−3.27
	−3.13
	−2.79
	−2.36
	−1.88

	8.50
	−0.99
	−2.22
	−2.97
	−3.34
	−3.36
	−3.08
	−2.66
	−2.18

	8.75
	0.05
	−1.42
	−2.55
	−3.22
	−3.49
	−3.33
	−2.94
	−2.47

	9.00
	1.21
	−0.39
	−1.81
	−2.85
	−3.44
	−3.52
	−3.19
	−2.73

	9.25
	500
	0.81
	−0.79
	−2.16
	−3.12
	−3.57
	−3.42
	−2.99

	9.50
	500
	500
	0.44
	−1.16
	−2.47
	−3.35
	−3.57
	−3.24

	9.75
	500
	500
	500
	0.10
	−1.49
	−2.76
	−3.51
	−3.44

	10.00
	500
	500
	500
	500
	−0.21
	−1.79
	−3.02
	−3.53

	10.25
	500
	500
	500
	500
	500
	−0.49
	−2.07
	−3.22

	10.50
	500
	500
	500
	500
	500
	500
	−0.76
	−2.32

	10.75
	500
	500
	500
	500
	500
	500
	500
	−1.01

	Source:
Validation DTN: MO0707DISENSSI.000, spreadsheet:  AmOHCO3 60C.xls.

NOTE:
Cells with no valid data, because the EQ3NR calculations do not converge, are reported as “500.”  Runs with ionic strengths >1.0 are also reported as “500.”


Figure VI.8-1 shows the same aqueous Am speciation results plotted as percent of total Am.
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Validation DTN: MO0707DISENSSI.000, spreadsheet:  Am 60C Species.xls.

Figure VI.8-1.
60(C Americium Speciation Diagram in Percent Total Americium Calculated at fCO2 = 10−3 bars (Based on AmOHCO3)

VI.9
Protactinium SOLUBILITY

Table VI.9-1 provides the calculated‑Pa solubility (log [Pa] (mg/L)) with pH and log fCO2 as independent variables.  Like the base case 25(C model, the 60(C Pa model is also based on Np modeling.  The Np2O5 solubility model is used for Pa solubility (Pa2O5) at 60(C.  Because the independent variables are in log scales, and Table VI.9-1 may need to be interpolated between calculated values, the logarithm of Pa solubility is given.

Table VI.9-1.
Pa Solubility at 60(C (log [Pa] mg/L)

	pH
	log fCO2 (bars)

	
	(1.50
	(2.00
	(2.50
	(3.00
	(3.50
	(4.00
	(4.50
	(5.00

	3.00
	3.55
	3.55
	3.55
	3.55
	3.55
	3.55
	3.55
	3.55

	3.25
	3.29
	3.29
	3.29
	3.29
	3.29
	3.29
	3.29
	3.29

	3.50
	3.02
	3.02
	3.02
	3.02
	3.02
	3.02
	3.02
	3.02

	3.75
	2.76
	2.76
	2.76
	2.76
	2.76
	2.76
	2.76
	2.76

	4.00
	2.51
	2.51
	2.51
	2.51
	2.51
	2.51
	2.51
	2.51

	4.25
	2.26
	2.26
	2.26
	2.26
	2.26
	2.26
	2.26
	2.26

	4.50
	2.00
	2.00
	2.00
	2.00
	2.00
	2.00
	2.00
	2.00

	4.75
	1.75
	1.75
	1.75
	1.75
	1.75
	1.75
	1.75
	1.75

	5.00
	1.50
	1.50
	1.50
	1.50
	1.50
	1.50
	1.50
	1.50

	5.25
	1.25
	1.25
	1.25
	1.25
	1.25
	1.25
	1.25
	1.25

	5.50
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00

	5.75
	0.75
	0.75
	0.75
	0.75
	0.75
	0.75
	0.75
	0.75

	6.00
	0.50
	0.50
	0.50
	0.50
	0.50
	0.50
	0.50
	0.50

	6.25
	0.25
	0.25
	0.25
	0.25
	0.25
	0.25
	0.25
	0.25

	6.50
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	6.75
	−0.24
	−0.25
	−0.25
	−0.25
	−0.25
	−0.25
	−0.25
	−0.25

	7.00
	−0.45
	−0.49
	−0.49
	−0.50
	−0.50
	−0.50
	−0.50
	−0.50

	7.25
	−0.61
	−0.71
	−0.73
	−0.74
	−0.75
	−0.75
	−0.75
	−0.75

	7.50
	−0.65
	−0.87
	−0.95
	−0.98
	−0.99
	−1.00
	−1.00
	−1.00

	7.75
	−0.55
	−0.91
	−1.12
	−1.20
	−1.23
	−1.24
	−1.25
	−1.25

	8.00
	−0.33
	−0.81
	−1.17
	−1.36
	−1.45
	−1.48
	−1.49
	−1.49

	8.25
	0.05
	−0.61
	−1.07
	−1.42
	−1.61
	−1.70
	−1.73
	−1.74

	8.50
	0.95
	−0.31
	−0.88
	−1.33
	−1.66
	−1.86
	−1.94
	−1.97

	8.75
	2.45
	0.30
	−0.61
	−1.14
	−1.58
	−1.91
	−2.10
	−2.19

	9.00
	500
	1.62
	−0.16
	−0.88
	−1.39
	−1.83
	−2.15
	−2.34

	9.25
	500
	500
	0.91
	−0.52
	−1.14
	−1.64
	−2.07
	−2.39

	9.50
	500
	500
	2.82
	0.33
	−0.81
	−1.40
	−1.89
	−2.31

	9.75
	500
	500
	500
	2.15
	−0.12
	−1.08
	−1.65
	−2.14

	10.00
	500
	500
	500
	500
	1.61
	−0.48
	−1.34
	−1.90

	10.50
	500
	500
	500
	500
	500
	500
	0.81
	−1.04

	Source:
Validation DTN: MO0707DISENSSI.000, spreadsheet:  Np2O5 – 60C.xls.

NOTE:
Cells with no valid data, because the EQ3NR calculations do not converge, are reported as “500.”  Runs with ionic strengths >1.0 are also reported as “500.”


VI.10
Radium SOLUBILITY

Table VI.10-1 provides the calculated‑Ra solubility (log [Ra] (mg/L)).  Since data0.ymp.R2 and data0.ymp.R4 (DTNs:  MO0302SPATHDYN.000 [DIRS 161756] and SN0410T0510404.002 [DIRS 172712]) do not contain higher temperature data for Ra compounds and aqueous species, Ba was used as a surrogate (see Section 6.12).

Table VI.10-1.
Ra Solubility at 60(C

	pH Range
	Radium Solubility (mg/L)
	log [Ra] (mg/L)

	3.0 to 8.0
	9.1E-02
	−1.04

	8.0 to 9.75
	31.2
	1.49

	> 9.75
	500 (not solubility controlled)
	500 (not solubility controlled)

	Source:
Validation DTN: MO0707DISENSSI.000, spreadsheet:  Ba 60C  solubility.xls.

NOTE:
Based on the solubility of BaSO4 (see Section 6.12).


