
UNITED STATES ENVIRONMENTAL PROTECTION AGENCY 

WASHINGTON, D.C. 20460 

JAN 2001 

OFFICE OF 
AIR AND RADIATION 

Dr. Ines Triay 
Carlsbad Field Office 
Department of Energy 
P.O. Box 3090 
Carlsbad, NM 8822 1 

Dear Dr. Triay: 

Thank you for your letter dated February 10,2000, which informed us of the preliminary 
results of the WIPP Actinide Source-Term Waste Test Program (STTP) experiments. These 
results appeared to show the transient existence of plutonium in the +6 oxidation state [Pu (VI)] 
and the +5 oxidation state [Pu (V)]. These experiments also suggested that magnesium oxide 
backfill, which is required by EPA's certification of the WIPP, may not perform in the WIPP as 
expected at least in one instance. 

We have reviewed your initial analysis (Enclosure l), your white paper (Enclosure 2), our 
related Compliance Application Review Documents (Enclosure 3), and comments and analysis 
from the Environmental Evaluation Group (EEG) (Enclosures 4 and 8). In addition, we held two 
meetings with you to discuss the STTP experiments and reviewed numerous documents 
submitted in response to questions we posed during those meetings. 

Our review indicates that the preliminary results of these experiments do not challenge 
the Agency's conclusions as represented in our certification decision (Enclosures 6,7  and 9) . 
We previously acknowledged that Pu (VI) and Pu (V) may exist shortly afier closure of the WIPP 
facility (Enclosure 3). As oxygen is removed from the system by corrosion and microbial 
activity, the higher oxidation states of Pu will be lowered to Pu (IV) and Pu (111) as the repository 
changes from oxidizing to reducing conditions and the system approaches long-term equilibrium. 
As we note in Enclosure 6, the STTP experiments did not appear to duplicate the reducing 
conditions achieved by previous work; therefore, we do not consider the results of the STTP 
experiments to be directly comparable. 

The results of introducing MgO into container L-28 also were not conclusive. MgO 
appeared to have been effective for a short period of time, but ceased to function. In our analysis, 
the experiment was not a good test of MgO effectiveness because it did not adequately test MgO 
under WIPP-like conditions (see Enclosure 7). 
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In summary, the preliminary results of the STTP experiments do not appear to challenge 
the actinide chemistry models used in the WIPP Compliance Certification Application. There is 
abundant experimental evidence that supports the conclusion that MgO will be effective and that 
the repository will have a reducing environment supporting the existence of Pu I11 and Pu IV over 
the long term (Enclosure 3). 

We will place our report and related materials that you sent in our public docket. Please 
contact Mary Kruger at (202) 564-93 10 if you have questions. 

- 

Radiation Protection Division 

Enclosures 



Enclosure 1 

Letter from I. Triay to F. Marcinowski 
February 10,2000 
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Department of €nergy 
Carlsbad Area Offlce 
P. 0. Box 3090 

Carlsbad, New Mexico 88221 

February 10,2000 

Mr. Frank Marcinowski 
Office of Radiation and Indoor Air 
US. Environmencal Protection Agency 
491 M. Street, S. W. 
Washingtan, DC 20460 

Dear Mr. Marcinowski: 

This purpose of this letter is to provide information to the Environmental Protection Agency 
regarding the status of two activities at the Waste Isolation Pilot Plant (WIPP). --- --_ . *A . ...-.-- --_-- ._-. ..-.-. . 

1. 

2. 

The supplier of the magnesium oxide @QO) used as backfill in the disposd areas has 
changed. Material provided by the new supplier meets the technical criteria established in the 
specification for -0. The change in vendor a6a MgO material will have no impact on the 
expected perfoxmpxe of the MgO within the repository environment. 

Experiments conducted as part of the W P  Actinide SourceTenn Waste Test Program, at the 
Los Alamos Natianal Laboratory. have confirmed the transient existence of plutonium in the 
+6 o~dation state [pu 0 1  in two af the 15 test vessels containing pyrochemical salts. This 
transitory existence of Pu 0 was not unexpected, but investigations continue in order to 
confirm hypotheses regarding the oxidation of the plutonium in these containers. Overall, 
these experiments ccmtinue to support the conclusion that actinide solubility models used in 
the WDPP Compliance Certification Application are conservative, i.e., they project higher 
concentrations of actinides than those that were measured in the test containers. 

. 

Attachments to this letter provide additional information on these items. If you have any 
questiom, please contact George Basabilvazo at 505-234-7488. 

Sincerely, -le*sy 
Dr. Ink R. Triay 
Manager 

Enclosure(2)A: Magnesium Oxide Supplier Evaluation 
B: Plutonium 0 Analysis 

cc w/ enclosures: 
D. Huizenga, DOE EM 
M Kruger, EPA-ORZA 

cc wlo enclosures: 
G. B asabilvazo, DOWCAO 
B. Lilly, DOWCAO 
N. Ekns, SNL MS 1395 
M. Marietta, SM, MS 1395 
B. ViUaneal, LANL 
J. Epstein, WID Pdnhd on mzydcd p a a r  @ 

. F l l E  COPY 



Attachnent A:~'  Magnesium Oxidd Supplier Evaluation 

Ned 2. Elkins, Manager 
WlPP Project Manager 
4100 National Parks Hwy., Cartsbad. NM 88220 

@ Sandia National laboratories 
Operated for the U.S. Department of Energy by 

Sandia Corporation 

P.O. Box 58M) 
Albuquerque. NM 87185-1395 

Phone: (505) 234-0063 (Catisbad) 
Phone: 
Fax: (505) 234-01 231 
Internet: nzelkin @ sandia.gov 

(505) 284-2726 (Abq Direct Line) 

January 27,2000 

Mr. George T. Basabilvazo, Acting Assistant Manager 
Office of Regulatory Comp)iance 
U. S. Department of Energy 
Carlsbad Area office 
P. 0. Box 3090 
Carlsbad, NM 88220 

Subject: Evaluation of Candidate MgO Materials for use as Backfill at WlPP 

Dear Mr. Basabilvazo: 

Sandia was requested by DOE/CAO to evaluate two candidate MgO materials for use as backfill at the 
WIPP. Sandia evaluated materials recommended and supplied by Martin Marietta Magnesia Specialties 
and by Premier C h e ~ c a l s .  Materials were evaluated on the basis of reactivity, particle size, chemical 
purity, and density. Based on the evaluation, Sandia considers either material acceptable from a 
technical perspective. 

If you have any questions, please contact Yifeng Wang of m y  staff at (505) 234-0030. 

Sincerely, 

13 Ned Z. Elkins 

Exceptional Service in the National Interest 
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George T. Basabilvazo - 2 -  

copy to: 
DOWCAO D. Mercer 
MS-077 1 
MS-1395 M. G. Marietta, 6821 
MS-0733 H. W. Papenguth, 6832 
MS-0779 K. W. Larson, 6848 

MS-1395 M. K. Knowles, 6821 

6810 Day File 

M. S. Y. Chu, 6800 

MS-1395 B. A. Howad, 6821 

MS-1395 Y. W a g ,  6821 

January 27,2000 
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@ Sandia National Laboratories 
Operated for the U.S. Department of Energy by 

Sandia Corporation 

4100 National Parks Highway 
Carisbad. NM 88220 
Phone: (505) 234-0030 
Fax: (505) 234-0061 

E-mail: ywane@,sandia.gov 

date: January 18, 2000 

to: Melvin G. Marietta, MS 1395 (6821) 

su~mt  Evaluation of Candidate MgO Materials for use as Backfill at WlPP 

Sandia was requested by DOEKAO to evaluate two candidate MgO materials for use as 
backfill at the W P .  Hans Papenguth and James Krumhansl conducted the requested 
evaluation; their detailed report is attached to this memorandum. 

The primary purpose of backfill at WIPP is to control chemical conditions, so that actinide 
solubilities are minimal. Sandia evaluated materials recommended and supplied by Martin 
Marietta Magnesia Specialties and by Premier Chemicals. Materials were evaluated on the 
basis of reactivity, particle size, chemical purity, and density. Both candidate materials are 
acceptable in terms of particle size, reactivity, purity and bulk density. 

DOE provided criteria to the manufacturers of the candidate materials. One of these criteria 
states that the total pounds of MgO emplaced must be the same. The lower net density (MgO 
plus equivalent CaO) of the Premier Chemicals Gabbs MgO results in a slight (-2%) increase 
in MgO bulk volume relative to the current supplier sample. While Sandia does not consider 
the slight decrease in net density of the Premier product significant with respect to the ability 
of the backfill to fulfil its stated function, adherence to the DOE criteria could require an 
increase in the volume of MgO emplaced if the Premier product is selected. This can readily 
be accomplished if the MgO super sacks and min-sacks are filled by weight, rather than by 
volume. 

In summary, Sandia considers either material acceptable from a technical perspective. 

Exceptional Service in the National Interest 
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Melvin G. Marietta, MS1395 (6821) - 2 -  January 18,2000 

Distribution 

SWCF-A: 1.2.07.1.1 :PA:Parameters:MgO 
SWCF-A: 1.1.01.2.7:DPRP:NF:MgO Research Technical Studies (WP0#49064) 

MS-0733 
MS-0750 
MS-077 1 
MS-0779 
MS-1395 
MS-1395 
MS- 1395 
MS-1395 
MS- 1395 
MS-0733 
DOE 
DOE 
WID 
CTAC 
CTAC 

H. W. Papenguth, 6832 
J. L. Krumhansl, 6118 
M. S. Y. Chu, 6800 
K. W. Larson, 6848 
B. A Howard, 6821 
M. K. Knowles, 6121 
Y. Wan& 6821 
M. G. Marietta, 6821 
N. 2. Elkins, 6810 
J. W. Kelly, 6832 
G.Basabilvau, 
D. Mercer 
D. Haar 
U B. Gross 
T. W. Thompson 



Attachment B: Plutonium (VI) Analysis 

Plutonium (VI) Analysis 

The Waste Isolation Pilot Plant (WIPP) Actinide Source-Term Waste Test Program 
(STTP) was conducted at the Los Alamos National Laboratory (LANL) to test the 
hypothesis that: The Actinide Source Term Solubility Model for dissolved and colloidal 
actinides used in the Compliance Certification Application (CCA) yields upper bounds on 
the mobile actinide concentrations3om actual TRU waste in contact with WIPP brines. 
This hypothesis derives from an expectation that the effect of complex, incompletely 
known chemical and physical conditions and processes in the disposal area containing 
actual waste will result in mobile actinide concentrations less than those predicted by the 
equilibrium solubility and colloid models in the CCA. Those processes include: 
dissolution and co-precipitation of actinides; occlusion of actinides in mineral phases; 
sorption on several kinds of waste material substrates and precipitates; and, slow 
evolution of mineral phase assemblages. Secondary objectives of the STTP were to 
corroborate the CCA assertion of reducing conditions and oxidation state distributions of 
the mobile actinides and to study the behavior of soluble actinides in actual wastes. It is 
expected in the WIPP that reducing conditions will prevail and dissolved and colloidal 
plutonium (Pu) will be in the +I11 and +IV oxidation states. Iron was added to the STTP 
test containers to represent waste drum container material, with the expectation it would 
maintain reducing conditions. 

The STTP, therefore, is an extensive set of experiments designed to provide time- 
sequential quantitative measurements of mobile actinide (thorium, uranium, plutonium, 
americium) concentrations in WIPP relevant brines that have been in contact with actual 
contact-handled (CH) transuranic (TRU) wastes on a long-term basis (five years). In 
addition, the STTP enables evaluation of the influence of known additive chemical 
variables and unknown variables inherent in actual wastes on the behavior and 
concentration of mobile actinides, and on plutonium (Pu) speciation. 

The STTP experiments were initiated in 1995 and consist of 39 liter-scale test containers 
with homogeneous or solidified waste and 15 drum-scale test containers with 
heterogeneous or debris waste. The CH-TRU waste for these tests was selected from the 
existing waste inventory at LANL, and for the liter-scale tests included aqueous waste 
solidified by Portland cement (1 2 containers), organic, aqueous, and inorganic waste 
solidified by Envirostone (1 2 containers), and pyrochemical salts (1  5 containers). Test 
vessels were loaded nominally in triplicates with respect to waste, with two containing 
simulated Salado Formation brine (Brine A) and the third containing simulated Castile 
Formation brine. A major difference between these brines is a higher magnesium (Mg) 
concentration in Brine A. Recently, five of the liter-scale test containers, L-1 , L-20, L- 
2 1 , L-3 1 and L-32, have been dismantled. 

A comparison between the maximum predicted actinide concentrations by the CCA 
models and the measured concentrations in STTP tests shows that for all but one of the 
comparisons, the maximum predicted actinide concentration was an upper bound. The 
only exception occurred in liter-scale test container L-3 where the concentrations were 
very low and near the limit of detection, The results of the STTP confirm that the model 
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predictions form an upper bound on actinide concentrations. However, two tests have 
yielded actinide behavior that warrants further investigation. First, although iron mesh 
was introduced to simulate the reducing conditions expected in the repository, plutonium 
was identified and quantified in the +6 oxidation state [Pu(VI)] in one ambient pressure 
pyrochemical test container (L-26) and one pressurized container (L-28). Second, after 
addition of magnesium oxide (MgO) to the pressurized container (L-28) and re- 
pressurizing with carbon dioxide (CO2) to 60 bar (870 psig), concentrations of plutonium 
initially decreased and subsequently increased. Pu(V1) was identified during this period. 
Preliminary data indicate that total Pu concentrations and Pu(V1) have now begun to 
decrease in L-28. 

Several possible explanations have been developed for the presence of Pu(V1) in the two 
test containers based upon an initial review and analysis of preliminary data. While the 
STTP is a valuable set of experiments because it uses actual CH TRU waste, it is an 
extremely complex system that includes some waste constituents and additives that may 
not be present in the WIPP in significant quantities. This makes interpretation of STTP 
results, in the context of performance of the WIPP repository, quite difficult. For 
example, the WIPP Project, the Environmental Protection Agency (EPA), and the 
National Academy of Sciences (NAS)'have all concluded that the large amounts of iron 
and other reductants in the disposal room will create reducing conditions and that the 
probability of significant quantities of Pu(V1) is unlikely. Investigators at Argonne 
National Laboratory, LANL, and Pacific Northwest National Laboratory (PNNL) have 
observed reduction of Pu(V1) in controlled laboratory experiments carried out in the 
presence of metallic iron. Iron, in the form of iron mesh, was added to the STTP 
containers to attempt to reproduce the same ratio of iron available to the brine in the 
repository. However, because Pu(1V) in the test containers was oxidized to Pu(VI), it is 
apparent that reducing conditions were not achieved and/or maintained in some of the 
STTP tests. The high plutonium and americium activities in the pyrochemical salt tests 
are believed to generate peroxide and hypochlorites that, in a basic solution, are strong 
oxidants that can oxidize Pu(IV) to Pu(V1). 

It is believed that contact between brine and the iron mesh might have been delayed or 
prevented by encapsulation of the iron within a solid mass of pyrochemical salts formed 
in these containers. This potential for solidification of the pyrochemical salts in Brine A 
has been observed in L-3 1 and L-32, which have been dismantled and subjected to post- 
test analysis. In both instances, the solids in the container formed a solid mass that could 
not be broken up to determine the condition of the iron-mesh that had been added to the 
samples. Encapsulation would also be possible in L-28 where the reaction between the 
brine and hydrated MgO could have formed a solid mass of Sore1 cement or brucite 
[Mg(OH)2]. If the iron was not available for solubilization during the tests because of 
encapsulation, the expected reducing conditions would not have occurred and soluble 
Pu(1V) would be available to be oxidized to Pu(V) or Pu(V1) in an oxic environment. 
The detection of Pu(V1) indicates that oxic conditions were present in these STTP test 
containers. In fact, Pu(V) was detected in other pyrochemical salt containers, L-27, L-36 
and L-39, which attests to the oxic conditions in at least some of the pyrochemical salt 
tests. However, it is likely that the conditions in most of the test containers are not 
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representative of the expected redox conditions in the WIPP disposal areas, and that the 
Pu(V1) results are not significant with respect to repository performance. Post-mortem 
examinations of the other liter-scale test containers that have been opened show that iron 
mesh exposed to either Brine A or Castile Brine did not dissolve as expected because of 
the formation of a protective coating on the surface of the iron. In these cases, the iron 
mesh in L-1 (Portland cement and Brine A), L-20 (Envirostone and Brine A) and L-21 
(Envirostone and Castile brine) had a magnesio-ferrite coating and showed little 
corrosion. 

The Pu concentration in L-26 remained very low for about a year and then increased 
rather rapidly. Pu(V1) was identified and quantified during this period of higher Pu 
concentrations. The test conditions and results for L-28, the test container pressurized 
with 60-bar CO2 were different than for L-26. After about 17 months under test, the 
container was depressurized, MgO was added and then the C02 pressure re-applied. 
Immediately after adding the MgO, the Pu concentrations reduced by a factor of about 
five. However, after re-pressurizing, the Pu concentrations rose to approximately double 
those before adding the MgO. Preliminary data from the most recent samples indicate 
the Pu concentrations may have peaked and appear to be decreasing. There are a number 
of possible explanations for this behavior that relate to possible interactions between the 
brine, MgO and COz and that are unlikely to be representative of those occurring in the 
repository. 

In L-28, MgO was added to Brine A, under normal atmospheric C02 conditions, before 
introduction to the test vessel. The pH of this slurry prior to its introduction to the vessel 
was approximately 8.4. After addition of the MgO slurry to the vessel, the vessel was re- 
pressurized and the pH decreased to approximately 7.7 and later to 7.6. This is a clear 
indication that the system was never in equilibrium with brucite and hydromagnesite 
(hydrated magnesium carbonate*magnesium hydroxide), the condition anticipated in the 
WIPP disposal room, since brucite will not form at a pH below approximately 8.4. The 
pH of the system then decreased to approximately 5, the original pH of the vessel before 
the MgO addition. This indicates that the buffering capacity of MgO was either 
overwhelmed by the CO:! in the vessel or that reaction products formed on the Mg and 
prevented further reaction. 