VI.11
Actinium, lead, technetium, carbon, iodine, cesium, strontium, selenium, and chlorine solubility

Transport of Ac is not modeled in the TSPA model because of its short half-life (227Ac, t½ = 21.774 days).  Actinium dose is calculated in TSPA by assuming secular equilibrium with 231Pa. Transport of Pb is also not modeled in the TSPA model because of its short half-life (210Pb, t½ = 22.6 days).  Lead dose effects are calculated in TSPA by assuming secular equilibrium with 226Ra.  Therefore, solubilities of actinium and lead are not investigated in this sensitivity analysis.

Under the repository conditions, no solubility-controlling solid exists for technetium, iodine, cesium, strontium, selenium, or chlorine.  Therefore, in TSPA modeling, the release of these elements is controlled by the dissolution rate of waste forms rather than by solubility limits.

VI.12
60(C MODEL Summary

The scope of this modeling activity is to predict dissolved concentrations or solubility limits at 60(C as functions of environmental conditions (in the form of look-up tables, as distributions, or single values) for all elements with radioactive isotopes transported outside breached waste packages important to the performance of the repository.  

The output from this appendix can be found archived in Output DTN: MO0705DISCON60.000.  However, information in this DTN is to be used for sensitivity analyses only.

VI.12.1
60(C Model Output

The 60(C model output is summarized in Table VI.12-1.  The outputs for plutonium, neptunium, uranium, thorium, americium, and protactinium solubilities are tabulated as functions of pH and log fCO2.  The output for Ra is presented as a function of pH.  These tables are located in Sections VI-4 through VI.10 and are not repeated in this section.  There are two base case neptunium-solubility models.  NpO2 is considered as the controlling phases inside corroding waste packages when there is a reductant present, such as fuel or steel.  Additionally, it is recommended that the Np2O5‑solubility model be used inside the waste package when all reducing materials are fully corroded and for the invert.  There are two base-case uranium-solubility models.  One is for CSNF waste packages in nominal and seismic scenarios, and the other is for CDSP waste packages in all scenarios and for CSNF packages breached during an igneous intrusion and for the invert.

Table VI.13-1.
Summary of 60(C-Solubility Models

	Element
	Value
	Note

	Pu
	Table VI.4-1 (log of solubility in mg/L)
	Based on a combination of PuO2(hyd,aged) and PuO2(cr)

	Np
	Table VI.5-1 (log of solubility in mg/L)
	For in-package when a reductant such as steel or fuel is present

	
	Table VI.5-2 (log of solubility in mg/L)
	For ex-package (invert), and in-package when all reductants inside the package are fully corroded

	U
	Table VI.6-1 (log of solubility in mg/L)
	For CSNF waste packages in nominal and seismic scenarios

	
	Tables VI.6-2 and VI.6-3 (log of solubility in mg/L)
	For CDSP waste packages, for CSNF waste packages breached during an igneous intrusion, and for the invert

	Th
	Table VI.7-1 (log of solubility in mg/L)
	Based on ThO2(cr)

	Am
	Table VI.8-1 (log of solubility in mg/L)
	—

	Pa
	Table VI.9-1 (log of solubility in mg/L)
	Based on Np2O5 by analogy

	Ra
	Table VI.10-1 (log of solubility in mg/L)
	Constants for two intervals

	


APPENDIX VII
Specific ion interaction theory based Correction Factors for Ionic Strength Effects

INTENTIonally Left blank

Vii.1
Introduction

This section provides a method to estimate the uncertainty in species concentrations calculated via the B-dot procedure.  A method is developed for “correcting” the EQ3/6 B-dot values, given assumptions about the natures of the ionic media.  The method is based on the assumption that the Specific Ion Interaction Theory (SIT) methodology provides greater accuracy than B-dot for solutions with ionic strengths of 1 to 4 molal.  The calculations indicate that the B-dot method is reasonably good for the uranium dissolved species of greatest interest, up through 4 molal.

VII.2
Background

Section 6 calculates selected radionuclide concentrations on a 2-D grid of varied pH and varied fCO2.  Currently the uncertainty for concentration is estimated from uncertainty in the log(K) values in the thermodynamic database.  However, Section 6.3.3.4 recognizes the possibility that greater uncertainty would arise if the calculated values were used at ionic strengths above the validation limits of the EQ3/6 code.  A major source of uncertainty would be the activity coefficient corrections (via the “B-dot” method), which were intended for ionic strengths 
below 1.  Thus, when the solubility look-up tables were produced, any table entry with a calculated ionic strength above 1 (3 for U carbonate species) was specifically flagged with a value of 500 (see Section 8.1.3).  Users of the 2-D look-up tables employ an alternative cap for solubility, whenever a flagged entry was encountered (see Section 8.1.3).

In this section, a methodology for estimating the uncertainty associated with the table solubilities, when the ionic strength is greater than 1, is developed.  The approach is based on a ratio of the SIT corrections, over the B‑dot activity corrections, for the dominant aqueous species.  The SIT corrections are those used by the Nuclear Energy Agency (NEA) in the extrapolation of thermodynamic data to ionic strength zero (c.f. Guillaumont 2003 [DIRS 168382], Table B‑4).  The NEA is the source of most actinide data in data0.ymp.R2 and data0.ymp.R4 (DTNs:  MO0302SPATHDYN.000 [DIRS 161756] and SN0410T0510404.002 [DIRS 172712]), and this data lineage supports the correction method.  This methodology is limited to solutions with an ionic strength of (4, the range of validity of the SIT method.

VII.3
Basic Method

The approach is as follows.  Section 6 identifies a limited number dissolved radionuclide species that dominate the dissolved concentrations of each radionuclide.  Similarly, Section 6 also identifies a limited number of solids that control solubility.  (The major dissolved species are summarized in Table 6.3-2, and the controlling solids are described throughout Section 6.)  The major dissolved species, and the coexisting solids, vary as a function of the pH and fCO2 as shown in the 2-D table.  For each pair of controlling solid and aqueous species, one can write a reaction.  The reaction is always written so one mole of the dissolved species is produced on the right, and the controlling solid is always on the left.  As an example, the dissociation reaction for NaNpO2CO3(s) is shown: 


NaNpO2CO3(s) ( Na+   +   NpO2CO3(  
(Eq. VII-1)

NaNpO2CO3 (s) is the controlling solid and NpO2CO3( is the dissolved radionuclide species of interest.  This reaction can also be described by the equilibrium constant (Krxn) as follows.
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(Eq. VII-2)

where 
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 is the activity of species c in the aqueous or solid phase.  Since the activity of a pure solid in itself is equal to one, the solid is eliminated from subsequent equations.  The relationship between activity (
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), practical activity coefficient (
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), and the mole fraction (
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) is (Nordstrom and Munoz 1986 [DIRS 153965], Equation 7-5b):
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(Eq. VII-3)

Substituting Equation VII-3 for each aqueous species described by Equation VII-2, Equation VII-2 can be written as:
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(Eq. VII-4)

where [NpO2CO3(] indicates the concentration of the species and ( is the activity coefficient of the species. 

Equation VII-4 can be written for [NpO2CO3(] and the concentration of NpO2CO3( determined following the B-dot method, and the SIT method.  The Krxn would be the same for either calculation scheme; in fact, actinide Krxn derived by the SIT method is generally used in the EQ3/6 B-dot calculations.  Basically, these two methods calculate (c in different ways, also producing different estimates for aqueous species concentrations.  However, some concentrations are very nearly fixed by definition; for example, the [Na+] value is essentially the same for either method, because the concentration of Na+ is large relative to all other species, and the dissociation reaction is simple.  Thus, the ratio of [NpO2CO3(]SIT  as calculated by SIT, to [NpO2CO3(]bdot   calculated by B-dot, would be:
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(Eq. VII-5)

If one supposes that the SIT values are more accurate than the B-dot, Equation VII-5 allows one to derive a correction factor (CF) for the concentration obtained by EQ3/6 with the B-dot 
(c estimates.

VII.4
RESTRICTIONS

There are two significant restrictions in this approach:

· First, it is assumed that the solution chemistry is dominated by background electrolytes.  Therefore, the aqueous actinides are assumed to be relatively low in concentration.  The SIT interaction coefficients are available, as a fairly complete set, for NaCl and NaClO4 electrolytes only.  Hence, the calculations equate “ionic strength” with the molality of NaCl or NaClO4.  The corrections have been calculated for NaCl or NaClO4 at background concentrations of 1, 2, 3, and 4 molal. 

· Second, one must be able to determine the controlling solid and the dominant dissolved species for each pH-fCO2 entry in the 2-D tables.  

In addition, there are several less obvious restrictions on the method, discussed below.  Some species reactions involve the creation or destruction of liquid water.  For these species, a full calculation of either the SIT or B‑dot corrections requires an estimate for the activity of water (aw).  Each correction method assumes a different form for aw, indicated by Equations 86 and 87 in the EQ3NR user’s manual (Wolery 1992 [DIRS 100836]), and by Equations B.10 and B.11 in the report by Guillaumont et al. (2003 [DIRS 168382]).  While these two sets of aw equations look quite different, they calculate very similar aw up to ionic strength = 4 (Figure VII-1).  The similar results means that the aw corrections essentially cancel out in the correction scheme described herein.  Both water activity estimates agree reasonably well with the Pitzer values listed by Guillaumont et al. (2003 [DIRS 168382], Table B-1).  Note that some older NEA volumes containing an error in the analogous water activity equation (e.g., Grenthe et al. 1992 [DIRS 101671], Equation B.12) have an error in the logarithm base for one term.  
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Source:
Validation DTN: MO0707DISENSSI.000, spreadsheet:  sit-bdot5.xls.

Figure VII-1.
Activity of Water Calculated for the Specific Ion Interaction Theory, B-dot, and Pitzer

Some species reactions also involve the consumption and destruction of H+ and HCO3(.  By definition the activities of H+ and CO2(g) are nearly fixed for each entry in the table, and would be the same for either SIT or B-dot corrections.  If the activities of H+ and CO2(g) are fixed, then the activity of HCO3( will be the same in either the B-dot or SIT correction as shown by Equation VII-6:

HCO3(  +  H+ ( CO2 (g) + H2O
(Eq. VII-6)

In addition, the activity of water is taken as the same for both methods.  Hence H+ and HCO3− cancel out in the development of a ratio equation analogous to Equation VII-5.  (Technically, the choice of pH scale causes some deviation of “pH” from –log aH+; however, the same corrections would be made for both B-dot and SIT methods, so the discrepancy cancels out.)  Similar arguments hold for fO2, which appears in some reactions.

There are some species with neither concentrations nor activities that are fixed; for example, F( and SO42( are important controls on solubility for some actinide dissolved species, particularly at lower pH.  For SO42(-containing species, the importance is probably exaggerated by the way that the EQ3NR calculations are charge-balanced on SO42−.  The corrections are more ambiguous when reactions contain F( or SO42(; however, one can evaluate the size of the corrections assuming fixed F( and SO42( concentrations, and if the correction factors are close to unity, then the B-dot can be assumed as reasonably accurate for those species.

There are other, perhaps more subtle limitations to this approach, which really reflect on the processes used to generate the 2-D concentration tables by EQ3NR.  For example, the [HCO3(] must be lower than [Na+] of the supporting electrolyte, to maintain the validity of the assumptions.  However, the 2-D tables have entries that correspond to high pH and fCO2 (up to 10(1.5 bars); under such conditions, the dissolved HCO3( or CO32( can reach very high values.  For example, as a rough estimate, the dissolution of CO2 gas in water is described by Equation VII-7:


CO2(g) + H2O ( HCO3(  +  H+
(Eq. VII-7)

The log(Krxn) = (7.8136 at 25(C from data0.ymp.R2 (DTN:  MO0302SPATHDYN.000 [DIRS 161756]) and data0.ymp.R4 (DTN:  SN0410T0510404.002 [DIRS 172712]).  For the conditions with a pH = 10 and log(fCO2) = (1.5, Equation VII-8 calculates the concentration of HCO3− from: 


log[HCO3(] ( log(fCO2) + log(Krxn) + pH
(Eq. VII-8)

The concentration of [HCO3(] under these conditions is approximately 5 moles.  At pH = 11, CO32( will be the dominant carbonate aqueous species and the concentration of HCO3− in solution may be much higher.  Obviously, Equations VII-7 and VII-8 are very rough approximations, as they assume activity coefficients of one.  Nonetheless, the results indicate that extreme (and likely very unrealistic) carbonate concentrations could ensue at the high pH ranges of the tables.  These high carbonate concentrations would also violate the SIT correction scheme, since they would no longer be minor compared to the 1 to 4 molal background electrolyte.  It would be difficult to reach such high dissolved carbonate by any natural process, with the possible exception of extreme evaporation.  A positive counterion (such as Na+) must be present in like concentrations, and no solid capable of precipitating the counterion and carbonate may form.

In the current analysis, neutral species are given the same activity coefficients in both B-dot and SIT, and the activity coefficients are calculated as specified in the EQ3NR manual (Wolery 1992 [DIRS 100836], p. 41, Equations 91 to 93).  For most species, the activity coefficients are set to one.  For non-polar neutral species, such as O2, the activity coefficients approximately correspond to those of CO2(aq), and are not vastly different from one.  Since the activity coefficients are calculated identically for each method as used herein, they cancel out in the correction ratios.  In addition, since the activity of O2 is generally fixed externally, the activities themselves would cancel out.  