Calculations and experiments at SNL have shown that a minimum threshold 
concentration of magnesium chloride in brine is required to form Sorel cement. The 
source of the Mg for precipitation of Sorel cement in the presence of MgO is from the 
brine itself and the pyrochemical salt wastes, not the MgO. As C02 is introduced to 
Salado brine containing MgO, calcite (CaC03) initially precipitates, followed by Sorel 
cement and finally brucite. Formation of Sorel cement in L-28 may have coated the MgO 
particles and seriously changed the chemical kinetics of the reaction with carbonate. In 
addition, there are indications that the MgO-brine sluny may have reacted with the brine 
and solidified upon entry to the vessel, and the MgO may thus have been restricted to the 
volume above the protective screen or may have formed a solid mass with a limited 
surface area for reaction. 
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It is apparent that the conditions in the tests wherein Pu(V1) was observed may not be 
representative of those expected for the overall WIPP repository. It should also be noted 
that the plutonium concentrations in these containers increased and then decreased very 
quickly (over about four years) in terms of the time frames relevant to the repository 
(1 0,000 years), and that the appearance of the +6 oxidation state was even more ' 

transitory. Moreover, the total plutonium concentrations in these containers were at all 
times less than predicted by the models for Pu(II1) and Pu(1V). The transitory occurrence 
of Pu(V) and Pu(V1) in the STTP are not unexpected and are consistent with information 
presented primarily in Chapter 6 and Appendix SOTERM of the WIPP CCA. 

- 

Finally, it is relevant to note that the waste-form in these containers (pyrochemical salts) 
is expected to constitute only a small fraction of the WIPP inventory. The TRU Waste 
Baseline Inventory Report estimate of the salt waste volume (final form) is 640 cubic 
meters. This represents approximately 0.4% of the total waste volume for CH-TRU 
(about 160,000 cubic meters). With consideration of uncertainties in the data, the salt 
waste volume is believed to be less than 1 % and probably less than 0.5% under all 
circumstances. Of this 0.4%, about 95% is anticipated to come from the Rocky Flats 
Environmental Technology Site (WETS). It should be considered that even though the 
salt waste volume is very small, the treatment of the WETS residues involves a large 
amount of plutonium. The residues have significantly higher concentrations of plutonium 
than other wastes (up to about 20% or so). Therefore, the amount of plutonium in this 
salt waste is disproportionately larger than the average plutonium concentration ratio in 
the total waste inventory volume, 

~. It is important that the specific reasons for the actinide behavior in these two STTP 
vessels are understood and the WIPP project is continuing its attempts to ascertain the 
specific reasons for this behavior. Additional analysis and review of the STTP results are 
currently underway to learn more about the behavior of plutonium under STTP 
conditions and its relevance to the WIPP repository. 
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THE OBSERVATION OF PLUTONIUM IN THE +VI OXIDATION STATE IN THE 
ACTINIDE SOURCE-TERM TEST PROGRAM EXPERIMENTS 

1.0 INTRODUCTION 

The Actinide Source-Term Waste Test Program (STTP) experiments w a e  intended to support the 
Actinide Source Term Model (ASTM) used in the Waste Isolation Pilot Plant (WIPP) Compliance 
Certification Application (CCA). Specifically, the STTP was a series of long-term tests wherein 
actual contact-handled transuranic (CH-TRU) wastes were immersed in WIPP relevant brines. The 
tests were intended to confirm that actinides would not be solubilized to a greater degree in brine 
equilibrated with real waste than projected by the ASTM. 

The STTP tests were designed in late 1994 and 1995 and were based on the repository 
conceptualization at that time. The tests were initiated at the Los Alamos National Laboratory 
(LANL) in 1995. However, since these tests were being designed while the WIPP Project Technical 
Baseline was still in development, the design details of individual tests were sometimes different 
than the final repository conditions. A specific example of these differences was the addition of 
bentonite as a backfill in some tests. Magnesium oxide (MgO), rather than bentonite, was adopted 
as the WIPP backfill in late 1995/1996. Because of these differences, care is needed in interpreting 
the results of the STTP tests, especially in extrapolations to WIPP repository conditions. The results 
of the STTP were always intended to be confirmatory of levels of actinide solubilities and the results 
were not used directly in the calculations supporting the CCA. In large part, this was because of the 
difficulty of interpreting results from the extremely complex systems represented in the tests. 

The STTP successfully demonstrated that the ASTM predictions were conservative. Thus, under 
W P  relevant conditions and immersion in WIPP formation brines, the actinides in waste solidified 
with Portland cement and Envirostone and in pyrochemical salt wastes, either were solubilized at 
concentrations well below the predictions of the ASTM, andor were not significantly solubilized. 
However, in two of the liter-scale tests with a pyrochemical salt waste matrix (L-26 and L-28) 
plutonium in the +VI oxidation state [Pu(VI)] was identified. Pu(V) was detected in other 
pyrochemical salt containers (L-27, L-36). After addition of MgO to one of these containers (L-28), 
concentrations of plutonium and americium (Am) initially decreased and then rapidly increased. 
Following this increase, Pu(V1) was identified in a single sample. The plutonium concentrations in 
L-26 and L-28 are currently decreasing, and Pu(V1) levels have declined below detectable limits in 
both containers, even using advanced spectroscopic methods. 

The explanation of these results lies in the detailed chemistry of these containers, and as noted 
above, significant differences exist between STTP test conditions and those expected on a repository 
scale. The conditions experienced in some of the STTP environments may only occur in the 
repository as isolated microenvironments, i.e., within drums or localized areas. If these 
microenvironments occur, they will be transitory in nature, as supported, for example, by the data 
for L-26 and L-27, and will not be representative of the overall chemical behavior of the repository. 
Differences between the test conditions and the expected repository environment will be discussed 
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in this paper. As an example, iron was included in the STTP vessels to simulate the iron available 
from the waste drums. This iron was included inside the test container as a mesh contained in the 
waste, and in some cases appears to have been encapsulated by the waste. However, this 
arrangement is quite different from that which can be expected in the repository where the iron will 
surround the waste. 

It is also important to recognize that the pyrochemical salt waste form does not comprise a major 
component in the waste inventory. The TRU Waste Baseline Inventory Report (revision 3) estimates 
that the salt waste represents less than 0.02% of the total waste by weight for CH-TRU waste. About 
95% of all pyrochemical salt waste is expected to be from the Rocky Flats Environmental 
Technology Site. The treatment of these Rocky Flats wastes involves a large relative amount of 
plutonium, i.e., these wastes have significantly higher concentrations of plutonium than other wastes 
(up to 20% greater). 

This paper presents the results to date for the two liter-scale containers that developed Pu(V1) and 
provides a preliminary evaluation of results. Section 2 gives background information on the STTP, 
its purpose, conduct and preliminary results. Section 3 gives more detail on the relevant results horn 
L-26 and L-28, while Section 4 provides a discussion of these results. 

2.0 STTP BACKGROUND 

2.1 Purpose of STTP 
A primary objective of the STTP was to test the hypothesis that: The Actinide Source Term Model 
for dissolved and colloidal actinides used in the Compliance Certification Application (CCA) yielb 
upper bounds on the mobile actinide concentratiom@om actual TRU waste in contact with WIPP 
brines. The basis for this hypothesis lies in the knowledge that various processes will tend to reduce 
the concentration of soluble and colloidal actinides. Those processes include: slow dissolution and 
co-precipitation of actinides; occlusion of actinides in mineral phases; sorption on several kinds of 
waste material substrates and precipitates; slow aging of solubility-controlling solids; and, slow 
evolution of mineral phase assemblages. For simplicity these processes are not included in the 
ASTM, so that predictions from that model may be expected to give upper bounds, and to be 
conservative. 

A secondary objective of the STTP was to corroborate the CCA assertion of reducing conditions and 
oxidation state distributions of the mobile actinides. It is expected in the WIPP that reducing 
conditions will prevail and dissolved and colloidal Pu will be in the +I11 and +IV oxidation states. 
Reducing conditions in the STTP were anticipated primarily from the iron (Fe) that was added to 
represent actual waste drum container material. This will be discussed in relation to L-26 and 28 in 
a later section. 

2.2 STTP Actual TRU Waste Tests 
The STTP experiments were initiated at LANL in 1995 to test the above hypothesis by measuring 
mobile actinide concentrations in simulated WIPP brines mixed with actual CH-TRU waste and 
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potential backfill materials. These measurements were to be compared with concentrations predicted 
from dissolved species and colloid solubility models. The hypothesis would be supported by STTP 
results if measured mobile actinide concentrations were bounded by the source term model 
predictions. The results from the STTP experiments were not directly used in the CCA, since their 
function was simply to ensure that under the complex real waste chemical environments the 
solubility of the actinides was no greater than predicted.by the ASTM. Moreover, because of the 
differences in conditions between the STTP experiments and those expected in the repository with 
MgO backfill, the results of the STTP do not directly describe the overall processes i n  the repository. 

The STTP experiment consists of 39 liter-scale test containers and 15 drum-scale test containers. The 
CH-TRU waste for these tests was selected from the existing waste inventory at Los Alamos 
National Laboratory (LANL). Compromises were necessary in the design of the STTP. These 
included: a limited sample of waste; potential variability of the waste; chemical complexity of the 
system; and, the relatively short (compared with the performance assessment period) test duration 
of approximately 4 years. 

The liter-scale test containers were loaded in the following manner: 

1. 

2. 

4. 

5. 

The test container was loaded with waste, in most cases with nominally 1 10 grams of Fe mesh, 
and influencing chemical variables. 
Brine A or Castile brine and inoculum were added to the test container. T h e  inoculum was 
obtained from brine obtained at or near the WIPP site. The inoculum added to each test 
container could be expected to contain organic colloids and organisms. 
The test container was topped off with brine to leave a headspace volume of about five- percent 
of the test container volume. 
The test container was then loaded onto an agitation device that rotated the test containers 
through 360-degree rotation once a week for 15 minutes. 
Six of the test containers (L-4 to L-6 and L-28 to L-30) were pressurized with carbon dioxide 
to 60 bar (870 psig). This was intended to simulate conditions which were considered possible 
early in the project due to CO, production by microbial degradation. At the time that the STTP 
tests were designed and initiated MgO backfill was not under consideration. MgO will sequester 
CO, produced by the microbial degradation. 

A schematic of non-pressmized liter-scale tests is depicted in Figure 2-1. The set-up for pressurized 
containers is shown in Fig 2-2. 

The 39 liter-scale tests include three major compositional types: twelve containers that contain 
aqueous waste solidified by Portland cement; twelve that contain organic, aqueous, and inorganic 
waste solidified by Envirostone; and fifteen that contain pyrochemical salts. The wastes for these 
vessels were taken from portions of solidified waste that was obtained from standard 55-gal drums 
containing actual waste. This “homogeneous” waste was comminuted to improve contact between 
the actinides in the solids and the liquid phase. The comminuted waste was placed in the all-titanium 
liter-scale test containers that each had a volume of three liters. 

i 
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STTP Liter-Scale Test Container 
2:l Ratio 

Level Probe (12%) 

.ent 

Given: 
Volume = 3000 cc 
Headspace Volume = < 12% or < 360 cc 
Inoculurn = 5-10% 
Assume Envirostone and Portland Cement = 1.0 grn/cm3 

Los Alamos 
CST-94- 1985A 

Figure 2-1. Loaded non-pressurized liter-scale test container 
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STTP Pressurized Liter-Scale Test Container 

;.- 

Level Probe Headspace Volume 
Sensor ~1 140-160~~  

Inoculum 
80- 1 0 0 ~ ~  

Pyrochemical Salt 

L28 RrineA 2:l 
L29 BrineA 2:l 
L30 Castile 2:l 

(920 gm) 

Pyrochemical Salt 
Portland Cement 
Drilling 

L4 Brine A 1O:l 
L5BrineA 3:l 
L 6 Castile 2:l 

s or 

184 
613 
920 

I Actinides 
Iron Mesh Th-232, U-238 

Given: 2 oz. Perforated NP-237 
Volume = 2000 cc Vessel 
Minimum free brine volume = > 0.5 Liter 
Inoculum volume = - 46% or 80-100 cc 
Headspace volume = 240 cc minus inoculum volume 
x 240-100 cc zz 140 cc 

~ 

Figure 2-2. Loaded pressurized liter-scale container 
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Iron (Fe), chelators, and hydrated lime (Ca(OH),) were added to some test containers to simulate the 
range of some anticipated controlling variables. Bentonite, a potential backfill material at the time 
the tests were initiated, was added to three of the pyrochemical salt test containers. Table 2-1 shows 
the type of waste, brine, and other added materials for the liter-scale tests. The tests were nominally 
loaded in triplicates with the same waste type and other added materials. The waste in two of the 
waste triplicates was inundated with Brine A and the third was inundated with Castile brine. Brine 
A simulates Salado Formation brine, and the other brine identified as Castile brine, simulates Castile 
Formation Brine. 

As noted above, and indicated in Table 2-1, six of the test containers (L-4 to L-6 and L-28 to L-30) 
are high-pressure. These six test containers are pressurized with carbon dioxide to 60 bar (870 psig). 
A pressure of 60 bars was chosen to simulate the effects of high CO, pressure. Higher pressures 
were expected at the time, but this pressure was considered sufficient to investigate the effects of 
interest. The increase in fugacity, and thus the increase in pcH, with pressure becomes more gradual 
above 60 bar. After initiation of the STTP, MgO was selected as a backfill material for the 
repository to sequester CO, and buffer the repository pcH. In the presence of MgO, repository CO, 
pressures are expected to be much less than 60 bars. The L-28 test was modified by adding MgO 
in February 1997. 

The 15 drum-scale tests consisted of the total contents of standard 55-gal drums containing actual 
waste. The contents were placed in all-titanium drum-scale (65-gal) test containers. The wastes in 
the drum-scale tests were of two major compositional types: twelve drums contained combustible 
debris and three contained massive metal. The test containers are periodically rotated to allow all 
of the solid phase waste to contact brine. Iron mesh was added to each drum. Chelators, nitrate, 
phosphate and bentonite were each added to three drums. Ten kilograms of brine-equilibrated 
bentonite were added to D-4 and D-5 and ten kilograms of bentonite that was not equilibrated with 
brine was added to D-6. The nitrate and phosphate were added as nutrients for microbial activity 
with the combustible debris waste. Similar to the liter-scale tests, the drums were also nominally 
loaded in triplicates with the same waste types and added materials. The brine in two of the waste 
triplicates was Brine A and the third was Castile brine. Table 2-2 shows the waste type, brine, and 
added materials for the drum tests. 

Plutonium and americium were contained in the selected wastes. Uranium 0, thorium (Th) and 
neptunium (Np) were added as soluble salts to each test container. Additional americium was added 
as a soluble salt to six of the liter-scale test containers. Simulated WIPP brines were initially added 
to the waste in all containers. The temperature of the STTP experiments has been maintained at 
30°C since the beginning of the liter-scale tests in 1995. 
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Table 2-1. Liter-scale Test Matrix 

I L-2 ' L-2 I PC 
L-3 PC 
L-4(1) PC 
L-5U) PC 
L-6( 1) PC 

Brine A Yes 
Castile(6) Yes 
Brine A Yes 
Brine A Yes 
Castile Yes I 

L-3 
L-4(1) PC 
L-5U) PC 
L-6( 1) PC 

1 High Pressure; 
3 Absorbed Organic Liquids in Envirostone; 
5 Cemented Inorganic Sludge in Envirostone; 
7 Pyrochemical Salt 

2 Portland Cement 
4 Absorbed Aqueous Laboratory waste in Envirostone 
6 Cemented Organic Sludge in Envirostone 

Brine A Yes 
Brine A Yes 
Castile Yes l 
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Table 2-2. Drum Test Matrix 

D-2 
D-3 
D-4 
D-5 
D-6 
D-7 

Combust Brine A Y e s  
Combust Castile(3) Y e s  
Combust Brine A Y e s  Yes 
Combust Brine A Y e s  Yes 
Combust Castile Y e s  Yes 
Combust Brine A Y e s  Yes 

I I I I I I 

D- 8 I Combust 1 Brine A I Y e s  I Yes I I I 
D-9 1 Combust 
D-10 1 Combust 

Castile Y e s  Yes 
Brine A Y e s  Yes 

D-11 
D-12 
D-13 
D-14 
D-15 
1 Combustibles 
2 Simulated Salado Brine 
3 Simulated Castile Brine 

, I 

Combust Brine A Y e s  Y e s  
Combust Castile Yes Yes 
Metals Brine A Yes 
Metals Brine A Y e s  
Metals Castile Y e s  

2.3 STTP Results 
All test containers were sampled periodically. After the samples were taken, for all but the 
pressurized tests the sample volume that had been extracted was replaced with fresh brine to 
maintain the volume. Brine samples are taken from above a protective screen with a long needle 
syringe. The protective screen serves to prevent plugging of the needle when taking a sample. A 
brine sample is taken after the test containers have been rotated and allowed to settle over a weekend, 
or a minimum of about 32 hours. This time allows particulates and coagulated-immobile colloids 
to settle to the bottom of the test container or the bottom of the screen and prevent plugging of the 
syringe and needle used for sampling. Deactivation and Decommissioning (D&D) of two 
pyrochemical salt containers showed the presence of voluminous suspensions and suspended 
particles in recently agitated containers. 

The brine samples were sequentially filtered with 5p, 1 . 2 ~ ~  and 0 . 0 1 ~  filters before being distributed 
for extensive analysis. The analyses included measuring the total alpha activity, pcH, Eh, relevant 
metals, relevant anions, total inorganic carbon, total organic carbon, and the U, Pu, Am, Th, Np and 
neodymium (Nd) concentrations. Other less fkequent analyses, such as particle size distribution, 
colloid characterization, and microbial analysis, have also been performed. The headspace gas has 
also been periodically sampled and analyzed in an effort to detect onset of corrosion, microbial 
processes and radiolysis. The gases analyzed included: hydrogen, oxygen, nitrogen, methane, carbon 
monoxide, carbon dioxide, hydrogen sulfide, and nitrous oxide. 
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During the four years of testing, the brine chemistry of tests with Portland cement and debris wastes, 
including concentrations of metals and anions, was established early in the test in most containers, 
and did not significantly change over most of the testing period. The measured pcH in most 
containers was also established early in .the test and did not significantly change over most of the 
testing period. For the exceptions to this result, the pcH varied fiom 0.6 to 2.3 pcH units during the 
test period. In four of the containers the pcH increased (all Castile brine) and in six (all Brine A) the 
pcH decreased. 

For most test containers, the actinide concentrations are relatively low, less than 1 0-5 molesk, and 
did not change significantly during the testing period. The Pu and Am concentrations for 42 of the 
54 tests are less than l o 6  moles/L. Current trends are that the actinide concentrations are either 
relatively constant or decreasing. The only additives that significantly increased actinide 
concentrations were the chelators. The chelators, as expected, increased the dissolved concentration 
of Pu, but the liter-scale tests with chelators were not the tests with the highest measured Pu 
concentrations. The drum-scale tests with chelators had the highest actinide concentrations for these 
tests. The addition of Fe, Am and nitrate did not appear to have a pronounced effect on the measured 
actinide concentrations. Tests with added phosphate and bentonite exhibited significantly lower 
concentrations of actinides. Evaluation of the ratio of the total alpha activity of the coarse- 01.2 p) 
and fine- (0.01 p - I .2p) filtered brines, indicates that no measurable contribution of colloidal 
actinides to the total actinide concentrations in the STTP brines was observed. 

-*- 3.0 OCCURRENCES OF PU(V1) IN THE PYROCHEMICAL SALT LITER-SCALE 

Pu(V1) has been detected in brine samples from L-26 and L-28. The plutonium concentrations in 
L-26 and L-28 are currently decreasing, and Pu(V1) levels have declined below detectable limits in 
both containers, even using advanced spectroscopic methods. The total plutonium concentrations 
at all times have been well below model predictions in these containers. Following addition of MgO 
to L-28, an initial decrease in actinide concentration was followed by a relatively rapid increase in 
concentrations, especially of Pu. After reaching a maximum concentration, which was less than that 
predicted using the CCA model, all actinide concentrations began to decline. The results from these 
containers are summarized in the following sections. 

CONTAINERS 

3.1 Background 
In the CCA, it is assumed that plutonium will persist only in the +I11 and +IV oxidation states, with 
50% of the cases (vectors) assumed to be Pu(II1) and 50% Pu(1V). It is believed that the presence 
of large quantities of Fe will produce reducing conditions in the repository, and prevent Pu 
speciation in either the V or the VI state. This assumption is significant because the solubility of 
Pu(V1) is higher than Pu(II1) or Pu(1V). This assumption was presented to a Conceptual Model Peer 
Review Panel (CMPW) and the National Academy of Sciences (NAS) WIPP review panel. Both 
of these expert review panels, as well as the EPA, accepted that this is a reasonable assumption for 
WIPP. After initiation of the STTP, but before submission of the CCA, MgO was selected as a 
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backfill for the W P  because of its ability to sequester CO, and to buffer the pcH to a range between 
9-10, where actinide solubilities are lower. MgO also reduces carbonates in solution, which can 
form highly soluble compounds with actinides. This predicted behavior has also been reviewed and 
accepted by the CMPFW, the NAS review panel and EPA. 

Pu(VI) was detected in two of the 15 liter-scale containers containing pyrochemical salt wastes from 
TA-55 (a LANL technical area where nuclear materials are handled) waste drums. Pu(V) was 
detected in two of the other containers (Table 3-6). The pyrochemical salt waste streams were from 
two major processes, direct oxide reduction and oxygen sparging of electrorefined plutonium metal 
and salts. The pyrochemical salt waste contained refiactory MgO crucibles used for direct oxide 
reduction. For the STTP, the crucibles and any salt lumps were comminuted, as was all solidified 
and sludge wastes. It was expected that the pyrochemical salt waste would be high in sodium 
chloride, potassium chloride, calcium chloride, magnesium oxide, magnesium chloride, fluorides, 
and some residual unreacted calcium metal and calcium oxide. The pyrochemical salts used for 
STTP contained the highest concentrations of 239Pu and 241Am relative to tests with any other waste 
forms (Table 3-1). 

The pyrochemical salt tests were integrated into the STTP test matrix to determine the effect of high 
alpha activity waste, which could increase brine radiolysis. Radiolysis can produce oxygen, 
peroxide, and hypochlorite and result in a more oxic system. The effect of radiolytically produced 
oxidants was expected to dominate the Eh of the experiments as discussed in the Test Plan for the 
STTP. 

The liter-scale test containers were formulated to contain approximately 1320 gm of comminuted 
pyrochemical salt wastes with a nominal 1 10 gm of Fe mesh in a flow-through plastic container 
added to most containers. Most of the test containers had brine added in a 2: 1 brine to soiid ratio 
(except L-34,35, and 36 with a 3: 1 ratio). The non-pressurized liter-scale test containers have a 
volume of about 3 liters with about 5% (150 cc) of the volume for gas headspace. This would leave 
about 2850 cc for waste and brine. Assuming the waste takes up 1320 to 1350 cc of space, the brine 
volume in each test container is about 1500 to 1530 cc. 
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Table 3-1: STTP Pyrochemical Salt Matrix 

* DOR = Direct Oxide Reduction 
0s = Oxygen Sparging 

Two brines were used in these tests. The first two test containers in a triplicate contained Brine A 
and the third test container had Castile Brine. The chemistry of Safado brine (Brine A) is 
considerably different from Castile Brine (Table 3-2). The high MgC1, concentration in Brine A is 
expected to have a significant role in the solidification of pyrochemical salts. The high Na and C1, 
and the low Mg concentration in Castile Brine is projected to have a solubilizing role in the 
pyrochemical salt tests. Also, because of the high Mg concentration, Brine A has a buffering 
capacity that maintains the pcH in pyrochemical salts in the range of 8 to 9, while Castile Brine has 
little buffering capacity and the pcH measurements of these containers are more alkaline, in the 10 
to 11 range. 
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Table 3-2: Composition of Salado (Brine A) and Castile Brines 

~~ 

Na,SO, 
Na2B407. 1 OH,O 
CaCl, 

- . .  
NaCl 100.10 261.64 
KC1 57.20 7 31 , .-- 

6.20 23.70 
1.95 6.00 
1.66 1.33 

3.2 Results 

3.2.1 
The initial pcH of the brine in all 15 pyrochemical salt tests was basic, presumably from the 
solubilization of Ca, CaO, and CaCO,. The test containers with Brine A displayed a buffering effect 
from the high Mg content in the brine resulting in pcH of 8-9 while the tests with Castile brine were 
generally in the pcH 10-1 1 range. Liter-scale tests L-28, L-29, and L-30, which were pressurized 
with CO,, became acidic, and the pcH values shortly after pressurization were 5.4, 5.7, and 6.2, 
respectively. The pcH trends are summarized in Table 3-3. 

Observations of pcH of Pyrochemical Salt Tests 

3.2.2 Dissolution of Pu in STTP Pyrochemical Salt Wastes 
Table 3-4 shows the initial Pu loading of the pyrochemical salt containers, and the percentage that 
dissolved and for a time remained in solution after contact with brine. Table 3-4 includes the 
concentrations of Pu in units of ppb. Table 3-5 gives conversions to molarity and molality. Table 
3-4 indicates that most of the pyrochemical salt containers showed very low soluble Pu levels. With 
the exception of L-26, L-27 and L-28, Pu solubilized was less than 1 % and was less than 0.1 % in 
many containers. Table 3-4 also shows that the percent solubilized in L-26 and L-27 has declined 
considerably from the peak values. The same is indicated in Figure 3-1, which shows the PU 
concentrations for the three replicates L-25, L-26 and L-27, and for the three pressurized containers, 
L-28, L-29 and L-30. 
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Table 3-5: Equivalency of Units for u9Pu Concentrations in STTP Tests 

10 
100 

1 x 4.18 x 3.42 x 
1 x lo-' 4.18 10-~  3.42 x 10-~ 

(1) ppb = parts per billion; pg/L 
(2) ppm = parts per million; mg/L 
(3) molarity = mole of soluteL; solute = 239Pu = 239 g d m o l  
(4) rnolality = mole of solutekg; density of brine assumed to be 1.22 g d m l  for all test 

containers 

Pyrochemical Salts 

300000.0 

250000.0 

200000.0 

n 
0. 
0. 

150000.0 
r -  

G 
n 

100000.0 

50000.0 

0.0 
0 20 40 60 00 100 120 140 160 100 

Time: Weeks 

+125 
+ L26 
--t u 7  * L28 
* L29 
+ L30 

Figure 3-1 : Plutonium Concentrations for Pyrochemical Salt Containers L-25 through L-30 
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Table 3-6: Concentration of Fe and Pu in L-26, L-27, and L-36, and in Pressurized 
Containers: L-28,29, and 30 
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Plutonium concentrations, the concentrations of soluble Fe, and the pcH for containers L-26 and L- 
28 are shown as a function of time in Figures 3-2 and 3-4. Concentrations for L-27 are shown in 
Figure 3-3 for comparison. Note that L-25, which is nominally similar to L-26, has a much lower 
Pu content in the waste, and consequently shows small soluble concentrations. The concentrations 
of soluble Fe in the non-pressurized pyrochemical salt tests were typically less than 1 ppm except 
for the Castile brine tests, L-27 and 36. The concentration of soluble Fe in the pressurized test 
containers was relatively high at certain times as shown in Figure 3-4 and Table 3-6. The data in 
Figure 3-4 and Table 3-6 indicate that the soluble Pu and Fe concentrations in L-28 were highest at 
the lowest pcH (4.5). Concentrations of Pu and Fe both decreased significantly upon addition of 
MgO but increased as the system was repressurized with CO, and the pcH began to drop again. Note 
that the Fe concentration in L-28 was relatively low compared with L-29 and 30 (Figure 3-5). 

80 9 
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50 

20 

10 
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8 
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n 

7 

6.5 

6 
1/1/95 1/1/96 12131196 12/31/97 1Z31198 12/31/99 

Date 

Figure 3-2: Pu and Fe Concentrations and pcH for L-26 
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Figure 3-3: Pu and Fe Concentrations and pcH for L-27 
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Figure 3-4: Pu and Fe Concentrations and pcH for L-28 
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Soluble Iron in Pressurized Containers 

2500 

2000 

B 
P 1500 
C .̂  c 
2 - 
a 
C 

0" 1000 
E c - 

500 

0 

-A- L-30 n 

0 110 1195 01 101196 12131196 1213?/97 1 213 1198 12131199 

Time: Weeks 

Figure 3-5: Fe Concentrations in the Pressurized Containers 

3.2.3 Pu(V1) in Pyrochemical Salt Tests 
To date, two containers have W N I S  evidence of Pu(VI); L-26 and L-28. Liter-scale 26 is a Brine 
A experiment that showed very low concentrations of actinides for over one year, when 
concentrations of Pu and Am began to increase rapidly (Figures 3-1, 3-2). After showing the 
presence of Pu(VI) for about 1 % years, the levels of plutonium dwbg the subsequent (most recent) 
1 ?4 years have continued to decline and Pu(V1) has not been detectable. 

L-28 is a Brine A experiment that had a high loading of Pu and Am and the headspace of the test 
container was pressurized with 60 bar (870 psig) of CO,. The pcH of the test container was initially 
8.4 but the continued source of CO, dropped the pcH to the acid side of neutral after a few months 
and continued to drop to pcH 4.5 (Table 3-6, Fig 3-4). Subsequently, a decision was made to add 
MgO to the test container. Prior to addition of MgO, the Pu and Am concentrations had increased 
significantly. 

MgO powder (76.4 gm) was added to Brine A as a slurry and the test container vessel was 
immediately agitated (rotated). The addition of MgO as a slurry was difficult because combining 
MgO with Brine A resulted in immediate formation of a suspended precipitate (slurry) that became 
more pronounced with time. The slurry had to be injected very rapidly after mixing or it would 
become too viscous to inject into the test container through the small-bore tubing used to inject the 
slurry. 
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Once the MgO slurry was added to the test container, the pcH increased from 4.5 to 7.7 and the 
concmtration of all actinides decreased by a factor of 5 to 10. The Pu concentration decreased from 
about 9 1,000 ppb to 18,000 ppb. The headspace volume in L-28 after addition of MgO slurry is 
estimated to be about 50 ml. After repressurizing with COz to 60 bar, the pcH decreased and the 
concentration of all actinides, especially Pu, increased dramatically over the next two months and 
continued to increase to about 200,000 ppb (Table 3-7). Pu(V1) was identified in one sample taken 
after the rapid increase in Pu concentration. A preliminary result from the next sample taken from 
L-28 did not show Pu(V1). 

Container L-27 shows high early Pu concentrations which decrease after about eighteen months. 
This vessel contained Castile brine which has less magnesium than Brine A, and which therefore is 
not expected to engender formation of an impenetrable mass of the pyrochemical salts as occurs in 
Brine A containers. Pu(V1) was not detected in L-27, but Pu(V) was found, appearing after total 
concentrations started to decrease. Pu(V) was also found in two samples from L-36. However, in 
more recent samples fiom both containers Pu concentrations have declined, and Pu(V) has not been 
detected (Table 3-6). 

Table 3-7: Actinide Concentrations following MgO Addition to L-28 

Critical Parameters: 
0 CO, headspace at 870 psig 0 Maximum calculated Pu 5,300,000 ppb 
0 Initial pcH 8.4 Brine/Solid = 2:l 
Added 76.4 gm MgO as slurry in Brine A (2/97) 

&\ 

0 8/95 
0 1/96 
06/96 
12/96 
2/97 
03/97 
05/97 
08/97 
09/98 
05/99 

15 178 3,549 5,230 5,989 35 5.4 108 22 
10 248 8,150 
10 312 8,179 
32 1,359 13,931 

9 151 351 
5 36 166 

54 368 2,049 
57 531 1,528 
49 519 744 

7,099 
6,290 
0,833 

106 
155 

4,520 
1,550 

668 

8,73 1 59 4.9 280 28 
15,678 80 4.7 263 39 
90,942 352 4.5 

18,097 40 14 40 
4 1,822 69 20 40 

174,367 330 5.2 315 34 
197,984 392 5.0 171 56 
188.463 347 5.1 

MgO Added 

For conversion of ppb to molarity or molality see table 3-5 

3.2.4 Deactivation and Decommissioning (D&D) of STTP Pyrochemical Salt Test Containers 
Two test containers containing pyrochemical salts in Brine A (L-3 1 and L-32) were terminated 
and processed through a D&D procedure. It was found that the pyrochemical salts had formed a 
hard solid several inches thick at the bottom of the test container, and that the perforated plastic 
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container that contained the Fe mesh was totally encompassed by the solidified mass. In the 
STTP tests the iron has been added as a unit of the waste inside the test vessel. This 
configuration (with the iron surrounded by the waste form) is quite different from that which can 
be expected in the repository where the iron will surround the waste. 

4.0 DISCUSSION OF THE PU(V1) RESULTS 
In this section a brief summary of the chemical conditions expected in the repository precedes a 
discussion of the L-26 and L-28 results. The discussion on these STTP results is followed by an 
evaluation of the relevance of L-26 and L-28 results to the overall WIPP repository conditions. 

4.1 Chemical Conditions in the Repository 
Actinide solubility, speciation, and complexation in W P P  brine are controlled by several factors 
including brine composition, pcH, carbonate concentrations, and the concentration (if present) of 
organic ligands and colloids. The STTP experiments were initiated prior to the decision to place 
MgO as a backfill in the disposal areas. Because of this, chemical conditions in most STTP vessels 
differ from those expected at WIPP, particularly with respect to brine pcH. These differing 
conditions do not reduce the value of the STTP experiments, but do require careful evaluation of the 
results in applying them to the WIPP repository. 

One of the drivers in the selection of MgO as a backfill for WIPP was the potential for CO, 
generation resulting from microbial degradation of organics, plastics and rubbers present in the 
waste. The MgO emplaced in the repository will hydrate to form Mg(OH),, or brucite (Figure 4-1). 
Note that conversion to brucite assumes brine inflow is sufficient to hydrate the MgO. In the 
absence of sufficient brine inflow, actinide solubility is a moot point, since no fluids exist to 
transport them. As microbial degradation proceeds, brucite is converted first to hydromagnesite, 
then to magnesite. Solubility calculations for WIPP (Appendix SOTERM, USDOE, 1996) assumed 
that brine was in equilibrium with magnesite. However, it has been demonstrated that conversion 
of brucite to magnesite is inhibited at high CO, hgacity, such as those experienced in the STTP 
(Figure 4-2). This topic was discussed during the CMPRP review of the conceptual model for 
chemical conditions at WIPP. It was concluded by the CMPRP and the EPA that the fugacity of C02 
in the disposal areas will always be in the range of lo4 atmospheres, and that the assumed chemical 
conditions represent a reasonable approximation of future states of the repository. 
In addition to its capacity to sequester CO,, MgO buffers the pcH, such that it will remain between 
8.5 and 10. Brucite does not form at a pcH below 8.5. The ability of MgO to buffer the brine pcH 
in the repository is well established, since the rate of CO, production is slow, relative to predicted 

- brine inflow rates. This must be considered for the interpretation of results of the L-28 experiment 
following addition of MgO when the pcH initially increased only to 7.6, then fell to the range of 5 
to 5.2. This topic is further discussed in Section 4-3. 