VII.5
Generalization of Method

The process in Equations VII-1 through VII-5 can be formally summarized as follows.  First, for each actinide, a reaction is written for each solubility-controlling solid dissolving to each significant aqueous species.  The dissolved species are identified in Table 6.3-2.  The significant dissolved species in each equation is denoted An.  The equation is written so that one mole of An is produced on the right side.  Apart from An, all the species in the reaction are broken into two groups: those for which there is a fixed specification of the concentration (e.g., Na+, Cl() and those for which there is a fixed activity (e.g., H+, HCO3(, O2).  The species with fixed concentrations have indices k = 1 to mk; those with fixed activities have indices i = 1 to mi.  Then the reaction is described by the equation:
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(Eq. VII-9)

where the N’s are the stoichiometric coefficients in the reaction as written, and are negative for reactants and positive for products.  Methods to calculate ( will strive to satisfy this equation.  Though the [i], ak and Krxn will be the same for any method, the ( can be quite different, depending on the assumptions of each method.  The net result can be very different values for [An].  For example, Equation VII-9 can be rearranged to give the [An] calculated via SIT as:
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(Eq. VII-10)

An exactly analogous equation can be written for B-dot:



[image: image55.wmf]1

0

:

0

0

:

]

[

]

[

-

=

=

=

÷

÷

ø

ö

ç

ç

è

æ

´

´

´

´

=

Õ

Õ

Õ

ki

k

k

i

i

i

m

k

N

bdot

k

m

k

N

m

i

N

i

bdot

An

rxn

bdot

k

a

K

An

g

g


(Eq. VII-11)

Finally, the ratio of Equations VII-10 and VII-11 gives:
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(Eq. VII-12)

The ( for B-dot will depend only on the ionic strength (I) of the supporting electrolyte solution (Equation 6.3-5).  Since the calculations herein are performed for the 1:1 salts NaCl and NaClO4 in the supporting electrolyte, m = molality of either salt.

The (’s for the SIT are calculated as described in Equations B.1 and B.4 of Update on the Chemical Thermodynamics of Uranium, Neptunium, Plutonium, Americium and Technetium (Guillaumont et al. 2003 [DIRS 168382]).  Assuming that the background electrolyte is a 1:1 salt that dominates ionic interactions, Equation B.4 from Guillaumont et al. (2003 [DIRS 168382]) can be written as:
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(Eq. VII-13)

where 
[image: image58.wmf]MX

m

 is the molality of the supporting electrolyte MX (here, Na+ = M and X = Cl( or ClO4(), and ((M,X)i is the ion interaction coefficient between species i and MX.  In the NEA formulation of SIT, it is assumed that ( for positive species i are dependent only on the negative ions of the supporting electrolyte, and the ( for negative species i are dependent only on the positive species in the supporting electrolyte.  Values for ( are actually obtained by fitting Equation VII-13 to experimental data for each species i in the appropriate salt solution, or by derivation from closely analogous species.  The values for ( and the 95% uncertainty for selected aqueous species are shown in Table VII-1 (Guillaumont et al. 2003 [DIRS 168382], Table B-4).  

Table VII-1.
Selective Ion Interaction Coefficients (() and 95% Uncertainties ((() in NaCl and NaClO4 Media

	Species
	( NaCl
	((
	( NaClO4
	((

	AmSO4+  a
	0.01
	0.05
	0.22
	0.08

	AmCO3+
	0.01
	0.05
	0.17
	0.04

	Am(CO3)2(
	(0.14
	0.06
	
	

	Am(CO3)33(
	(0.23
	0.07
	
	

	NpO2+
	0.09
	0.05
	0.25
	0.05

	NpO2CO3(
	(0.18
	0.15
	
	

	NpO2(CO3)34(
	(0.4
	0.19
	
	

	PuO2SO4 (aq)
	N/A
	
	N/A
	

	PuO2+  b
	0.09
	0.05
	0.24
	0.05

	PuO2CO3 (aq)
	N/A
	
	N/A
	

	PuO2(CO3)34+  c
	(0.4
	0.19
	
	

	PuO2CO3(
	(0.18
	0.18
	
	

	UO2SO4 (aq)
	N/A
	
	N/A
	

	UO2F+
	0.04
	0.07
	0.28
	0.04

	UO3 (aq)
	N/A
	
	N/A
	

	(UO2)2CO3(OH)3(
	0
	0.05
	
	

	UO2(CO3)34(
	(0.01
	0.11
	
	

	UO2(CO3)22(
	(0.02
	0.09
	
	

	Th(SO4)2 (aq)
	N/A
	
	N/A
	

	ThF22+  d
	
	
	0.46
	0.05

	ThF3+   e
	0.1
	0.1
	0.1
	0.1

	Th(OH)4 (aq)
	N/A
	
	N/A
	

	Th(OH)3CO3(  f
	
	
	
	

	Th(CO3)56(  g
	(0.3
	0.15
	
	

	Source:
Guillaumont et al. 2003 [DIRS 168382], Table B-4.
a
Use AmCO3+ values.

b
Cl( ( value from NpO2+
c
Use Np analogue.

d
Use Np analogue.

e
Use U analogue.

f
No analogy in Guillaumont et al. 2003 [DIRS 168382].

g
Use U analogue.

NOTE:
Positive species interact with Cl( or ClO4( of background electrolyte; negative species interact with Na+.


VII.6
Results

Figures VII-2 through VII-5 illustrate the CF for Pu, Np, U, Am, and Th; these results are calculated in the spreadsheet SIT-bdot5.xls (Validation DTN: MO0707DISENSSI.000).  In these figures, the ionic strength of the solution is assumed to be controlled by NaCl.  Analogous calculations have been performed for NaClO4 as the background, where values for ( are available.  The NaClO4 results are very similar to the NaCl results, and are therefore not shown (spreadsheet SIT‑bdot5.xls in Validation DTN: MO0707DISENSSI.000).  Neutral species are not considered, as the activity coefficient is expected to be near 1; in fact, the approach used in the Sections VII-3 through VII-5 would always yield a CF = 1 for non-polar neutral species.  For a few species identified in Table 6.3-2 (such as PuO2SO4(aq)), there are apparently no appropriate measurements of (, even on analogues.

For all uranium species, the B-dot corrections prove to be surprisingly good; the lowest CF is ~0.57, and the highest is ~1.5 (for the most probable values), and there is little variation with ionic strength (Figure VII-4).

VII.7
Uncertainty Propagation

Table VII-1 provides the uncertainties assigned to the (  values by the NEA.  It is instructive to propagate these uncertainties through the 
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 calculations.  It is assumed that the ( are the source of all uncertainties in the calculated correction factor CF.  At first glance it may seem like the B-dot term has the greater uncertainty.  However, the B-dot term can be calculated exactly, even if it is inaccurate.  The inaccuracy in the B-dot term does not derive from uncertainty in the parameters of the B-dot formula.  The point of this exercise is to find how the calculated uncertainty in ( will affect the uncertainty of CF.  Certainly, there are other “uncertain” parameters in the SIT estimation, but generally these will be small compared to relative uncertainties in the (.