9 
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w 4 0  

Figure 4- 1. Ternary diagram in MgO-CO,-H,O space. Magnesium carbonate minerals occupying the 
interior of the diagram are metastable with respect to magnesite. The upper dashed line is 
defined by minerals containing two hydroxide anions per formula unit. The lower dashed 
line is defined by minerals containing waters of hydration but no hydroxide anions. 
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Figure 4-2. Phase diagrams for the magnesium carbonate system; dashed lines indicate boundaries for 
metastable phases and solid lines represent stable phase boundaries. This diagram, like 
most equilibrium phase diagrams for magnesium carbonate minerals, represents 
metastable mineral phases at steady state; the only stable phase in the right side of the 
diagram is magnesite. At the WIPP, temperature is fixed at about 28°C. Note that the 
details of the mineral assemblages in the short-term will depend on the starting Pco2. 

Metal corrosion and possible microbial activity, both of which will consume 0, will force the 
chemical conditions in the repository to quickly become reducing after room closure. This behavior 
is expected with or without MgO. 

In summary, expected chemical conditions in the presence of brine in the repository will exhibit: 1) 
reducing conditions with respect to actinide speciation; 2) C02 fugacity on the order of and 3) 
brine pcH in the range of 8.5 to 10. 

4.2 STTP E26 
As described in Section 4.1, the presence of a large quantity of iron in WIPP disposal rooms 
underlies the assumption of reducing conditions in the repository. These conditions support the 
CCA assumption that Pu(II1) and Pu(IV) will be the dominant, stable species of plutonium in WIPP. 
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Iron mesh was included in many of the STTP containers as a surrogate for Fe present in the 
repository. The fact that Pu(V1) was identified in L-26 demonstrates that reducing conditions were 
not maintained in this experiment. Interpretation of this result requires considerations of test 
conditions, and the relatively high alpha activity of pyrochemical salt wastes. 

As described in Section 3.2.4, the iron mesh in two pyrochemical salt tests (L-31 and L-32) was 
isolated from the container brine, such that corrosion of this material was inhibited. Examination 
of the iron mesh from other STTP containers (L-1 and L-21) showed a coating of magnesio-ferrite, 
which also could have slowed the corrosion process. On the basis of these D&D results, it is 
reasonable to assume that the iron mesh in container L-26 was segregated from the brine such that 
Fe corrosion did not proceed normally, if at all. 

The high alpha activity in container L-26 could cause brine radiolysis. Radiolysis will produce 
oxygen, peroxide, and hypochlorite which lead to an oxidizing environment. The effect of 
radiolytically produced oxidants was expected to dominate the Eh of the experiments as discussed 
in the Test Plan for the STTP. 

The behavior of L-26 therefore appears to be a result of the time-varying oxidizing potential of the 
brines. If radiolysis generated peroxides or hypochlorites, these oxidants would be depleted early 
in the experiment because of the reducing effects of the inoculum organisms and any dissolved Fe. 
Note that the increase in Pu concentrations was delayed for about one year after the start of both L- 
26 and L-28. If the iron was effectively removed fiom the system due to encapsulation, or formation 
of a protective layer on the mesh, oxic conditions could have occurred leading to the oxidation of 
Pu to the +VI state and increases in dissolved Pu concentrations. 

'? 

4.3 STTP L-28 
Conditions in L-28 prior to addition of MgO are expected to be somewhat similar to those in L-26. 
No further discussion is necessary for possible scenarios leading to oxidizing conditions in L-28 
prior to addition of MgO. The behavior in L-28 following addition of MgO requires consideration 
of two effects: 1) the absence of stable pcH buffering in the vessel, and 2) the transient decrease, 
followed by rapid increase in Pu concentrations. 

As noted in Section 3, L-28 was initially pressurized with CO,. After about 18 months, a slurry of 
MgO mixed with Brine A was added and the container was repressuized. Following this addition, 
the pcH initially increased to 7.6, then fell again to the 5 to 5.2 range. The absence of pcH buffering 
in L-28 demonstrates that the MgO hydration products were not available to the system. A likely 
explanation for this behavior lies in the nature of the MgO after its addition to the vessel. It was 
noted that mixing of MgO and Brine A resulted in a sluny which solidified rapidly. Several attempts 
were made before a slurry was successfully injected into the vessel. Further solidification of the 
material immediately upon introduction to the container would result in formation of a solid mass. 
The MgO hydration products would, in this case, have been unavailable to the system. Although 
it is not clear that the slurry hardened into a solid mass, it is certain that the bulk of the MgO was not 
in contact with the brine in L-28. The significance of this is discussed in Section 4.4. 
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The second issue in the L-28 vessel relates to the actinide concentrations. After the addition of 
MgO, actinide concentrations initially decreased, consistent with the expectation that solubilities are 
reduced in the presence of MgO hydration products. The subsequent, rapid increase in actinide 
concentrations to values on the trend observed before addition of MgO are associated with 
identification of Pu(V1). However, since the conditions in L-28 differ significantly from those 
expected for the repository, it is difficult to relate the experimental results to WIPP-relevant 
conditions. 

4.4 Conclusions 
As discussed in Section 2.1, the primary purpose of the STTP was to demonstrate that actinide 
solubilities in complex conditions would be less than the solubilities predicted using the Actinide 
Source Term Model. Although the measured concentrations of Pu in L-26 and L-28 are relatively 
high with respect to other liter-scale experiments in the STTP, the maximum measured 
concentrations in this experiment, regardless of Pu speciation, remained below that predicted using 
the ASTM. The conditions in these containers differ from those expected for the overall repository, 
especially with respect to brine pcH and the radiolyis resulting from the high actinide loading. 

The lack of reducing conditions in some of the STTP vessels is likely a direct consequence of the 
segregation of Fe from the brine in these experiments. However, as described in Section 1.0, 
pyrochemical salts comprise only a small fraction of the waste. The ability of this waste to 
encapsulate the large quantity of Fe present in the disposal areas would not be possible on a 
repository-scale. Note also in this context, that the configuration in these tests, with the iron 
surrounded by the waste form, is quite different from that which can be expected in the repository 
where the iron will surround the waste. Overall, reducing conditions in the repository are still 
expected. 

, 

The MgO slurry was added to the L-28 vessel in February 1997. Since that time, nurnerous studies 
have documented the sensitivity of MgO hydration to brine composition and fugacity of CO,. The 
relevant points regarding the observed Pu behavior in L-28 are: 1)the method of addition of MgO 
into the test vessel is inconsistent with the hydration behavior described in Section 4.1, 2) CO, 
hgacity exceeds that expected in the repository by several orders of magnitude, and 3) the MgO may 
well have formed a solid mass after introduction, thereby inhibiting its reaction with the brine. 
Therefore, it is difficult to relate these results to WIPP-relevant conditions. 

The ST'" results substantiate the conservatism inherent in calculations which support WIPP 
certification. Note that only two of the 54 liter-scale tests did not show actinide concentrations lower 
than predicted. These two tests, L-3 and L-12, showed concentrations the same as (L-12) or slightly 
higher than (L-3) predicted. However, in both cases the measured and predicted values were very 
low, much less than any values which might impact repository performance, and low enough to be 
at the limits of detection where relative uncertainties would be quite high. 
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Enclosure 3 

Selected Pages from EPA Certification Documents 
(Docket A-93-02, Items V-B-17 and V-C-1) 



DOCKET NO: A-93-02 V-B-17 

TECHNICAL SUPPORT DOCUMENT FOR SECTION 194.24: EPA’s EVALUATION 
OF DOE’S ACTINIDE SOURCE TERM 

2.0 Solubility and Actinide Oxidation States (Selected Pages 2 to 5 )  

A conceptualization of the redox environment within the repository is important to 
predicting the solubilities of probable solids incorporating actinide species. Actinides can exist in 
oxidation states ranging from +3 to +6, depending on the specific actinide under consideration 
and prevailing redox conditions. M e r  closure, the repository is expected to become anoxic 
relatively rapidly because of reactions between any available oxygen and iron metal and aerobic 
biodegradation of organic material (SOTERM 2.2.3). Both organic materials and iron metal are 
expected to be major components of the waste inventory. According to DOE (SOTERM 4.6) 
“each drum contains about 170 moles of iron in the container.. . The reaction rate of iron with the 
brine is very fast (Appendix PAR, Parameter 1). Therefore, as any brine moves into the 
repository it will react with the iron and establish a highly reducing environment.” Additionally, 
the production of hydrogen by metal corrosion reactions is expected to contribute to creating 
reducing conditions in the repository. The assumption of reducing conditions after closure is 
reasonable because of the interaction of the iron and brine. Because of these reactions, oxidizing 
conditions are expected to last only a short while after closure. EPA therefore concurs with DOE 
that reducing conditions will prevail in the repository after closure. 

The FMT model (A-93-02,II-G-3, Volume 6--FMT Quality Assurance Package), which 
was used by DOE to calculate solubilities of actinide solids, does not include representations of 
redox processes, hence actinides must be designated as being present entirely in a single oxidation 
state. This treatment requires that a conceptualization of the redox conditions in the repository be 
developed based on available information on the inventory and knowledge of relevant redox 
reactions. The FMT code is discussed in this document (section 4) and in the Technical Support 
Document for Section 194.23: Models and Computer Codes (A-93-02, V-B-6, Appendix A). 

DOE presents the experimental and chemical reasoning for the determination of the 
specific oxidation states for each actinide expected to be predominant in the repository (Appendix 
SOTERM 4; CCA Reference 479). DOE provides a summary of the literature and a discussion of 
experimental results for thorium, uranium, neptunium, americium, curium, and plutonium. 
Consideration of actinide chemistry indicates that specific oxidation states can be expected under 
reducing conditions (CCA Chapter 6.4.3.5; Appendix SOTERM 4). Thorium will be present in 
the +4 oxidation state, which is the only one stable in the natural environment. Americium is 
expected to be present in primarily the +3 oxidation state. Higher oxidation of Am(+5) and 
Am(+6) can occur under oxidizing conditions, but are rapidly reduced by naturally occurring 
reductants and in brines at pH greater than 9 (Felmy et al. 1990). Plutonium is expected to be 
present as either Pu(+3) or Pu(+4). Higher oxidation states of Pu (ie., +5 and +6) can exist 
under oxidizing conditions, but have been reported to be reduced rapidly by metallic iron 
(presentation by Ruth Weiner, Techmcal Exchange Meeting, SNL, June 27, 1996, in Bynum, 
1996). Consequently, Pu(l-5) and Pu(+6) are not expected to be dominant oxidation states for Pu 



under the reducing conditions of the repository and abundance of metallic iron. Uranium is 
' expected to exist in both the +4 and +6 oxidation states; the predominance of which could not be 
ascertained based on current knowledge or uranium chemistry. The predominance of U(+4) 
requires extremely reducing conditions, that while possible for the repository, cannot be predicted 
with certainty. Consequently, for the PA, uranium is designated as being present as U(+4) in 50% 
of the runs and as U(+6) in the other 50%. Likewise, neptunium is expected to be present as 
either Np(t-4) and/or Np(+5), because the designation of a predominant form could not be made 
with complete certainty for the repository conditions. 

Questions have been raised by stakeholders who believe that PuVI will be present in the 
WJPP repository. In their description of the actinide source in Appendix SOTERM of the CCA, 
DOE determined that the any plutonium that might be dissolved in brines that infiltrate into the 
repository would exist as either Pu(1II) or Pu(1V). As described in Appendix SOTERM of the 
CCA, Pu(V) and Pu(VI) are not expected to be important oxidation state for plutonium under the 
expected repository conditions. The issue is potentially important because the solids that 
incorporate Pu(V) and Pu(VI) tend to have higher solubilities than the solids that incorporate 
Pu(II1) and Pu(IV).. Experiments by Reed et al. (1996) indicated that Pu(+6) is stable at a pH of 
8 to 10 under oxidizing conditions and in the presence of high carbonate concentrations. 

Stakeholders imply that the dominant oxidation for plutonium will be Pu(VI) based on an 
interpretation of some experimental work conducted by Reed et al. (1996) that were conducted at 
a pH of 8 to 10 under oxidizing conditions and in the presence of high carbonate concentrations. 
However, this interpretation of the Reed et al. (1996), as applied to the respository is incorrect 
because the experimental cqnditions used by Reed et al. (1996) are not representative of these 
expected for the repository. The repository inventory includes large quantities of reducing agents 
in the form of metallic iron, organic matter, and organic chemicals. These reductants are expected 
to rapidly consume any available oxygen present in the repository atmosphere shortly after 
closure, producing anaeorobic or reducing conditions. Under reducing conditions, plutonium is 
expected to be stable in either the +3 or -1-4 oxidation states based on both experimental studies 
and chemical equilibrium calculations. 

The experimental studies considered by DOE in developing their conceptual model for 
plutonium includes those conducted at SNL by R. Weiner and coworkers (Weiner, 1996). These 
studies clearly show that Pu(VI) is reduced by iron in both soluble (i.e., Fe2+) and metallic (i.e., 
iron powder) forms. In experimental studies of the solubilities of plutonium and other actinides, 
iron powder is used to maintain reducing conditions, thereby preventing Pu(II1) and Pu(1V) from 
oxidizing to Pu(V) and Pu(V1) (Felmy et al. 1989, p. 30; Rai and Ryan, 1985, p. 248). Other 
studies have shown that Pu(VI) and Pu(V) are reduced by humic acids even under the oxidizing 
conditions of seawater (Choppin, 1991, p. 113, 114). Humic acids and other organic acids are 
expected to be present in the repository from the degradation of cellulosic waste materials. These 
empirical observations show that Pu(VI) and Pu(V) will not persist in the presence of reductants, 
such as iron and organics, that will be present in the repository environment. 

Also, it is important to note that the conceptual model that was developed to describe the 
actinide source term is based on conditions of chemical equilibrium. Under the reducing 



conditions that will be created by the presence of metallic iron, the stable oxidation states for 
plutonium are Pu(1II) and/or Pu(1V). This conclusion is based on a comparison of the redox 
conditions (i.e., the Eh or pe) imposed by equilibrium between Fe” and Fe(OH),(s) and the Eh- 
pH conditions relevant to aqueous plutonium species (Brookins, 1988, p. 73-76, 144-145; 
Choppin, 1991, p. 110; Rai et al. 1980, p. 417). The Fe2’/Fe(OH), stability line in Eh-pH space 
intersects the Pu(II1) and Pu(1V) fields, indicating these are the stable oxidation states for 
plutonium in the presence of iron. The redox conditions imposed by organic materials are lower 
than for the iron species (Scott and Morgan, 1990, p. 371-374; Stumm and Morgan, 1996, p. 
467-477), providing more information that leads to the conclusion that Pu(VI) will not persist 
under the expected repository conditions. 

In consideration of the extensive empirical and theoretical information that indicates that 
Pu(1II) and Pu(IV) are the stable oxidation states of dissolved plutonium under reducing 
conditions, the EPA concludes that it would be unreasonable to expect that the higher oxidation 
states of plutonium [i.e., Pu(V) and Pu(VI)J would persist in the repository environment. EPA 
agrees with DOE s approach of including Pu(III) and Pu(1V) as the predominant oxidation states 
for plutonium in actinide source term modeling and PA calculations. 

The thermodynamic database for the FMT model contains information for three actinides 
oxidation states, i.e., Am(III), Th(IV), and Np(V). The solubilities predicted for the Th(1V) 
solids were used in the CCA also to represent soluble U(IV), Np(IV), and Pu(1V); an approach 
referred to in Appendix SOTERM as the oxidation state analogy. The oxidation state analogy is 
based on standard inorganic chemistry principles. In short, the actinide oxidation analogy means 
that actinides of the same oxidation state tend to have similar chemical properties under similar 
conditions. This generalization can be made because chemical reactions involving ionic species 
are related primarily to the charge densities of the reacting species (CCA, Appendix SOTERM). 
Actinides with the same oxidation state have the same core electronic structure (Silva and 
Nitsche, 1995, p. 379); hence have similar ionic radii and charge densities, which in turn leads to 
analogous chemical behavior in solubility and aqueous speciation reactions. Also, as stated by 
(Silva and Nitsche, 1995, p. 379): “Because of the similarities and the fact that actinide ions in the 
same oxidation state have essentially the same core structure, actinides ions in the same oxidation 
state will tend to have similar chemical properties”. A similar phenomenon occurs for the 
lanthanide group elements (i.e., rare-earth elements of atomic numbers 57 through 71), which 
have the same core electronic structure for ionic species. (Silva and Nitsche, 1995, p. 379). 
addition to the theoretical basis, DOE conducted experimental studies and analyses that confirmed 
the validity of the oxidation state analogy, and subsequently employed it in their representation of 
the solubilities of actinides (CCA, Appendix SOTERM). 

In 

This approach is reasonable in that it is recognized that actinides with the same oxidation 
state have similar chemical properties (Allard, 1981; Allard et. al., 1980; Jensen,l980). Also, 
ThO,(am), which was used to represent Th(+4), is generally expected to be more soluble than 
solid forms of U(+4), Np(+4), and Pu(+4), that might be expected to form under repository 
conditions, (Felmy et al. 1996; Novak and Moore, 1996; Novak et al. 1996a, Novak et al. 
1996b), making it a conservative choice as the basis for the +4 actinide analogy. 



The application of the actinide analogy to the +IV actinides is a good example of its 
appropriate application to the actinide source term. Besides the oxidation state analogy, another 
generalization that can be made is that there is an decreasing trend in the solubilities of actinide 
solid phases across the actinide series (DOE, 1998, p. 5) .  This generalization is based on the fact 
that ionic radii of the lanthanides and actinides decrease with increasing atomic number. With 
decreasing radii, the stabilities of actinide-oxide and actinide-hydroxide bonds are increased, 
leading to decreased solubility products, which is a direct indication of solubility, for similar 
compounds (DOE, 1998, p. 5).  This effect is exemplified by the decrease in the solubility 
products of both hydrous actinide dioxides and crystalline actinide dioxides with increasing atomic 
number as shown by Rai et al. (1987, p.40). The data from Rai et al. (1987, p.40) show that the 
solubility product for Th(IV) dioxides, which is the actinide with the lowest atomic number, is 
about 8 orders of magnitude greater than for U(1V) dioxides, about 9 orders of magnitude greater 
than for Np(IV) dioxides, and about 10 orders of magnitude greater than for Pu(IV) dioxides. 
These experiments confirm the validity of the actinide analogy for the +IV actinides in that Th(IV) 
solids are more soluble than U(IV), Np(IV), and Pu(1V) oxide solids. The data compiled by Rai et 
al. (1 987, p.40) are most relevant to low ionic strength conditions. However, more recent 
experimental data fi-om Rai et al. (1997, pp. 242-243,245) show that the actinide analogy for the 
order of solubilities of +IV actinides is also relevant to high ionic strength conditions expected for 
the WPP. Rai et al. (1997, p. 239) indicate that the solubility products for ThO,(am) is about 8 
orders of magnitude greater than for UO,(am) in concentrated NaCl and MgCI, solutions, 
consistent with the earlier data discussed above. Based on these established trends for the +IV 
actinides, DOE used the solubility of ThO,(am) to represent the concentrations of the other +IV 
actinides [i.e., U(IV), Np(IV), and Pu(IV)] under the expected repository conditions. The 
experimental evidence provided by Rai et al. (1997, p. 239) and Rai et al. (1987, p.40) clearly 
indicate that ThO,(am) is more soluble than the other +IV actinides as indicated by the solubility 
products determined for the various solids in the following table (Note: higher solubility products 
indicate higher solubilities for the same chemical conditions). 

The FMT model contains no data for U(+6), hence, it was estimated by an alternative 
method. Table 2-1 lists the actinides and their expected oxidation states which were used in the 
CCA performance assessment calculations. 

In summary, EPA concurred that repository conditions will likely be reducing, and 
consideration of two oxidation states for Pu (+3 and f4) and U (+6 and +4) is appropriate. The 
oxidation state analogy approach to assigning solubilites is a reasonable methodology for the 
purposes of PA, and EPA also agrees that chemical equilibrium models are appropriate for 
predicting the solubilities and subsequent concentrations of actinides in WIPP brines. 



Table 2-1 
Predominant oxidation states for actinides expected to exist in the repository 

(from Table SOTERM-3) 

I Actinide Expected Oxidation State I 
Thorium 
Neptunium 
Americium 
Uranium 

+Iv 
+IV, +v 
+III 
+w, +vI 

Plutonium +III, +Iv 



EPA 402-R-98-004 Docket No: A-93-02 V-C-1 

RESPONSE TO COMMENTS: Criteria for the Certification and Recertification of the Waste 
Isolation Pilot Plant’s Compliance with 40 CFR Part 191 Disposal Regulations: 
Certification Decision 

Issue W: MgO chemical processes (Selected Pages 6-66 to 6-69) 

1. Concerning the chemistry of the disposal rooms, DOE has assumed that the MgO backfiil will 
react instantly and completely with the waste, gas, and brine in the repository, reacting with CO,, 
reducing gas pressure and also reducing the solubility of the radionuclides. However, DOE has 
not shown that these processes will in fact take place. - DOE’s peer review panel has rejected 
DOE’s PA assumption in this respect also. (140) 

2. The analytical results of these experiments has [allowed] comparison to WIPP and affirms the 
results of actinide source term solubility models developed by Sandia National Laboratories that 
have conclusively shown that release of actinides in the accessible environment will not exceed 
EPA standards. (597)(888) 

. 

3. It has been demonstrated in the memorandum by Wang (1 998) included as Attachment 7 that, 
even if all waste drums are fi~lly filled with CRP, the amount of MgO emplaced in the repository 
will still be enough to control repository chemistry. Consequently, there is no need for imposing a 
upper limit on CRP inventory and therefore for accurately quantifjring the uncertainty in 
determining weight parameters of those materials. (925) 

Resaonse to Comments 6.W.1 through 6.W.3: 

DOE provided additional information on MgO processes and the Peer Review Panel later 
amended its conclusion to find that MgO processes will indeed take place as initially postulated by 
DOE. The use of an MgO backfill in the repository offers the potential for limiting the chemical 
conditions (i.e., pH and CO,(g) partial pressure) in the repository to a relatively narrow range, as 
described in Appendix SOTERM of the CCA. This process was described in DOE’s Chemical 
Conditions Conceptual Model. While the peer panel initially rejected DOE’S conceptualization of 
the Chemical Conditions Model, the CMPRP accepted the Conceptual ModeIs Third 
Supplementary Peer Review Report. [Docket: A-93-02,II-G-22] Thus, the panel concluded that 
the Chemical Conditions Model: Results of the MgO Backfill Efficacy Investigation [Docket: A- 
93-02,11-A-39] provided “satisfactory evidence that the laboratory phases produced by DOE will 
in fact transform well within the time constraints needed for the Chemical Conditions Model.” 
Conceptual Models Third Supplementary Peer Review Report, at p. 15-16. [Docket: A-93-02,II- 
G-221 The report concludes [p. 161, “Based on the information presented to the Panel in the 
written material and in oral discussion, the Panel concludes that the results available provide an 
adequate basis to determine that the MgO backfill will hnction according to the Chemical 
Conditions Conceptual Model, as used in the CCA, with respect to reaction with generated CO, 
gas.” 



4. It has been demonstrated in the memorandum by Wang (1998) included as Attachment 7 that, 
even if all waste drums are filly filled with CRP, the amount of MgO emplaced in the repository 
will still be enough to control repository chemistry. Consequently, there is no need for imposing a 
upper limit on CRP inventory and therefore for accurately quantifjrlng the uncertainty in 
determining weight parameters of those materials. (925) 

5 .  Confidence has not been developed that wastes within individual drums or the brines entering 
those drums will undergo the rapid chemical conditioning effect assumed, and insufficient 
attention has been given to the volumetric expansion and other effects due to MgO reactions (at 
21). (1061) 

Response to Comments 6.W.4 and 6.W.5: 

Experiments conducted by DOE, which are described in SNL [ 19971, show that reactions 
between MgO and carbonated brines are rapid. Solution pH values were found to increase in a 
matter of hours, indicating that the MgO backfill-type material is very reactive. [SNL, 1997, p. 8, 
1 11 Also, significant amounts (a few weight percentages) of uptake of carbon were observed to 
take place after only days to weeks, indicating that the rates of formation of magnesium 
carbonates are also rapid. [SNL, 1997, p. 10, 12, 151 These rapid rates of reaction are consistent 
with experimental results of the transformation of nesquehonite to hydromagnesite after three to 
seven days of reaction at 52°C. [Davies and Bubela, 1973, p. 290, 2911 Also observed, the 
formation of protohydromagnesite from nesquehonite after 10 months at 10 to 28°C in a 
simulated sedimentary column indicates that the formation and recrystallization reactions 
involving magnesium carbonates occur rapidly. [Davies et al., 1977, p. 188, 189, 197,1981 The 
results of these experiments provide adequate information to conclude that reactions involving the 
MgO backfill material, brines, and carbon dioxide will be rapid and will produce the geochemical 
conditions expected for chemical equilibrium between brucite and hydromagnesite and/or 
magnesite. 

As noted in this comment, the conversion of MgO to hydrated products can be expected to result 
in a volumetric expansion of the materials. For example, the increase in volume of the solids 
involved in the initial reaction between MgO and water, i.e., 

MgO + H20 = Mg(OH), 

can be estimated from the difference in molar volumes of Mg(OH), (molar volume = 24.63 
cm3/mol) [Robie et al. 1978, p. 201 and MgO (molar volume = 1 1.248 cm3/mol) [Robie et al. 1978, 
p. 201, to give a potential increase with reaction of 13.38 cm’/mol. Similarly, the conversion of 
Mg(OH), to hydromagnesite (molar volume = 21 1.1 cm3/mol) [Robie et al. 1978, p. 251, i.e., 

5Mg(OH), + 4C02(g) = Mg,(C0,),(OH)2~4H,0 (hydromagnesite) 

might be expected to produce an increase in molar volume of 87.95 cm3/mol (= 2 11.1 cm3/mol - 



5*24.63 cm3/mol), if the reaction were to proceed to 100% completion. 

However, the combined potential effects of the removal of water by the backfill material and 
volumetric expansion of reaction products relative to the original MgO are expected to be 
beneficial to the backfill performance. Clearly, the removal of water, as in the first reaction 
above, would limit the amount of water available for transporting actinides downgradient. Also, 
any volume expansion that might occur may result in the formation of dense layers of 
cementitious material in and around the waste containers, which will also limit the ability of water 
to contact wastes and solubilize actinides. 

In summary, experimental evidence indicates that the MgO bacHill material will produce the 
desired chemical conditions in a rapid time frame. Secondly, the effects of the backfill reactions 
with carbonated brines can be expected to reduce the potential for actinide transport relative to a 
system with no backfill. Based on these considerations, EPA concludes that the emplacement of 
the MgO backfill material will be beneficial to repository performance. 
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Issue CC: Plutonium CVI) (Selected Pages 6-84 to 6-87 ) 

1. Regarding the oxidation states that will be present in the repository, it has been noted that 
Pu(V1) dominates at steady-state conditions. (See Letter, Neil1 to EPA, Feb. 7, 1997, enclosure re 
plutonium solubility) (11-H-12). Solubility values should therefore be based on the presence of 
Pu(V1). (976) 

Response to Comment 6.CC. 1 : 

In their description of the actinide source in Appendix SOTERM of the CCA, DOE determined 
that any plutonium that might be dissoIved in brines that infiltrate into the repository would exist 



as either Pu(II1) or Pu(1V). As described in Appendix SOTERM of the CCA, Pu(V) and Pu(VI) 
are not expected to be important oxidation states for plutonium under the expected repository 
conditions. The issue is potentially important because the solids that incorporate Pu(V) and 
Pu(V1) tend to have higher solubilities than the solids that incorporate Pu(II1) and Pu(1V). 
Experiments by Reed et al. [1996] indicated that Pu(+6) is stable at a pH of 8 to 10 under 
oxidizing conditions and in the presence of high carbonate concentrations. Comment No. 6.CC. 1 
implies that the dominant oxidation for plutonium will be Pu(VI) based on an interpretation of 
some experimental work conducted by Reed et al. [ 19961 that was conducted at a pH of 8 to 10 
under oxidizing conditions and in the presence of high carbonate concentrations. 

However, application of Reed et al. [1996], to the repository is incorrect because the 
experimental conditions used by Reed et al. [ 19961 are not representative of what is expected for 
the repository. The repository inventory includes large quantities of reducing agents in the form 
of metallic iron, organic matter, and organic chemicals. These reductants are expected to rapidly 
consume any available oxygen present in the repository atmosphere shortly after closure, 
producing anaerobic or reducing conditions. Under reducing conditions, plutonium is expected to 
be stable in either the +3 or +4 oxidation states based on both experimental studies and chemical 
equilibrium calculations. 

The experimental studies considered by DOE in developing their conceptual model for plutonium 
includes those conducted at SNL by R. Weiner and coworkers. weiner, 19961 These studies 
clearly show that Pu(VI) is reduced by iron in both soluble (i.e., Fe2+) and metallic (i.e., iron 
powder) forms. In experimental studies of the solubilities of plutonium and other actinides, iron 
powder is used to maintain reducing conditions, thereby preventing Pu(II1) and Pu(1V) from 
oxidizing to h ( V )  and Pu(VI). [Felmy et al. 1989, p. 30; Rai and Ryan, 1985, p. 2481 Other 
studies have shown that Pu(V) and Pu(VI) are reduced by humic acids even under the oxidizing 
conditions of seawater. [Choppin, 1991, p. 113, 1 141 Humic acids and other organic acids are 
expected to be present in the repository from the degradation of cellulosic waste materials. These 
empirical observations show that Pu(V) and Pu(VI) will not persist in the presence of reductants, 
such as iron and organics, that will be present in the repository environment. 

Also, it is important to note that the conceptual model that was developed to describe the actinide 
source term is based on conditions of chemical equilibrium. Under the reducing conditions that 
will be created by the presence of metallic iron, the stable oxidation states for plutonium are 
Pu(II1) andlor Pu(IV). This conclusion is based on a comparison of the redox conditions (Le., the 
Eh or pe) imposed by equilibrium between Fe2' and Fe(OH),(s) and the Eh-pH conditions relevant 
to aqueous plutonium species. [Brookins, 1988, p. 73-76, 144-145; Choppin, 1991, p. 110; Rai et 
al. 1980, p. 4171 The Fe2"/Fe(OH), stability line in Eh-pH space intersects the Pu(II1) and Pu(1V) 
fields, indicating these are the stable oxidation states for plutonium in the presence of iron. The 
redox conditions imposed by organic materials are lower than for the iron species [Scott and 
Morgan, 1990, p. 371-374; Stumrn and Morgan, 1996, p. 467-4771, providing more information 
that leads to the conclusion that Pu(VI) will not persist under the expected repository conditions. 

In consideration of the extensive empirical and theoretical information that indicates that Pu(II1) 
and Pu(1V) are the stable oxidation states of dissolved plutonium under reducing conditions, EPA 



concludes that it would be unreasonable to expect that the higher oxidation states of plutonium 
[i.e., Pu(V) and Pu(VI)] would persist in the repository environment. EPA agrees with DOE’S 
approach of including Pu(IT1) and Pu(1V) as the predominant oxidation states for plutonium in 
actinide source term modeling and PA calculations. 
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7007 WYOMING BOULEVARD, N.E. 

ALBUOUEROUE, NEW MEXICO 87109 
(505) 828-1 003 

SUITE F-2 

FAX (505) 828-1062 

December 9, 1999 

Dr. Ines Triay, Manager 
Carlsbad Area OEce 
U.S. Department of Energy 
P.O. Box 3090 
Carlsbad, NM 8822 1-3090 

- /  

Dear Dr. Triay w 
Thank you for arranging the November 23 and December 7, 1999 presentations by Dr. Robert 
Villarreal of Los Alamos National Laboratories on the results and status of the Source Term Test 
Program and the proposed initiatives for future experimental work. The experiments with actual 
waste substantiate some of our previously published concerns. 

Specifically, the experimental results show the presence of plutonium in its highly soluble 
oxidation state, Pu”’, even in the presence of iron mesh. The MgO backfill does not appear to 
maintain the system at a pH of 10 as assumed in the CCA calculations. The experiments strongly 
suggest that other materials such as Portland cement, bentonite, and phosphate merit firther 
investigation as an additive or a backfill. 

As to the specific initiatives, we would certainly encourage an experimental program that leads to 
the successhl modeling of plutonium in oxidation states IV, V, and VI. There also appears to be 
a need for definitive data on the efficacy of MgO in controlling solubility and possible alternatives 
for the MgO as  an engineered barrier. We also see merit in delineating how well the experiments 
represent the various waste streams to be emplaced in WIPP including the new 65,000 m3 waste 
stream that will be generated by the INEEL Advanced Mixed Waste Treatment facility. These 
efforts should begin as soon as possible, in close coordination with Sandia, so that the results will 
be available for inclusion in the re-certification PA. 

Providing an independent technical analysis of the Waste Isolation Pilot Plant (WIPPI. 
a federal transuranic nuclear wasfe repository. 



Dr. Ines Triay 
Page 2 
December 9,1999 

We look forward to providing a technical review of the detailed experimental plans and model 
development as soon as they are available. 

Sincerely, 

Fobert H. Neil1 I 

Director 

RHN:js 

cc: R. Villareal, LANL ’ 

G. Basabilvazo, DOEICAO 



ENVIRONMENTAL EVALUATION GROUP 

AN E W A l  OWORTUNITY / AFFIFWATNE ACTON EMROYEA - 
7007 WYOMING BOULEVARD. N.E. 

SUITE F-2 
ALBUOUERQUE, NEW MEXICO 87109 

(505) 828-1003 
FAX (505) 828-1062 

March 22,2000 

Dr. Inks Triay 
Manager 
-Carlsbad Area Office 
U. S .  Department of Energy 
P.O. Box 3090 

Rece6tly completed experiments at the Los Alamos National Laboratory (LANL) have raised 
issues regarding the long-term performance of the Waste Isolation Pilot Plant (WIF’P) that should 
be addressed by the W P  project. These include indications that the MgO backfill may not 
behave as anticipated in the WIPP compliance certification application (CCA) and the solubility of 
actinides assumed in the CCA may be incorrect. As you know, Dr. Villareal and his colleagues 
from LANL presented the results of their experiments to the EEG on November 23 and 
December 7, 1999. My letter of December 9, 1999 to you outlined our initial thoughts on these 
presentations. We were hoping to review the results more thoroughly in a document that is in 
preparation at L A N .  However, we believe the results as presented to us have such important 
implications for the projected long-term performance of the WIPP repository, that we have 
decided to bring this matter to your attention at this time without waiting for LANL’s publication 
of the details. 

Magnesium oxide backfill was selected with the anticipation that it would maintain the pH of the 
repository at about 10 by chemically scavenging the carbon dioxide expected t o  be generated in 
the repository due to microbial action on the organic material in the waste. At a pH of 10, the 
solubility of actinides is reduced by several orders of magnitude and these projected solubility 
values were used in the CCA. In addition, there were many other benefits ascribed to  the MgO 
backfill which helped in the demonstration of the W P ’ s  compliance with the EPA’s long-term 
radiation protection standards (40 CFR 191 and 40 CFR 194). The CCA also claimed that the 
MgO backfill satisfies the engineered barrier requirement (40 CFR 191.14.d) of the EPA 
standards. 