The uncertainty analysis is begun by defining:
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(Eq. VII-14)

where 
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 is the product in the denominator on the right side of Equation VII-12, and 
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  is the numerator on the right side.  The function prod is defined as: 
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(Eq. VII-15)

The relative uncertainty in prod is given by Bevington (1969 [DIRS 146304], Chapter 4) and provided by Equation VII-16:
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(Eq. VII-16)

For purposes of uncertainty analysis, Equation VII-18 may be re-written in linear form relative to (, i.e.:
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(Eq. VII-17)
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(Eq. VII-18)

therefore,  
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(Eq. VII-19)

and,
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(Eq. VII-20)

Equation VII-20 is derived by combining equations in Chapter 4 of Data Reduction and Error Analysis for the Physical Sciences (Bevington 1969 [DIRS 146304]).  Propagating the uncertainty in Equation VII-14 yields:
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(Eq. VII-21)

since the uncertainty in the B-dot correction, as calculated, is taken here as ( 0.  Combining Equations VII-16, VII-19, and VII-21 produces Equation VII-22:
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(Eq. VII-22)

This makes it possible to calculate the propagated uncertainty in CF.  Note that the uncertainties given in Table VII-1 correspond to two standard deviations, as Guillaumont et al. (2003 [DIRS 168382], pp. 738 and 740) claim 95% confidence.  To calculate 
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 at the one sigma level using Equation VII-22, ((’s are taken as one-half the uncertainties given in Table VII-1.

In Figures VII-2 through VII-5, the solid lines indicate the most probable values, and the dashed lines show the one-sigma uncertainty bounds.  To apply the CF shown in Figures VII-2 through VII-5, the values should be multiplied with the concentrations shown in the 2‑D tables in Section 6.  For each value in the 2-D tables, the correct CF must be selected.  To determine the correct CF, the controlling solid and the associated primary aqueous species must be determined.  This action must be performed over the range of fCO2 and pH of the 2‑D tables.
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Source:
Validation DTN: MO0707DISENSSI.000, spreadsheet:  SIT-bdot5.xls.

NOTE:
The top row has NaNpO2CO3 as solubility-controlling solid.  The bottom row has NpO2 as solubility-controlling solid.

Figure VII-2.
CF (SIT/B-dot correction) for Neptunium Aqueous Species
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Source:
Validation DTN: MO0707DISENSSI.000, spreadsheet:  SIT-bdot5.xls.

Figure VII-3.
CF (SIT/B-dot correction) for Plutonium Aqueous Species (top row) and Americium Aqueous Species (bottom row)
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Source:
Validation DTN: MO0707DISENSSI.000, spreadsheet:  SIT-bdot5.xls.

NOTE:
The top row has Na-Boltwoodite as solubility-controlling solid.  The bottom row has UO3(2H2O as solubility-controlling solid.

Figure VII-4.
CF (SIT/B-dot correction) for Uranium Aqueous Species
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Validation DTN:  MO0707DISENSSI.000, spreadsheet:  SIT-bdot5.xls.

Figure VII-5.
CF (SIT/B-dot correction) for Thorium Aqueous Species
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APPENDIX VIII
dissolved concentration limits of Np, U, and Tc under 
reducing conditions

INTENTIonally Left blank

VIII.1
PURPOSE

The purpose of this study is to determine dissolved concentration limits (also referred to as solubility limits) of Np, U, and Tc under reducing conditions via geochemical calculations using equilibrium geochemical simulators and thermodynamic databases.  

The scope of this activity is to predict dissolved concentrations or solubility limits as a function of environmental conditions (i.e., fCO2 (f = fugacity) and pH) for Np, U, and Tc under reducing redox conditions (fO2 = 10−40 bars).  

VIII.2
Model Configuration

In the previous discussion (Sections 6.3 and 6.4), it was concluded that the important physical and chemical conditions for solubility evaluation are oxidation potential, pH, fCO2, water chemistry (particularly concentrations of ligands such as F(), and temperature.  This section explains how each parameter is accounted for in geochemical model calculations, whether they are treated as an independent variable or as an uncertainty term, and how each parameter 
is varied. 

VIII.2.1
Oxidation Potential

This analysis assumes that the oxidation state in the waste package is approximately 10−40 bar O2.  This is the redox state measured in solutions in contact with steel and is a common redox state in moderately reducing natural waters.  To achieve this, the value of fO2 is set to 10−40 bars and it is applied through the Eh equation in Section VIII.3.2 (Equation VIII-5).

VIII.2.2
Temperature

Solubility limits of Np, U, and Tc are calculated at 25°C.  As shown in Section 6.3.3.3, the solubility of actinides decreases with temperature.  Therefore, using actinide solubilities at 25°C is conservative for temperatures higher than 25°C. 

VIII.2.3
pH

Because of its strong effect on actinide solubility, pH is selected as an independent variable in solubility calculations.  In other words, solubility calculations are carried out for different pH values.  The pH range for fluids reacting with CSNF is 4.99 to 9.07, while the range for fluids reacting with codisposal materials is from 4.98 to 9.06 in CDSP Cell 1b and from 4.98 to 10.41 in CDSP Cell 1a (DTN: SN0702PAIPC1CA.001 [DIRS 180451]).  To cover the full range of conditions, the target pH range for the modeling was set at 3 to 11.  The pH values varied in 0.25 increments.

VIII.2.4
CO2 Fugacity

As discussed earlier, fCO2 is another important independent variable because of the strong tendency for actinides to form complexes with CO32−.  The atmospheric value of CO2 partial pressure is 10(3.5 bars.  The range of applicability shown for in‑package chemistry is from 10(4 to 10(2 bars (Table 8‑1).  The fCO2 range used for actinide solubility calculations in this report is from 10(5 to 10(1.5 bars.  It is varied in increments of 0.5 log units.

Table VIII-1 shows the valid range of use for the solubility tables presented in this appendix.

Table VIII-1.
Summary of EQ3NR Model Configuration

	Variable
	Treatment in Analyses
	Value or Range

	pH
	Independent variable
	3.0 to 11.0

	log fCO2 (bars)
	Independent variable
	(5.0 to (1.5

	Temperature
	Conservatively using 25(C value
	25°C to 100°C

	log fO2 (bars)
	Independent variable
	(40 bars (Eh = 0.638 – 0.0592 pH)

	


VIII.3
Neptunium Solubility

VIII.3.1
Conceptual Framework

In the compliance case, several types of solubility‑controlling phases have been examined for Np, both inside and outside the package.  This analysis focuses solely on NpO2 as the controlling solid within waste packages when fO2 = 10−40 bars.

Published Eh–pH diagrams for Np at 25(C (e.g., Langmuir 1997 [DIRS 100051], Figures 13.27 through 13.29; Brookins 1988 [DIRS 105092], Figures 84 through 86) show that two oxidation states (Np(V) and Np(IV)) dominate Np chemistry in natural waters.  In solution, Np(V) species dominate the upper half of the stability field of water (higher Eh values) while Np(IV) species dominate the lower half (lower Eh values).  The predominant solid is NpO2 even in oxidizing carbonate waters.  Guillaumont et al. (2003 [DIRS 168382], Tables 4-1) give the free energy of formation (
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 of Np2O5 is –2,031.574 kJ/mol.  Given these data, then, NpO2 is more stable than Np2O5 at 298.15 K, because of the 
following reaction:


Np2O5 = 2 NpO2 + 
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(Eq. VIII-1)
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(Eq. VIII-2)

If kinetic barriers do not prevent NpO2 from precipitating, it should control neptunium‑equilibrium solubility under most conditions, even those with higher atmospheric fO2.