An experiment at LANL has indicated that the assumption of the repository pH being maintained 
at 10 may not be correct. In this experiment, MgO and brine were added to a container of 
transuranic (TRU) waste to study its effect on the pH. The pH remained close to  5 ,  i.e., at a 

, 

Providing an independent technical analysis of the Waste Isolation Pilot Plant (WIPP), 
a federal transuranic nuclear waste repository. 
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March 22,2000 

chemical state in which the solubility of actinides is much higher than that used in the CCA. 
Eventually, the plutonium concentration in solution in this experiment was more than twice the 
concentration prior to the addition of MgO (See Table 1, attached). It is necessary to  understand 
this phenomenon. A potential explanation may lie in the results of another series of experiments 
conducted by Jim Krumhansl of Sandia National Laboratories, who presented his results at the 
ICEM'99 Conference in Nagoya, Japan, in September 1999. The Sandia experiments using both 
the Salado and the Castile brines found no evidence of formation of the hydrous oxide of 
magnesium, the mineral Brucite wg(OH),], even after 443 days. With de-ionized water, 
however, the reaction was observed. Could it be that the reactions assumed in the CCA occur 
b d y  in the presence of fiesh water and not brine? These limited experiments cast doubts on the 
CCA assumption that the reaction between brine and MgO to produce brucite would be relatively 
rapid, on the order of hours to days. 

Experiments conducted at Los Alamos National Laboratories with TRU waste have also shown 
that Pu (VI) is found in brine in some cases. The results indicate that both Pu (N) solid and Pu 
(VI) solution species may coexist under WIPP conditions. The possibility of the presence of 
plutonium in oxidation state VI was dismissed in the CCA and the solubilities of only Pu (111) and 
Pu (IV) were assumed. Since the solubility of Pu (VI) is several orders of magnitude higher than 
that of Pu (IV), this particular experimental observation raises questions about the validity of the 
CCA assumption, and should be investigated. 

Two articles in the January 14,2000 issue of Science (one by John Haschke et al. and the other by 
Charles Madic) discuss the issue of Pu (VI). Haschke et al. provide a review of the evidence for 
formation of PuO,,, (xs0.27) ,  which can explain the Pu results obtained in LANL tests. The 
PuO,,, phase is analogous to U02.x, which has been studied extensively in relation to  spent he1 
testing to support geologic disposal programs. Our understanding developed from spent fuel and 
UO, studies can be used to develop a testable model for the PuOl-, behavior at W P .  This model 
can be used as the basis to design a focused experimental program to test and validate the model. 
An experimentally validated model for Pu solubility in WIPP brines would also remove the 
difficulties associated with the preLious PA calculations that attempted to estimate Pu solubility 
using an analogy to Th chemistry. 

According to Charles Madic (in Science, 1/14/2000 issue): 

The new results will also have great consequences for the underground disposal of nuclear 
wastes. Until now, it was assumed that plutonium would not be very mobile in the 
underground geological environment because of the solubility of Pu (IV) compounds. But 
Haschke et al. demonstrate that water can oxidize PuO, into P U O ~ , ~  , in which more than 
25% of the plutonium ions exist as Pu (VI), an ion that is far more water soluble, and thus 
mobile, than Pu (IV). This new property will have important implications for the long- 
term storage of plutonium. 



! 
Dr. Ines Triay 
Page 3 
March 22, 2000 

In summary, we urge DOE to give a high priority to formulation and execution of an experimental 
program to test (1) the long-term behavior of the MgO backfill under the anticipated WIPP 
repository conditions in controlling the pH, solubility, and all the other hnctions ascribed to it in 
the CCA, and (2) the role of PuO,,, in relation to the solubility of Pu in WIPP brines. We also 
urge you to develop a model to accommodate the experimental observations and the possibility of 
existence of Pu in four different oxidation states under the WIPP conditions. These efforts will 
provide a sound technical basis for PA calculations to be used in the recertification of W P .  

ncerely, b 
Robert H. Neil1 
Director 

RHN:LC:pf 

. Attachment 



Dr. In& Triay 
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March 22, 2000 

Table 1 .  Actinide concentrations fiom periodic sampling on the Drum L-28 at LANL 
(Concentrations in ppb). 
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niins, many of the world's s~aplc 
fonds dre not good sourccs of 
h n .  CurrLnt cfforts arc centetcd 
on undersrmding how plants uke 
up and store iron (10, 11). Rice 
h3s been cnginezred to havc 
higher levels of the iron storage 
protcin funrin in the grain (12), 
but the question rcmains as to 
wherhcr r h o e  engineered rice 
plnnrs will bc a good source of 
d i z w  iron. 

The road to bettcr nutrition is 

202 25652042 P. 01/05 
One ~ l i i  only hope rhar th i s  sppl icxion 
of plant generic engineering to amclio- 
rate human misery without  regard to 
short-tcrm profir will rcstorc this tech- 
n o h g j  10 political a c c q h i b i l i t L  

Ti?* 
-' 
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preparing this pcnpccrlve. 

H o w  with the harvest. Young girt canying rice in east- 
em Bhutan. 

carotenoid. The production of various 
caroterroids other than p-csrotenc could 
provide additional health benefits as 
carotenoids have been implicated in rc- 
ducing thc risk of c d i n  rypcs of can- 
ccrs. cardioviascular discase. and s g a r e  
lated macular dcgenerarion. FO~ndle ly .  
excess dietary B-carotene. in contrast to 

not paved with gold and hencc, 
agribusiness has not centaed it$ 
&Torts on the nutritional value 

of food. The work that culminutrd in thc 
production of golden rice was funded by 
grants froin thc Rockefellcr Foundation, 
the Swiss Federal Insritute of Technolo- 
gy and the European Community 
Biolech Program. Like the plant vari- 
etics that made the grccn revolution so 
successful, thc rice engineered to Dro- 

*,,+ 3' teni should be a safe and effktive means 

of vitamin Field-testing delivery. will tell us whethcr pro- L .-=&I ,-- 
cnuZToward t h e  End of 

will entail any metabolic trade-offs.' -7 - -J+PuO,'S Supremacy? ) *  c duction of wotcnoids in rice endosperq ~~ ,&-,ycA---- 

Shunting more of the common precursor 
GGPP into carotenoid production might ( 5  MC & & c  L <>: 

result in a decrease in other compoun& C- 

- ,x-&! ' L- (5, 

Chad- Madlc 

whose synthesis is dependent on GGPP. 
For example, mmatocs enginmcd to pro- e ducemorc  phytoenc exhibit signs of 
dwrf'ism, attributed to a 30-fold reduc- 
tion in the plant hormone gibberellic acid 
which shares the precursor GCjPP with 
phytoene (7). Howcver, unlike tomato 
plants chat express phytocne synthase in 
all their tissues, thc rice plants e n g i n d  
by Ye el al. express the introduced phy- 
tocnc syntharc only in the endosperm, 1 
which reduces the potential for metaboli 
disruption throughout the p h t .  

Presumably. it should be possible to 
e n p e e r  the pathways for many of the 13 - essential vitamins into plants, once the 
parhways are known and thc correspond- 
: ing genes have been cloned (8). Indecd, 5 thc model plant Arnbidopsis has already 
5 been successfully engincclrd ta synthe- 

size vitamin (9). Improving the m i n m l  2 content of pIma so thdt hey can serve a.. 
FOUTWS o f  thc 14 minerals required m the 

f human diet prcsenrs rescsrchers with a 5 diffmml set of challenges ((I). Unlikc vi- 
5 tamins, which arc synthesized by the 
5 plsars themselves, phnts must take up es- 
f scntial rninenls from thc soil. Iron defi- 
5 ciency is rhe leading nutritional disorder 

wing to the ubiquitous presencc 
o f  oxygen in thc terrestrial envi- 0 ronment. oxides occupy a central 

position in the chemistry of many cle- 
mcnts. This is true not only for nalml el- 
e m c m  but also for artificial elcrneiin, 
particularly for thc most famous one: plu- 
tonium. On pagc 285 of this issue, 
Haschke er 01, ( I )  demonsmate convinc- 
ihgly that the sopremacy of plutonium 

"dioxidc (PuOz). long thaught to bc the 
most stable plutonium oxide under oxi- 
dizing conditions. is over. Thc results 
have implications for both military and 
civihan applications and fur the long- 

T h e  elemcat pIutonium.was first creat- 
ed in Dccembcr 1940 at the University o f  
Berkeley, California, by a team of Amcn- 
can scientists headed by Glenn T. Seaborg 
(2). During the summcr of 1942, Cun- 
ningham and Wcrncr (3) prepared a 
weighablc amount of a solid plutonium 
compound, Pu02 (2.77 pg). 'l'hur, for rhe 
first ume in human history, an artificial 

t p n  sloragco&&Jli- 

The author Is a t  the CEAlFuel Cycle Division, 
CEA/Saclay. 91 191 Gif-sur-Yvette. France. E-mail: 
madic@arnandln.cca.fr 

elemcnt was made visibic to human eyes. 
This historical sample of PuOl is still kcpt 
at the t3wrcne Hail of Science in B e h -  
ley, Cdifornia (4) .  Hummiry bccame in- 
escapably awarc of thc implications of 
these discoveries at the end of World War 
11: The atomic bomb that destroyed Na- 
gasaki, Japan, on 9 August 1945 was 
made of plutonium preparcd as part of the 
Mnhattan Project. 

It wns soon recopi.& that plulooium 
chemistry is dominated by the existence 
of numcrous oxidation sratcr, from +I11 LO 
+V1. In 1967, Russian scientists discov- 
ered [bat Pu(VI1) can also exist (5). De- 
spite thc fact that plutonium thus possess- 
es five oxidation states (ITT to VII). in ox- 
ide chemistry is far simpler. According to 
most textbooks (4 .  6-8), the utonium- 

lowing crystallinc solid oxides: Puo, 5 0 ,  

P U O ~ . ~ ~ .  PuOI.h~, Pu02-, and PuOlno. all 
of which involve only plutonium oxida- 
tion states I l l  and IV. No plutonium oxide 
with an O/Pu stoichiomehy higher than 2 
was obscned, despite numerous attempts 
to preparc: PuO,. thc oxide corrcsponding 

It has rhcrcfore bccn ssrumcd for 

- 

oxygcn phsze diagram contain 9 thc fol- 

to Pu(V1) (4). 
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Face-centered-cubic (fcc) crystai struc- 
ture o f  PuOz (Pu atoms i n  green, 0 
a t o m s  in red).  The lattice constant is 
4.3975 A. Pu02+, has the same srructure. 
with a very similar lattice constant. This is 
one of the reasons why this compound was 
not identified prior to the study by 
Haschke et af. (I) .  

morc than 50 years that Pu02 is the high- 
est plutonium oxidc that can be prepared. 
'This oxidc, which crystallizts in the 
face-ccntcred-cubic suucturc (fcc) (see 
the figure). was believcd to b e  stable 
over a wide tempmturc range (from am- 
bient to morc than 20OO0C). PuO2 was 
Lhacfore considered suitablc as a compo- 
nent of nuclear rtactor fuels. running ei- 
ther with fasi or slow neutrons, for elcc- 
nicity production. To prepare thcsc plu- 
tonium fuels, PuOl js mixed with deplet- 
cd uranium dioxide, UO1. t h e  resulting 
solid solution (U,Pu)O, is then used to 
preparc mixcd oxide (MOx) fucls. This 
plutonium recycling shatcgy has been an 
industrial reality in Western Europe and 
i n  Russia for many years and will also 
soon be irnplcmcnted in Japan, whuc  the 
fir51 wdtcr-cooled nuclear reactor w i l l  be 
loadcd with MQx fuel. Recycling of plu- 
tonium into MOx fucls rcquires repro- 
cessing of uranium oxide-spent f-uels. 
This i5 donc industrially, for cxamplc, at 
CogLiTla's La Hague plants (Francc) and 
British Nuclear Fucl Limited's SelIafield 
THORP plant (UK). Pluronium rccovcrcd 
from thcsc spent fuels is comcrtcd into 
the semifinal product Pu02.  Plutonium 
rccycling is not used in Lhe United Srares, 
but Pu02 is considered a vcry iinportanr 
compound for Lhc long-term storage of 
plutonium from dismantled nuclear 
weapons. 

For both civilian and milimy applica- 
(21 tions, Ihc stability of PuOz was LI kcy fat- 

tor underlying thc indusrrhl stratcg. The 
d a c w n y  by Haschke el uf. lhat watcr and 

. 
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humid oxygen can s 3  oxidize PuOt to 
Puq, accornpanicd by generation of hy- 
drogen gas, calls for ncw cvalu~tions of 
different aspects of rhc industrial opera- 
tions involving PuOz. Haschke er al. show 
that PuOz is t g e l a s W  under oxidizing 
conditions and that it can be convcrted in- 
to PuOi+, with x as high as 0.27, in which 
more than one-fourth of thc plutonium 
atoms are oxidized frm their initial oxi- 
dation statc +IV into the oxidation state 
+VI. Surprisingly. water v f p r  was found 
to be a more efficient oxidizing agent than 
oxygen itself far the conversion of h o p  
into PuOh. 

Future safery evaluasions musf take into 
account the temperature range of Pu02, 
stability (ambicnt to 350°C) and also the 
increased mobility of its pU(VI) content in 
various transfer mechanisms. The new rz- 
sulk will also 'have grea consequences for 
the Underground disposal of nuclear 
wastes. Until now, it wps assumcd that plu- 
tonium would not be very mobile in the 
underground geological environment bc- 
cause of thc insolubiliry of h(N) com- 
pounds. But Haschke et al. dcmonstrate 
b t  water can oxidize P u q  into P U ~ , ~  in 
which more han  25% of the plutonium 
ions exist as Pu(VI), an ion rhat is fa more 
warer soluble, and rhus mobile, than 

Pu(1V). This new propcrty will have im- 
ponsnr implications for the long-term stor- 
age of plutonium. 

'The report by Haschke el ul. will stim- 
ulate numerous future studies addressing 
fundamental questions rclatcd, for exam- 
ple, to thc structure of the new h02, ox- 
ide, its thermodynamics propertics, and 
the fascinating oxidiing propcrty of water 
toward PuOz. 
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P E R S P E C T I V E S :  N E U R O B I O L O C Y  

Diversity in Inhibition 
Rlchard Miles 

in and yang-inhibition and exits- 
tion. In the harmonious brain, exci- Y tatory and inhibitory synaptic sig- 

nals coexist in a purposeful balance. Bur, 
whcrcas the neurons [hat thc brain uses 10 
transmit excitatory signals often hiivc 
rather s t m t y p c d  properties. the celb that 
signal inhibition in rhe cortex and hip- 
pocampus are highly diverbe and strikingly 
dirrCrcnt from their excilable cousins. In- 
hibitory cells (also callcd inrerneuronc bc- 
cause their cffcctc are often shon-rangc) 
signal to other neurons by liberating an in- 
hibitory neurotransmittu from synaptic 
sites. W o  utic1c-s in this week's isstre add 
ro a flood of new dam on interneurons and 
their importance in brain function. In the 
first. M 3 r t i ~  ef af. (I)  show on pagc 295 
how the cxpression of Na' channcls in 
nturonal dendridc bnnches endows one 
group of inhibitory neurons wirh a n  en- 
hwced excitability and an increased spced 
of elzctricul signal transmission. In the 

The aurhor is el the Labocatoirc da Neumbidogie 
Cellul&r@, INSERM UZ61, lnsrlrut Pesreur, Paris, 
France. E-mail: rmiler@pasteur.fr 

second, Gupts er al. (2 )  prcscnt on page 
273 an elegnr attempt to classify conical 
inhibitory cells by their symptic effecls on 
Wgct ncurons. 

Conical inhibitory ncurons differ in 
many ways from h~11 cxcitarory pyrami- 
dal cell parmcrs. They have rn entircly 
dif'krcnt.cslcium economy (3) and, per- 
haps consequenrly. it is tliITicult to induce 
long-term potentiation at thc synapses that 
excite them ( 4 ) .  More importantly, in-  
hibitory cclls and circuirs arc built for 
spzcd. Interneuron action potcntials are 
lrdditionally fastcr than those of pyrimi- 
dal cells. This spced may result rrom the 
selecrivc cxpression of specific K' clisn- 
riels that rcpolarize neurons nftcr each ac- 
tion potential (5). Furtherrnorc, rhe kinet- 
ics of synaptic event< thal cxcitc inhibito- 
ry cells are faster than those that excitc 
pyramidal cells (6). Rapid excitation 
probably depends on a disrinct form of the 
posrsynaplic AMPA receptor that medi- 
atcs signaling at excitatory junciions with 
interneurons (7). T h e  functional result is 
that pyramidal cell action polcntials can 
indue  inferncuron firing with remarkably 
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fornicd by accommodating u high t>xi&tion 
starc of plutonium and intcrstitial oxygen in 
the fluoritc sbucture of PuO,. EarIiw XPS 
analysis of thc oxide fmned duriug oxidation 
of metal by wstc7 ( 9 )  showed peak wit11 hi& 
binding a t rg ies  (442 and 42Y eV for the 
4jin and 4f,, spectra. mpenively) conclar- 
cd with eitha the WVI) or p\I(VII) oxida- 
tion state and indicating the absence of 
Pu(V). The 0 Is spcctrum is consistent with 
the prescncc of oxygen JS oxide. Wc altrihute 
Ihc absence of 011.. ro continuing rcaction 
aRcr placement in the spectrometer. XRD 
data for oxides that. we synthtsiixd showcd 
fluorite-rehtcd l ice-centrd cubic structures 
and 8 surprisingly law composition dcpcn- 
dcncc ol' uo (Fig, 3). The Iattisc parmctc-r 
reached 3 minimiirn (5.3975 AJ Pu02,,. 
increased sharply OVK a nwrow composition 
rangc. and incrcased linearly with 0 : P u  to 
values in excess of P U O ~ , ~ ~ .  

Inscnsitivily of (I,, KO PuO, I , composition 
is consistent with substitution a l  Pu(V1) for 
P u o  on cationic sites of J fluorite smcture 
and accommodation ol'additionsl 0'" in DC- 

t a h d  interstices. This srmctural model is 
supponed by mi~Iogy to U02,, (16 and by 
ncutron diffraction nsults (19). Substitution 
of PuW) rends to shrink the lanice, but 
addition or 02' CIUSES expansion. These op- 
posing change are npparenrly of comparable 
magnitude and result in a low 0:Pu dcpen- 
den- of uo. Thc sharp hawse ia u, at 
compositions irnmcdiately abovc that of di- 
oxide suggcsts that onsct of PuO,,, brma- 
uon is accompwied by expansion of tbc cn- 
tire ln(ticc. Frequcut qpearancc of shon in- 
duction paiod. ar thc bcginning oCrm mea- 
surements m y  result from sluggish lattice . 
dynamics. 

Rcsulu for thc oxide prep& by hydrol- 
ysis of Pu in calt solution at room tunperawe 
(16, 1 7 )  confirm h e  adcomposition dcpen- 
dencc (Fig. 3) mind dtrnonstrdlc that Puo,,, 
is unstablc at elevated lemperaturcs in the 
absence of water or osygcn. {I, formcd dur- 

Q 

with Water: Formation a4nd 
Properties of PUO;+~ 

John M. Haschke.'' Thomas H. Allen: Luis &, M'~ralesZ 

Results show that PuO2+,, a high-composition (x  5 O.t f ,P ' :  .ase containing 
Pu(VI), is the stable binary oxide in air. This nonstolchiometric oxide forms by 
reaction of dioxide with water and by water-catalyzed reaction of dioxide with 
oxygen. The PuO, + H,O reaction rate is 0.27 nanomoles per meter squared 
per hour a t  2S'C; the  activation energy at  25'to 350°C is 39 'iilojoules pw mole. 
Slow kinetlcs and a low lattice parameter-compasirion depeidenm for fluorite- 
d a t e d  P U O ~ + ~  are consistent with a failure KO observe the pnase in earlier 
studies. Perplexing aspects of plutonium oxide chemlwy can now be explained. 

A fundanimal tac i  of plutonium chemistry 
has bccn that h02 is the highest composition 
bimy oxide (1-3). That description is baed 
an esrinutcd thermodynamic propeldcs sug- 
gesting rhar higher oxides arc unstable (4) 
and on unsuccessful littempts by early work- 
ers KO prepare hi$= oxides in expairnenn 
with s m n g  oxidants such as atomic oxygen, 
ozone. and nitm~gen dioxide (5, 6). Highcr 
oxide were also not seen during thermal 
decomposition of Pu(VT) cmrbonatcs (7). Ex- 
cess mass @ink obsemed during atmospheric 
oxidation of plutonium rnctal were amibuted 
ro adsolption of watw on tbe high-surface 
area product (2, 8). However, rcsulb of a 
=cent x-ray diriaaion (XRD) and x-ray 
photoelectron spctboscopy W S )  study of 
thc adherent oxidc formed ou Pu metal by 
reaction in water vapor at 2SO°C showcd Ihar 
a higher oxide formed at thc gasoxide inter- 
face had a fluoritcrelared stmcture and con- 
tained Pucvr, (9). 

Herc we show that PUO,,~, rhc s u l e  
oxide in air, i s  fonned by ntlctiorl of RiO, 
with adsorbed water in ar 2S0 to 350°C. 
I'uO,(s) + rH20(ads.) -Pu02+,(s) + x€&@ 

( 1 )  
Mass spectrometric analyses show lh31 H, is 
the only gaseous product Oxiidstio11 rat= (R) 
measurcd st consrant tcmpenrure m d  K O  
pressure by microbalance (MB) and pressurc- 
volume-remperdtunt (PVT) mctho& (10-12) 
w m  constant over a m g e  of oxide compo- 
sition 3s shown by reprcsenurive lincar pres- 
sun-rime (P-r) &U (Fig. 1) and by mass-time 
curves. Pressuretime dnra for 25°C gave an 
R of 0.13 nmol 0 m-' hour I .  The inirinl 
oxidc composition (ha, 9,) uscd in rhesc 
tests was M determined korn XRD resul~s 

'11003 Wlllow Bend Drlve. Waco. TX 76712. USA 
'Los Ahmar Nxlorul Laboratoy, lo$ nlamc6. NM 
07545, USA 

'To whom conespondcnce should be addressed. E- 
mall: harchketoo@aolm 

m d  lamce psnmotrr (ujcomposition dam 
Tor PuO,, (13). Thc x value was 0.17 aAcr 
thc test at 350°C and changed by 0.003 in 4 
y e m  aLZS"C, but h e  m i m u m  oxidc am- 
position was DO[ anained at any kmpccature. 

The rate of Eq. 1 at 25'C is also derivcd 
fiom P-1 and mass spectronierric data ob- 
tainrJ after eqosing PuO, to 3 2:1 molar 
mixmc of H, and 0,. WPM fonned in sim 
by nafacc-catslyzed association of rhc clo- 
mmts (14) was no1 detectcd by mass spec- 
tromclly, but remained chemisorbed as OH- 
on rhc oxide surfacc (15) and causul 4 pro- 
m s i v e  dccrMse in the % + 0, combina- 
hon rate as active sires wezc blocked- 
more than 100 days,  the OH' conmntrarion 
reached 15 to 20% of monolayer covcragc on 
the oxide and the P-f CUIVC became linear as 
0, reacted at a consmt rare (0.25 nmol 0 
m-' hour-') cbaractdt ic  of thc PuOl -I- 
I I,O reaction. 

Data for ?J, generation by reacrion or 
hi&-suiface am (750 m2 g-') PuO, during 
hydrolysis of Pu in aqucous salr solution (16, 
17)  @vc a mte of 0.42 m u 1  0 m - 2  hour'l 
for Eq. 1. Three independent results give an 
avuagc R of 027 2 0.17 nmol 0 m - z  
hour at 25°C and show that the rcnction 
rate is indepcndmt of adsorbcd H,O ovcr a 
concentralion ranyc extendmg from fraction- 
al surface coveragc by OH- to saturation in 
liquid wuter. Oxidarion is suficicntly $ow 
thar thc oxidndon m e  at 2S°C is maintaincd 
by chemkorbcd I1,O ax less than 20% mono- 
Iayycr coverage by OH-. 

Rcsulu show that thc ratc of the PuO, + 
H20 nactioa is a timaion of tcmperarurc as 
dcscribcd by sn Arrhcruus relation (rig. 2) 
wirh an activsrion energy of 39 I 3 Wmol. 
T h i s  result is consisrcnt with chcmical reac- 
tion and suggcsts that the contribution from 
tempcrmr&independcnt radiolysis of water 
by decdy of plutonium isotopcs was negligi- 
ble in our cxpcrimcnis. 

Diffnction and spcctroscopic data arc 
consistent wirh a solid soludoa Pu02 e, phasc 

1 

eM, 
r + r  PI 

Fig. 1. Time dependence of the H, pressure 
during exposure of PuO, to H,O vapor at ex- 
perimental temperatures and a constant water 
pressure of 32 mbar (24 ton). 
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Fig. 2 'Arrhenius analysis of rate-temperature 
data for the PuO, + H,O reaction at 2 5 O  to 
350°C and 32-mbar H,O pressure. Data from 
MB and PVT measurements are indicated by 
filled and open cirdes. rapcctlvely. The data 
point at  1OO'C (triangle) determined by 
using the extent of reach'on dwived from a, of 
rhe product and the lattice parameter-compo- 
sition correlation (Fig. 3). The Arrhenlus equa- 
tion is InR ?= -6.441 - (4706U). 

, ing h e  Pu + H,O reaction and continucd to 
form as progressive oxidation produed plu- 
tonium monoxide monohydridc (PuOH) and 
a seria oCoxide hydride aod aridc phases. 
t12 production continucd beyond the dioxide 
composition in a process that we can now 
cxplein by Eq. 1. The rncssurcd uo (5.404 A) 
of Lhc PuOl 2e produa obtained whm the 
test was arbitrarily m i n a t e d  agrees closely 
with thc corrclarion derivcd for 0:Pu rxios in 
the 2.016 to 2.169 m g c .  Thcrmognvitncmc 
snalysis at 2 5 O  to SOOOC and 0, Tor the fired 
oxide showed &it PuO,,, deconiposes lu 
PuO: upon hclrting 111 a vacuum (17) .  

Our resula show that Pu02,, is f o m d  in 
moist air or moist o x y p i  via a cablyric cycle 
(Fig. 4) driwn by Eq. 1. We obscrvcd thai 
water foimed and accumula~cd on thc oxidc 
surf~ce as H, and 0, dissocirtively adsorbvd 
and associsred as H,O. whilc oxygcn simul- 
~neous ly  disappeared at R consiant ratc char- 
merishc OF the PuO, + H,O reaction. As 
shown by the cyclc, adsorhcd H,O reacts ro, 
form l'u02+a. Ilowever. in thc prcscnce of 
02, atomic H that fomcd on the oxide by the 
PuO, + h20 rcacrion docs nac associ3tc L< 
H,. hut reacts with disr;ocisrivcly adsorbed 
o q p a  TO reform H,O. Tlir ncr rzsult of rhc 
cyclic process i s  the ranion of PuO, and 0, 
at the rate nCPuO, + H,O. W u a  enhances 
!he rate of PuO, , formation. while the oxide 

S surracc cau~yzes n+mnaoon of walcr. This 
catilyric cycle accounts for dl obsmitions 
in this srudy. ss well as for uansformalion of 
isotopically labeled O,+ inlo H,O* during 
oxidation of  uranium (20). 

, 

110 2.0 2 1  
' o/Pu Rallo 

Fig. 3. Dependence of the cubic l d c e  prram- 
eter (aJ on oxlde composltion (QPu ratio = 
Z f x )  of the PuO,, and PuO,,, phases at  
room temperature Reference lattice paramet- 
w-0:Pu data for PuO- from Cardner et al. 
(13) are shown by cnangles and a, of the 
nam'ng oxide (PuO ) is shown by a square 
Values of a, obtaine%r products from MB and 
PVT measurements arc shown by filled and 
open cirdes, respectively. The lattice param- 

~etcr-composit~on dependence of PuO,, , is gv- 
en by a. (A) = 5.3643 I- 0.01746 OPu. 

The descriptive chcmisuy of plutonium is 
codused by cmflicting reports that thc &ox- 
ide is green (1) or dull yellow to khaki (3). 
We obsewcd that the dioxide is yellow to 
buff, but thai PuO,,, consistently has an 
intcnse green color. 
Our results show that PuOz,, is the rhcr- 

modynamically stable axidc of plutonium in 
air at rtmperaturcs Wow 350°C znd contra- 
dict earlier tvidencc rhat highcr oxides src 
unsnblc and canaot be prepared. Failurc ro 
observe PuO, , I may have rcsultej from sev- 
eral tacton. 'rhc sability range w s  probably 
exceeded by rcaction rempcratures (1000" 2 
100°C) ofaome srudies (21). Exposure of the 
dioxide to strong oxidants increases the free 
encrgy I'or reaction, but docs not neceswily 
enhancc tlie kincrics. Although oxidstion by 
O2 is thennodymrnicdly more favonble than 
oxidation by H,O. reaction of d q  oxygen is 
slow and the extmt is limittd aAer a few-hour 
ekpcrimcnr (6). If oxidation occurred. in de- 
rechon by XRU i s  unlikcly bccausc of Ihc 
low u,-0:Pu depcndcncc of PuO, , (Fig. 3) 
and the cspta t ion  thst Q, would decrease 
wtrh incressing x 3s for UO,+, (21). Oxida- 
tion by wstcr is also slow. bur rcsdily detect- 
ed by productiou of H,. a sensitive and de- 
tinitive indicator of PuO, ~I formsiion. 

PuO,,, appsmrtly participates in moisture- 
cnhylud mmosion of the metal (9,14). Re- 
don of adsarbed water with PuO, conhibum to 
H, pn.ssuri;ration of scalcd scmge conuincrs 
(22) unnl the equilibrium pressure of 4. 1 is 
mched 4s with uranium ox&, the p ~ m c c  
of hexxuvaleni carions should h~mbsc oxide sol- 
ubility. Elimination o f  l8u(T1) by &cornpsi- 

Pv4, IJ a W -1 * 0' Wr) 

Fig. 4. The chemical qck for H Qcatalyzed 
PuO + 0, reaction andoxide-cadlpyj repn-  
erathn of H,O. 

tion of PuO, ~~ during calcimion may a- 
hr slow d i ~ f u t i o n  o f  "high fired" oxidc m 
aqueous acids (1.3). Leaching of aeeumukted 

l y d  aridanon of PuO, in air accounts for thc 
appeYrmce of P u Q  as 9 predominant .spc- 
c i s  in walcr coexisdng wkh oxide (23) and 
may be imponant in the surprisingly rapid (1.3 
Jm in 30 years) groundwater migration of plu- 
toaim (24). 

pU0 liom PUO,.,., fd by ~ k r - W a -  
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Communication Through a 
Diffusive Medium: Coherence 

and Capacity 
A r k  L Moustakas,” Harold U. Baranger.l** Leon Balents,’*” 

Anlrvan M. Sengupta,’ Steven H. Simon’ 

Coherent wave propagation in disordered media gives rise to many fascinating 
phenomena as diverse as universal conductance flUctUaKiOIS in mesorcopic 
metals and speckte patterns in llght scattering. Here, rhe theory of eledro- 
magnetic wave propagation In diffusive media is combined with informarion 
theory to show how interference affects the information transmission rate 
between antenna arrays. Nontrivial dependencies of the information capacity 
on the nature of the antenna arrays arc found, such as the dimensionality of 
the arrays and their direction wlth respect 10 the local scattering medium. This 
approach provides a physical picture‘ for undermndlng the importance of 
scattering in the transfer of information through wlreless communications 

fhc ongoing-communicstionns revohion has 
motivated mcarchers to look for novcl w-ays 
to transmit infomstion (1, 2). One recent 
dcvdopment (3. 4) is Lhe suggdon that, 
contrary to long-held belicfs, rmdom mttcr- 
ing of.microwave or radio signals may en- 
hance the amount of informtion that bt 
vsnsmined on a particular channel. Promplcd 
by this suggcs$on, we introduce a realistic 
physical modcl for a scarrering environment 
and malyticdly evaluate the m o u n ~  of i n f w  
mnlion that can be t r m i t t c d  between two 
mtenna armys for a n u m b  of example cas- 
es. On thc one hand. this lays a ncw founlla- 
tinn for complex microwave r i g d  modeling, 
an important t x k  in a world with ever-in- 
creasing demand for wirrlcss communica- 
tion, and on the other. it innoduccs 3 new 
arena for physicists to test iderv concerning 
disardcred media. 

h o r n  infoormarion rhecry (5). the capsc- 
iry o f  n channcl belwccn a nanrinitter and a 
receivcx, that is. the maximum rare o f  in- 
formation transfer at a given frequency. can 
be describcd in Ierms of the avcr4gc power 

‘Bell labs. lucent Technologies, 700 Mountain Ave- 
nut. Murray Hiu. Nj 07974. US4 >Department of 
P h p i a  Duke University, Durham. NC 27708-0305. 
USA aDcpamcnt of Physics Unlveoiry of Callfernla. 
Santa Barbers. CA 93106. USA. 
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of thc signs1 s’ and the nokc N at the 
rccciver: C = log,() + SJW. M m  gcner- 
ally (2). thc communication channel con- 
necting several transminers and receivers is 
described by a matrix G,* giving the am- 
plitude or thc received signal a due to 
uansrnittcr i. The informarion carried by 
the channel can bc cbranerizcd by using 
scvaal quantities, such 3s the capscity or 
rnurud information. which are typically 
functiowls of the matrix G, which must k 
known in order to predict rhcse quantities. 
Often G cannot be predictcd for actual SYS- 
terns, such as wireless communication net- 
works or oprical fibas, because of the com- 
plicetcd scantring and intwferencc of 
WYVCS that are involved. It is crucial. tbcre- 
furc, to devclop physics! models for the 
signal propagarion. bccauce it is only 
through such rnodcls that onc can undcr- 
stnnd the real cffecu oTscrttt&ing and in- 
tcrference on the amount of information 
that can bc communicated. 

In many casts, only partial information is 
avdable for pccdiaion: in these situations, 
onc has only a sraristical description of G. 
rnstwd of making sssumptions about G di- 
rcctly, which is the ubual procedurc in inf‘or- 
matian theory, we introduce statistical mod- 
els for thc physical cnvironmenl from which 
we dcnve the properties of G. Thc admmgc 
ofthis procedure is that simple physical mod- 
CIS can yield vety nontrivial propenis of G. 

Statistical descriprions of thc environmm 
have been quite successful in the physics of 
disordered mcdia (6-9). Thc simplest of 
these is diffusive propagation. In our case of 
electyomagnetic propagation in rhc context of 
wirdcss communication, difk-ion is known 
LO work well variouq circumsmca (lo), 
and simple extensions soem rclevanr Tor 
many others. From r diffusive approach, onc 
finds the morncnts o f  the distribution of G. 

..These will enable us to calculate informution- 
theoreric quantities (for Fxampk. the CdpZi- 
ry) using a replica field theory appmach to 
random imtrix theory (11). hplicit in lhis 
approach is thc assumption that the full dis- 
tsiburion of G is sampled. which is rcaliilic in 
many ml-world situations where rhc cnvi- 
ronmcnt is chmging. Howevtr. whm the 
number of antennss is large, many quantities 
of interest bccome svongly peaked around 
heir avcrage and this assumption EM bc 
relaxcd. 