VIII.3.2
Chemical Conditions

Published Eh–pH diagrams for Np at 25(C (e.g., Langmuir 1997 [DIRS 100051], Figures 13.27 through 13.29; Brookins 1988 [DIRS 105092], Figures 84 through 86) show that at the Eh conditions analyzed, all solute species of Np are in the Np(V) state.  However, the predominant solid (even in more oxidizing waters) is NpO2.  Thus, Np solubility limits are very dependent on the differing redox conditions of the system.

NpO2 is analyzed with the redox state set to fO2 = 10−40 bars.  Other parameters used to represent redox conditions are Eh and pe (Eh = 0.0592pe at 25°C).  Assuming fO2 = atmospheric is equivalent to assuming (Langmuir 1997 [DIRS 100051], Equation 11.27):
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(Eq. VIII-3)

Equation 3 is given by the Nernst equation for reaction:


2H2O = O2 + 4H+ + 4e(
(Eq. VIII-4)

when fO2 = atmospheric.  This is the upper bound of the water stability field in an Eh–pH diagram.  Because water is unstable above this line, natural aqueous systems do not exist.

However, this analysis is interested in a redox state where fO2 = 10−40 bars.  This is implemented in the input files as an Eh value that is revised for each file by the equation:

Eh = 0.638 – 0.0592 pH
(Eq. VIII-5)

VIII.3.3
NpO2 Analysis (In-Package Neptunium Analysis)

Table VIII.3-1 gives the calculated neptunium solubility (in units of log mg/L) using NpO2 as the controlling solid and fO2 = 10−40 bars.

Table VIII.3-1.
Calculated NpO2 Solubility (log[Np] mg/L) when fO2 = 10−40 bars

	pH
	log fCO2 (bars)

	
	(1.5
	(2.0
	(2.5
	(3.0
	(3.5
	(4.0
	(4.5
	(5.0

	3.00
	−6.77
	−6.77
	−6.77
	−6.77
	−6.77
	−6.77
	−6.77
	−6.77

	3.25
	−7.02
	−7.02
	−7.02
	−7.02
	−7.02
	−7.02
	−7.02
	−7.02

	3.50
	−7.27
	−7.27
	−7.27
	−7.27
	−7.27
	−7.27
	−7.27
	−7.27

	3.75
	−7.52
	−7.52
	−7.52
	−7.52
	−7.52
	−7.52
	−7.52
	−7.52

	4.00
	−7.78
	−7.78
	−7.78
	−7.78
	−7.78
	−7.78
	−7.78
	−7.78

	4.25
	−8.03
	−8.03
	−8.03
	−8.03
	−8.03
	−8.03
	−8.03
	−8.03

	4.50
	−8.28
	−8.28
	−8.28
	−8.28
	−8.28
	−8.28
	−8.28
	−8.28

	4.75
	−8.53
	−8.53
	−8.53
	−8.53
	−8.53
	−8.53
	−8.53
	−8.53

	5.00
	−8.78
	−8.78
	−8.78
	−8.78
	−8.78
	−8.78
	−8.78
	−8.78

	5.25
	−9.03
	−9.03
	−9.03
	−9.03
	−9.03
	−9.03
	−9.03
	−9.03

	5.50
	−9.28
	−9.28
	−9.28
	−9.28
	−9.28
	−9.28
	−9.28
	−9.28


Table VIII.3-1.
Calculated NpO2 Solubility (log[Np] mg/L) When fO2 = 10−40 bars (Continued)

	pH
	log fCO2 (bars)

	
	(1.5
	(2.0
	(2.5
	(3.0
	(3.5
	(4.0
	(4.5
	(5.0

	5.75
	−9.53
	−9.53
	−9.53
	−9.53
	−9.53
	−9.53
	−9.53
	−9.53

	6.00
	−9.78
	−9.78
	−9.78
	−9.78
	−9.78
	−9.78
	−9.78
	−9.78

	6.25
	−10.03
	−10.03
	−10.03
	−10.03
	−10.03
	−10.03
	−10.03
	−10.03

	6.50
	−10.27
	−10.28
	−10.28
	−10.28
	−10.28
	−10.28
	−10.28
	−10.28

	6.75
	−10.50
	−10.52
	−10.53
	−10.53
	−10.53
	−10.53
	−10.53
	−10.53

	7.00
	−10.69
	−10.75
	−10.77
	−10.78
	−10.78
	−10.78
	−10.78
	−10.78

	7.25
	−10.80
	−10.95
	−11.00
	−11.02
	−11.02
	−11.03
	−11.03
	−11.03

	7.50
	−10.77
	−11.06
	−11.20
	−11.25
	−11.27
	−11.27
	−11.28
	−11.28

	7.75
	−10.62
	−11.04
	−11.32
	−11.45
	−11.50
	−11.52
	−11.52
	−11.53

	8.00
	−10.38
	−10.88
	−11.29
	−11.57
	−11.70
	−11.75
	−11.77
	−11.77

	8.25
	−10.04
	−10.65
	−11.15
	−11.55
	−11.82
	−11.95
	−12.00
	−12.02

	8.50
	−9.37
	−10.35
	−10.92
	−11.40
	−11.80
	−12.06
	−12.20
	−12.25

	8.75
	−7.77
	−9.88
	−10.63
	−11.18
	−11.66
	−12.05
	−12.31
	−12.44

	9.00
	500
	−8.91
	−10.22
	−10.91
	−11.44
	−11.91
	−12.30
	−12.56

	9.25
	500
	−6.56
	−9.46
	−10.53
	−11.17
	−11.70
	−12.16
	−12.54

	9.50
	500
	500
	−7.73
	−9.84
	−10.82
	−11.43
	−11.95
	−12.41

	9.75
	500
	500
	500
	−8.35
	−10.17
	−11.09
	−11.69
	−12.20

	10.00
	500
	500
	500
	500
	−8.76
	−10.47
	−11.35
	−11.94

	10.25
	500
	500
	500
	500
	500
	−9.08
	−10.75
	−11.61

	10.50
	500
	500
	500
	500
	500
	500
	−9.34
	−11.00

	Source:
Validation DTN: MO0707DISENSSI.000, spreadsheet:  NpO2-redox.xls.

NOTE:
Some cells have no valid solubility values because the EQ3NR calculations do not converge, and those calculation results are reported as “500” (Section 6.4.4).  Runs with ionic strengths >1.0 are also reported 
as “500.”


VIII.4
Uranium Solubility

VIII.4.1
Conceptual Framework

U is known to exist in three oxidation states, but only two (+4 and +6) are important in natural waters (Langmuir 1997 [DIRS 100051], Table 13.8).  Published Eh–pH diagrams for U (e.g., Langmuir 1997 [DIRS 100051], Figures 13.8 and 13.9) show that all solute species of U are in the U(VI) state with Eh values at least as low as 200mv from pH 0 to 12.  Thus, the reduction in E0 from 1.22 to 0.638 (see Section 4.3.2) in going from the theoretical fO2 model to the lower redox (10−40 bars fO2) analyses, although important to the speciation of Np, does not change U speciation.  In addition, the solubility‑controlling phases for U all contain U(VI), so no redox reactions are associated with their dissolution.  Because the difference between the theoretical fO2 and lower redox (10−40 bars fO2) analyses would have no effect on U concentrations as analyzed here, the U concentrations were calculated with the theoretical fO2 model.

In the compliance case, to provide U concentrations over the full range of possible environmental conditions, the solubilities of three uranyl (UO22+) solids have been modeled:  the minerals schoepite (UO3(2H2O), Na‑boltwoodite (NaUO2SiO3OH(1.5H2O), and Na4UO2(CO3)3.  Because the difference between the theoretical fO2 and lower redox (10−40 bars fO2) analyses should have no effect on U concentrations, this analysis focuses on one mineral (schoepite) to demonstrate any effects the lower redox state will have on U solubility limits.

VIII.4.2
Schoepite Analysis

Table VIII.4-1 gives the calculated U solubility (in units of mg/L) using schoepite as the controlling solid and 10−40 bar fO2. 

When compared to Table 6.7-3 of this report, the values in Table VIII.4-1 are nearly identical.  Thus, there is no need to further examine uranium solubility at fO2 = 10−40 bars since the limits set by the fully oxidized model will not change when the redox state inside the waste package is set to 10−40 bars fO2.

Table VIII.4-1.
Calculated Schoepite Solubility Limits (log[U] mg/L) When fO2 = 10−40 bars

	pH
	log fCO2 (bars)

	
	(1.5
	(2.0
	(2.5
	(3.0
	(3.5
	(4.0
	(4.5
	(5.0

	3.50
	4.41
	4.41
	4.41
	4.41
	4.41
	4.41
	4.41
	4.41

	3.75
	3.56
	3.56
	3.56
	3.56
	3.56
	3.56
	3.56
	3.56

	4.00
	2.87
	2.87
	2.87
	2.87
	2.87
	2.87
	2.87
	2.87

	4.25
	2.34
	2.34
	2.34
	2.34
	2.34
	2.34
	2.34
	2.34

	4.50
	1.93
	1.92
	1.92
	1.92
	1.92
	1.92
	1.92
	1.92

	4.75
	1.62
	1.60
	1.60
	1.60
	1.60
	1.60
	1.60
	1.60

	5.00
	1.35
	1.32
	1.31
	1.31
	1.31
	1.31
	1.31
	1.31

	5.25
	1.11
	1.03
	1.01
	1.00
	0.99
	0.99
	0.99
	0.99

	5.50
	0.93
	0.77
	0.70
	0.67
	0.67
	0.66
	0.66
	0.66

	5.75
	0.91
	0.62
	0.47
	0.41
	0.39
	0.38
	0.38
	0.38

	6.00
	1.04
	0.63
	0.38
	0.25
	0.20
	0.19
	0.18
	0.18

	6.25
	1.25
	0.77
	0.41
	0.21
	0.12
	0.08
	0.07
	0.07

	6.50
	1.52
	0.97
	0.54
	0.25
	0.10
	0.04
	0.02
	0.01

	6.75
	1.86
	1.22
	0.72
	0.35
	0.13
	0.03
	0.00
	−0.02

	7.00
	2.33
	1.51
	0.95
	0.51
	0.21
	0.05
	−0.01
	−0.03

	7.25
	500
	1.89
	1.21
	0.71
	0.33
	0.11
	0.01
	−0.03

	7.50
	500
	2.53
	1.53
	0.94
	0.50
	0.20
	0.04
	−0.02

	7.75
	500
	500
	1.98
	1.22
	0.71
	0.33
	0.11
	0.01

	8.00
	500
	500
	500
	1.58
	0.95
	0.51
	0.21
	0.06

	8.25
	500
	500
	500
	2.26
	1.26
	0.72
	0.35
	0.14

	8.50
	500
	500
	500
	500
	1.72
	0.98
	0.54
	0.27

	8.75
	500
	500
	500
	500
	500
	1.36
	0.76
	0.42


Table VIII.4-1.
Calculated Schoepite Solubility Limits (log[U] mg/L) When fO2 = 10−40 bars (Continued)

	pH
	log fCO2 (bars)

	
	(1.5
	(2.0
	(2.5
	(3.0
	(3.5
	(4.0
	(4.5
	(5.0

	9.00
	500
	500
	500
	500
	500
	2.11
	1.07
	0.62

	9.25
	500
	500
	500
	500
	500
	500
	1.59
	0.87

	9.50
	500
	500
	500
	500
	500
	500
	500
	1.26

	9.75
	500
	500
	500
	500
	500
	500
	500
	2.07

	Source:
Validation DTN:  MO0707DISENSSI.000, spreadsheet:  Schoepite-redox.xls.

NOTE:
Some cells have no valid solubility values because the EQ3NR calculations do not converge, and those calculations results are reported as “500” (Section 6.4.4).  Runs with ionic strengths >1.0 are also reported as “500.” 


VIII.5
Technetium Solubility

VIII.5.1
Conceptual Framework

Technetium-99 is a long-lived (half life, 2.1 × 105 years), β-emitting radionuclide formed in high yield in nuclear reactors that has been released to the environment in authorized and accidental discharges and is an important component of radioactive wastes (see for example Hartman et al. 2006 [DIRS 177569]).  The redox chemistry of technetium is the major control on its environmental solubility.  Under oxidizing conditions, technetium is present as the pertechnetate ion (TcO4−), which is only weakly sorbed to mineral surfaces at neutral and basic pH values and is one of the most mobile radionuclide species in the environment.  Like most anions, the adsorption of TcO4− to geologic materials increases as pH values decrease.  Technetium(VII), TcO4−, is highly soluble, and does not form solubility-controlling phases in soil systems.

Under reducing conditions, technetium is present in the +4 valence state due to biotic and abiotic reactive processes, such as surface-mediated reduction of Tc(VII) by Fe(II).  Technetium(IV) is essentially immobile in the absence of strongly complexing ligands, forming the sparingly soluble TcO2·nH2O solid, and is strongly sorbed by iron and aluminum oxides and clays.  

In the compliance case, no solubility-controlling solid exists for technetium.  Therefore, technetium solubility is undefined and its release is controlled by the dissolution rate of waste forms rather than by solubility limits.  Two Tc solid phases have been used in other international high-level nuclear waste studies (Martínez-Esparza et al. 2002 [DIRS 172755], Tables 3.5-1 and 8.5-2) to represent the controlling phase for Tc under reducing conditions.  These minerals are TcO2 and TcO2(2H2O(am).  For the purposes of this analysis, TcO2 was chosen as the solubility‑controlling phase.  Since Tc is also sensitive to redox conditions, Equation VIII-5 was also applied to Tc EQ3NR files.

VIII.5.2
TcO2 Analysis 

Table VIII.5‑1 gives the calculated Tc solubility (in units of mg/L) using TcO2 as the controlling solid and 10−40 bars fO2. 

Table VIII.5-1.
Calculated TcO2 Solubility (log[Tc] mg/L) when fO2 = 10−40 bars

	pH
	log fCO2 (bars)

	
	(1.50
	(2.00
	(2.50
	(3.00
	(3.50
	(4.00
	(4.50
	(5.00

	3.00
	−1.46
	−1.46
	−1.46
	−1.46
	−1.46
	−1.46
	−1.46
	−1.46

	3.25
	−1.22
	−1.22
	−1.22
	−1.22
	−1.22
	−1.22
	−1.22
	−1.22

	3.50
	−0.97
	−0.97
	−0.97
	−0.97
	−0.97
	−0.97
	−0.97
	−0.97

	3.75
	−0.72
	−0.72
	−0.72
	−0.72
	−0.72
	−0.72
	−0.72
	−0.72

	4.00
	−0.47
	−0.47
	−0.47
	−0.47
	−0.47
	−0.47
	−0.47
	−0.47

	4.25
	−0.22
	−0.22
	−0.22
	−0.22
	−0.22
	−0.22
	−0.22
	−0.22

	4.50
	0.03
	0.03
	0.03
	0.03
	0.03
	0.03
	0.03
	0.03

	4.75
	0.28
	0.28
	0.28
	0.28
	0.28
	0.28
	0.28
	0.28

	5.00
	0.53
	0.53
	0.53
	0.53
	0.53
	0.53
	0.53
	0.53

	5.25
	0.78
	0.78
	0.78
	0.78
	0.78
	0.78
	0.78
	0.78

	5.50
	1.03
	1.03
	1.03
	1.03
	1.03
	1.03
	1.03
	1.03

	5.75
	1.28
	1.28
	1.28
	1.28
	1.28
	1.28
	1.28
	1.28

	6.00
	1.52
	1.53
	1.53
	1.53
	1.53
	1.53
	1.53
	1.53

	6.25
	1.77
	1.77
	1.77
	1.77
	1.77
	1.77
	1.77
	1.77

	6.50
	2.02
	2.02
	2.02
	2.02
	2.02
	2.02
	2.02
	2.02

	6.75
	2.28
	2.27
	2.27
	2.27
	2.27
	2.27
	2.27
	2.27

	7.00
	2.54
	2.53
	2.53
	2.52
	2.52
	2.52
	2.52
	2.52

	7.25
	2.80
	2.79
	2.78
	2.78
	2.78
	2.78
	2.78
	2.78

	7.50
	3.06
	3.05
	3.04
	3.04
	3.04
	3.04
	3.04
	3.04

	7.75
	3.32
	3.31
	3.30
	3.30
	3.30
	3.30
	3.30
	3.30

	8.00
	3.59
	3.57
	3.57
	3.56
	3.56
	3.56
	3.56
	3.56

	8.25
	3.86
	3.84
	3.83
	3.83
	3.83
	3.83
	3.83
	3.83

	8.50
	4.12
	4.11
	4.10
	4.10
	4.10
	4.09
	4.09
	4.09

	8.75
	4.38
	4.37
	4.36
	4.36
	4.36
	4.36
	4.36
	4.36

	9.00
	500
	4.63
	4.63
	4.62
	4.62
	4.62
	4.62
	4.62

	9.25
	500
	500
	4.88
	4.88
	4.88
	4.88
	4.88
	4.88

	Source:
Validation DTN:  MO0707DISENSSI.000, spreadsheet:  technetium.xls.

NOTE:
Some cells have no valid solubility values because the EQ3NR calculations do not converge, and those calculations results are reported as “500” (Section 6.4.4).  Runs with ionic strengths >1.0 are also reported as “500.”
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Appendix IX
Qualification of external data sources

INTENTIONALLY LEFT BLANK

IX.1.
Qualification of External Source Data
This section presents planning and documentation for the data qualification of unqualified external source data used as direct input to this report.  Data qualification is performed in accordance with SCI-PRO-006, Models, and SCI-PRO-001, Qualification of Unqualified Data.  The intent of the qualification process is to qualify the data for use only within this report.
IX.2
Data for Qualification

There is one external source of unqualified data used as direct input to this report:

· Truesdell, A.H. and Jones, B.F. 1974.  “WATEQ, A Computer Program for Calculating Chemical Equilibria of Natural Waters.”  Journal of Research of the U.S. Geological Survey, 3, (2), 233-248.  Menlo Park, California: U.S. Geological Survey.  TIC:  224163.

IX.3
Method for Qualification Selected

The method for qualification for the article by Truesdell and Jones (1974 [DIRS 170136]) is “Technical Assessment” (SCI-PRO-001, Attachment 3, Method 5).  These evaluations were performed independently from the data collection or data reduction process and by a subject matter expert.  The rationale for using this method for qualification is that there are no quality assurance plans under which the data were collected in the original source.  The technical assessment of the article by Truesdell and Jones (1974 [DIRS 170136]) will include:

Confirmation that the data have been used in similar applications.  A discussion and documentation that the data have been used in applications that are similar to those for which the data will be used.  Past applications could include data used by the U.S. Nuclear Regulatory Commission or Environmental Protection Agency (or their subcontractors) in technical evaluation reports, licensing proceedings, or safety evaluation reports; by nationally/internationally recognized scientific organizations (International Atomic Energy Agency, Internal Atomic Energy Agency, International Atomic Energy Agency, International Radioactive Waste consortiums, etc.); or by the scientific community, including publications, peer reviews, etc.

Qualification process attributes used in the technical assessment of this source are selected from the list provided in SCI-PRO-001, Attachment 4, which represents the acceptance criteria used to determine if the data are qualified.  The attributes used specifically in this report include:

· Qualifications of personnel or organizations generating the data are comparable to qualification requirements of personnel generating similar data under an approved program that supports the YMP License Application process or post closure science.

· The extent to which the data demonstrate the properties of interest.

· Extent and quality of corroborating data or confirmatory testing results.

IX.4
Technical Assessment of External Data from Truesdell and Jones (1974 [DIRS 170136])

a‑zero and b parameters of Truesdell‑Jones activity coefficient expression were used in Section 6.3.3.4 for additional uncertainties at ionic strength from 1 to 3 molal.

Justification for the use of the data: The article by Truesdell and Jones (1974 [DIRS 170136]), a U.S. Geological Survey report, is an original source for the coefficients used in the extended Debye‑Huckel equation for calculating single‑ion activity coefficients.  All equilibrium geochemistry numerical simulators use single‑ion activity coefficients in their calculations.  These data are integral to the EQ3/6 simulations used to estimate the equilibrium solubility of the various elements with radioactive isotopes.  The authors (Truesdell and Jones) are recognized senior scientists with the U.S. Geological Survey and are eminently qualified to make these calculations.  The senior author has many peer‑reviewed papers concerning geochemical thermodynamics and estimation of geochemical parameters.  These data have been included in virtually all equilibrium geochemistry simulation codes (e.g., PHREEQC, MINTEQA2, etc.) since they were originally published and have been widely accepted by the scientific community.  Section 6.3.3.4 compares the values of single‑ion activity coefficients ((i) that Truesdell and Jones (1974 [DIRS 170136]) calculated using WATEQ with those previously calculated using other methods and demonstrates that the agreement is within a few percent.  Therefore, their work is qualified for its intended use within this report.
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