In a sutisticd description, the scamring 
of the signal is chmctcrizcd by the mean- 
free pith. t ,  corrmpondbg roughly to the 
disbnce between scmtering events. When t is 
1sge compared to the wavelength h bur m U  
compared to the disrancc d between thc two 
mays, thc wave propagation bmrncs dfi- 
sive (8, 9). This has been analyzed prcviously 
in the context of electron diffusion in mctals 
(6. 7) and light propaption in solids (8. 12). 
h the case of wirclcss propagation. wirh sig- 
nals in the 2-GHz region, X - 10 10 15 rm, 
while ! is on the order of meters t’or indoors 
and tens of meters Tor outdoors propagation, 
so dihsion is applicable. 

In the diffusive regime A << e, ro lend- 
ing order in XIC, only rhc quadratic cons- 
lations (C,G:?) are nonnegligiblc and 
rhereforc describe the system, where the 
brdckets reprcscnt an average ovcr realiza- 
lions of the disorder. I-Jighm curnulanu Or 
G are ofhigher ordcr in Nt. Therelorc. r h C  

distribution of G is  Gaussian with zero 
avcrsge (6-9). The leading term in 
{G,-G’,) is cvaluarcd by a summarion of 
so-cahed laddcr diagrams ( 8 )  conespond- 
ing KO processes in (G,-G;,) where the 
waves from antennss i to a and frornj LO p 
propagate through rhe scartcrinp mcdiuni 
along identical paths except for scgnlents 
of order Y ar each end. 

In sL~era1 realirtic sirullrions discusscd be- 
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1.0 INTRODUCTION 

The Actinide Source Term Model (ASTM) of the Compliance Certification Application (CCA) for 

the Waste Isolation Pilot Project (WIPP) was based on the assumption of reducing conditions in the long- 

term WIPP repository environment (USDOE, 1996b). Because of these reducing conditions, it has been 

prehcted that plutonium will be present in the plutonium(II1) and plutonium(IV) oxidation states under 

long-term WIPP repository conditions (USDOE, 1996b; USEPA, 1998a; USEPA 1998b). The assumed 

plutonium oxidation states in the repository environment are important because plutonium(II1) and 

plutonium(N) are typically much less mobile than plutoniumor) and plutonium(VI). 

Recent experimental results from the Actinide Source-Term Waste Test Program (STTP) 

conducted at Los Alamos National Laboratory (LANL) indicated that plutonium(V) and plutonium(VI) 

species were present in some test solutions. In addrtion, a recently published experimental investigation has 

reported the existence of plutonium oxide solids that contain plutonium(VI) in the form of PuO,, (Haschke 

and others, 2000). The existence of plutonium(V) or plutonium(VI) oxidation states in solution under 

equilibrium conditions in the WIPP repository environment could result in higher plutonium concentrations 

than predicted by the ASTM. Therefore, the relevance of the STTP experiments to WIPP repository 

conditions and the formation of PuO,+, has been evaluated. Based on ths evaluation, we conclude that the 

recent results of the STTP experiments and plutonium oxide experiments do not provide evidence that 

plutoniumOl) or plutonium(VI) will be present under conditions anticipated in the long-term WIPP 

repository environment. 

, 

This report summarizes USEPA’s review of the STTP experiments and the journal article that 

reported the formation of PUO,+~. This report includes a description of the conditions predicted for the 

WIPP repository (Section 2.0), a summary of the STTP experimental results (Section 3.0), a summary of 

the Pu02+, journal article (Section 4.0), and a comparison of the conditions in these experiments with the 

conditions expected in the long-term WIPP repository (Section 5.0). Finally, the results of this evaluation 

are summarized in Section 6.0. 
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2.0 WIPP REPOSITORY CHEMICAL CONDITIONS 

The conceptualization of plutonium chemistry in the CCA is that plutonium(II1) and plutonium(IV) 

will exist under long-term equilibrium conditions in the WIPP repository. Numerous experimental results 

show that long-term reducing conditions will be maintained in the repository by corrosion of iron and 

degradation of organic materials. These experimental observations showed that plutonium(V) and 

plutonium(VI) will not persist in the presence of these reductants in the repository environment (USEPA, 

1998a, page 6-85). 

The long-term chemical conditions in the WIPP repository are described in Appendix SOTERM of 

the CCA (USDOE, 1996b). The source term conceptual model is based on an assumption of equilibrium 

because of the extremely long time frames relevant to the repository (USDOE, 1996b; USEPA, 1998a; 

USEPA, 1998b). Aspects of the repository chemical environment that are likely to sipficantly affect 

actinide transport include brine composition, microbial degradation of organic waste, and corrosion of 

metallic waste (USDOE, 1996b). Brine radiolysis and addtion of MgO as backfill will also influence 

chemical conditions in the repository environment (USDOE, 1996b). These influences on the repository 

environment are discussed below. 

2.1 Brine 

The composition of Salado Brine and Castile Brine are expected to bracket the range of possible 

brine compositions in the WIPP repository (USDOE, 1996b). The range of WIPP brines have been 

simulated by USDOE using two compositions, Brine A and ERDA-6. Brine A is a synthetic, high- 

magnesium brine that simulates Salado Brine. ERDA-6 is a synthetic brine formulation simulating Castile 

Brine, which has a much lower magnesium concentration. These synthetic brines have been used in most 

of the experiments and modeling of repository chemistry (USDOE, 1996b). 
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2.2 Biodegradation of Organic Materials 

Organic materials will be present in WIPP, primarily in the form of cellulosics, plastics, and 

rubber (USDOE, 1996b). Microbial degradation of these organic materials is likely to influence the 

repository environment because of (USDOE, 1996b): 

0 Oxygen consumption and consequent reducing conhtions in the repository; 

Consumption of organic ligands that have the potential for mobilizing actinides; 0 

0 Production of humic and microbial colloids that could increase amount of actinides 
sorbed on colloidal surfaces; and 

0 Generation of carbon dioxide, which in the absence of added MgO, would increase acidity 
and carbonate concentrations in the brine and thereby increase actinide solubility. 

Reducing conditions and removal of organic ligands are likely to limit actinide mobility (USDOE, 1996b; 

USEPA, 1998a; USEPA, 1998b). The possible effects of carbon dioxide generation are mitigated by 

addition of MgO backfill to the repository (Section 2.5). 

2.3 Metal Corrosion 

Corrosion of steel and other metals in the repository are expected to: 

0 Produce reducing conditions in the repository and reduce the oxidation states of some 
actinides; 

0 Release metal ions such as iron and nickel into solution; and 

Produce colloidal corrosion products which may sorb actinides (USDOE, 1996b). 0 

Oxic corrosion of steel and aerobic biodegradation of organic materials are expected to remove oxygen 

from the repository environment shortly after closure. After oxygen in the repository is consumed, anoxic 

corrosion of metals is expected to occur and produce hydrogen, whch will also contribute to reducing 

conditions in the repository (USDOE, 1996b; USEPA, 1998b). 
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Metal ions in solution and solid metal oxyhydroxides are expected to be produced by corrosion 

processes. The reduction of plutonium in brine by soluble iron and by metallic iron has been observed in a 

number of experimental investigations (Felmy and others, 1989; Weiner, 1996; Weiner and others, 1996; 

USDOE, 1996a, Section 6.0; Xia and others, 1996; USEPA, 1998a; Clark and others (LANL) as cited by 

Brush, 2000). Metal ions such as ferrous iron and nickel may complex with organic ligands and limit the 

mobilization of actinides by these ligands (USDOE, 1996b). Metal oxyhydroxides can sorb actinides and 

hrther limit actinide mobility. 

Two evaluations of iron corrosion at WIPP-relevant conditions have been carried out. The results 

of these studies are summarized below. Available corrosion information for natural analogues is also 

addressed below. 

2.3.1 Felmy and Others (2000) Iron Corrosion Study 

The corrosion of iron coupons in ERDA-6 (Castile) brine has been evaluated at pH values ranging 

from pH 2.4 to 7.1 (Felmy and others, 2000). The test atmosphere and iron composition were not reported 

in this study. Evaluation of the metal surfaces after corrosion indicated that the corrosion products 

contained mostly iron(II) and iron(II1) at approximately a 2: 1 ratio. The solids appeared to be green rust- 

like iron(I1) and (111) hydroxy salts, and no iron(I1)-only solids such as Fe(OH), were observed. The 

corrosion film thickness was found to be heterogeneous, ranging from a few to tens of nanometers in 

thickness. The corrosion film appeared to be loosely attached to the metal surface (Felmy and others, 

2000). Thus, th~s study indicates that the corrosion layer on the metal surface will not prevent long-term 

iron oxidation in the repository and iron corrosion can be expected to produce a reducing environment in 

the repository over the long term. 

2.3.2 Telander and Westerman (1997) Iron Corrosion Study 

Low-carbon steel corrosion and associated gas generation in anoxic WIPP brines have been 

evaluated in a series of experiments carried out at 30°C (Telander and Westerman, 1997). Tests were 

conducted by immersing the steel in brine or by suspending it above the brine to evaluate vapor-phase 
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corrosion. Vapor-phase corrosion tests showed much lower corrosion rates than tests in which the steel 

was immersed in brine. 

Tests were conducted using low-carbon steel immersed in Brine A (Salado) with overpressures of 

hydrogen @!I2), nitrogen (N2), carbon dioxide (CO,), and hydrogen sulfide (H2S). Increasing hydrogen gas 

pressure had little effect on the observed corrosion rate, and the oxidation products were not adherent. 

Increasing nitrogen pressure only slightly increased the corrosion rate. The post-test pH of the nitrogen- 

Brine A corrosion tests was approximately 8.3. The corrosion product from the nitrogen atmosphere tests 

could not be identified by X-ray diffiaction (XRD) analysis. Chemically, the corrosion product appeared 

to be a form of Fe,Mg(OH),. 

Increasing carbon dioxide gas pressures increased the initial corrosion rate, but also increased the 

possibility of passivation through formation of an impermeable corrosion product film in the form of 

siderite (FeCO,). Addition of hydrogen sulfide gas after corrosion in the presence of carbon dioxide gas 

disrupted this passivation of the steel surface. XRD analyses of the reaction products indicated the 

presence of both siderite and mackinawite (FeS). The pH values of these tests were not reported. 

Hydrogen sulfide gas pressures of 5 atm appeared to prevent corrosion through the formation of a 

layer of mackinawite on the surface. Addition of carbon dioxide gas to experiments with steel passivated 

by the presence of hydrogen sulfide did not disrupt the' passivation of the steel. The pH values of these 

tests were not reported. 

Corrosion tests were also conducted in anoxic ERDA-6 (Castile) brine with a nitrogen 

overpressure. Magnesium- and calcium-free ERDA-6 brine was selected for this portion of the 

investigation because of the precipitation of calcium and magnesium constituents of ERDA-6 brine at high 

pH. The relative reactivity of the ERDA-6 brine with respect to low-carbon steel was found to be similar 

to the reactivity of Brine A. Corrosion rates were investigated in the ERDA-6 brine at constant pH values 

from 3 to 1 1. Corrosion products in the pH 9 and 11 tests were determined by XRD to be akaganeite (a- 

FeOOH). The results of these experiments indicate that iron corrosion rates decrease with increasing pH 

values, but that corrosion will still occur at anticipated repository pH values and produce reducing 

conditions in the repository. 
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2.3.3 Evaluation of Iron Analogue Corrosion Rates 

Inferences concerning the long-term corrosion behavior of steel containers in WIPP disposal rooms 

may be drawn from studies of the corrosion of analogous iron-bearing materials. Occurrences of native 

iron in the near-surface environment are rare because iron is thermodynamically unstable with respect to 

water at hydrostatic pressures less than about 1,000 bar (Neretnieks, 1985). The available native-iron 

analogues are not particularly useful for purposes of estimating corrosion rates because the iron has either 

been isolated from contact with water, or stabilized by solid-solution with other elements. Because the 

WIPP environment may include contact of the steel containers with brine, the available native-iron 

analogues have limited relevance to iron corrosion in WIPP. On the other hand, available archeological 

artifacts have been found in a variety of environments and may prove more applicable to WIPP conditions. 

Most archeological analogues for evaluating long-term corrosion of iron-based containers (steels) 

are limited to cast and wrought irons and primitive steels. The range of impurities in ancient iron artifacts 

compared to modern steel makes it relatively difficult to relate the corrosion of ancient artifacts to the 

corrosion of modem steels. The applicability of archeological analogue data may also be limited by the 

fact that the environments in which these artifacts corroded dffer from the expected WIPP environment. In 

addrtion, archeologically based corrosion rates may be biased by selective sampling (some artifacts may 

have completely corroded away), as well as poor documentation on the degree of cleaning or restoration 

performed, and uncertainty as to the location of the original surface of the artifact. Finally, there is always 

some uncertainty in the age of the artifact. However, evaluation of the corrosion of iron artifacts can help 

bound and validate projections of short-term laboratory derived corrosion rates over longer time periods. 

Johnson and Francis (1980) evaluated iron corrosion rates over long time periods by assessing 44 

iron and iron alloy artifacts. These artifacts are from a wide variety of environments, ranging from very 

wet to arid, and from oxidizing to reducing. Corrosion rates for these artifacts average around 1-2 p d y r  

and range from a low of about 0.0025 pdyr to a high of about 10 p d y r  (Table 1). The corrosion rates 

for the majority (all but 8) of the artifacts fall between 0.1 and 10 pdyr ,  which is a relatively narrow 

range given the range in environments for these artifacts. In addition, two artifacts located in marine 

environments had corrosion rates from 2 pdyr to 430 p d y r  (Table 1). Other studies reported since the 

publication of Johnson and Francis (1980) are summarized in Table 1. The corrosion rates for all artifacts 

6 



in Table 1 range from 0.0025 to 18.7 pdyr ,  with the higher corrosion rates associated with artifacts for 

whch environmental conditions are either poorly constrained or associated with more acid, wet coal mines. 

The range of corrosion rates assumed for steel containers in the WIPP CCA PA (USDOE, 1996b) 

is included in Table 1 for comparison with the archaeological data. The WIPP corrosion rates estimated by 

Wang and Brush (1 996) bracket experimental corrosion rates determined by Telander and Westerman 

(1 997) and are consistent with the range of rates estimated on the basis of the natural analogue data (Table 

1). This observation supports the implicit assumption in the WIPP CCA PA that laboratory-based 

corrosion rates can be used to estimate the corrosion behavior of steel containers in WIPP disposal 

environments over periods of time as long as 10,000 years. Thus, the available iron analogue and 

laboratory data inQcate that iron corrosion is likely to occur in the long-term WIPP repository and produce 

a reducing environment. 

2.4 Brine Radiolysis 

Brine radiolysis may affect actinide oxidation states in solution. The radiolysis reactions produce 

highly reactive peroxide (H202) and hypochlorites (e.g., NaOCl), as well as hydrogen (H,) and other gases, 

such as 02, N2, CO, and C02 (Biippelman and others, 1986; Biippelman and others, 1988; USDOE, 

1996b; Kelm and others, 1999; LANL, 2000b). Higher actinide oxidation states can be produced by 

reactions of actinides with peroxide and hypochlorite species, with the persistence of hydrogen gas because 

of its generally slower reaction rates. Alpha-radiolysis has been demonstrated to increase Eh values in 

brine solutions withrn relatively short time periods (Biippelman and others, 1986). In the WIPP repository, 

it is expected that oxidized species produced by radiolysis will react quickly with iron metal and dissolved 

ferrous iron species, and will not sipficantly affect actinide oxidation states (USDOE, 1996b) 

2.5 MgO Backfill 

MgO backfill is included in the repository to absorb water by reaction to form brucite (Mg(OH),) 

and to remove carbon dioxide by reactions that form hydrated magnesium carbonate phases such as 

hydromagnesite (3MgC0,.Mg(OH),*3H20) and over the long term, magnesite (MgCO,) (Sandia, 1997; 
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USDOE, 1996b). The amount of MgO included in the repository is significantly greater than the amount 

necessary to remove all carbon dioxide produced by biodegradation of organics (Sanla, 1997; USDOE, 

1996b). Because of the presence of MgO backfill, the brine pH and carbon &oxide fugacity within the 

repository will be controlled by the Mg(OH), - MgCO, buffer reaction (USDOE, 1996b). This reaction is 

expected to maintain pH values in the range of 8.5 to 10, and carbon dioxide fugacity at approximately 10- 

atm, thereby limiting the mobility of actinide species (USDOE, 1996b; LANL, 2000b). 

2.6 Long-Term Reducing Conditions in the Repository 

The Fracture-Matrix Transport (FMT) code was used to perform solubility calculations for the 

actinide elements in the WlPP repository brines (USDOE, 1996b). Because oxidation-reduction reactions 

are not included in the FMT calculations, assumptions were made regarding equilibrium actinide oxidation 

states (USDOE, 1996b; USEPA, 1998b). Based on the reducing condhons generated by metal corrosion 

and biodegradation of organics, it has been assumed that plutonium will exist only in the (111) and (IV) 
oxidation states in the repository at equilibrium. The presence of plutonium in reduced oxidation states, 

combined with high pH and low carbon dioxide partial pressure because of the MgO backfill, are expected 

to limit plutonium solubility (USDOE, 1996b; USEPA, 1998a; USEPA, 1998b). 

2.7 Reduction of Actinide Species by Iron Solid Phases 

Reed and others (in preparation) investigated the empirical solubility and redox stability of 

plutonium(VI) in WIPP brines. The experiments were performed in darkness, with an approximately 1 

atmosphere hydrogen overpressure. Tests included low- and high-magnesium brines, pH values from 5 to 

10, the presence or absence of carbonate, initial plutonium concentrations of 0.1 mm, and durations of up 

to 18 months. Experiments conducted without added reducing agent indicated that plutonium(VI) was 

stable under all conditions investigated. Addition of iron coupons to the plutonium(VI) solutions, however, 

resulted in plutonium(VI) reduction to plutonium(IV) and precipitation of a plutonium(rV) solid phase. 

Thus, the experiments conducted by Reed and others (in preparation) indicate that iron metal can be an 

effective reducing agent for plutonium(VI) in WIPP brines. 
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Xia and others (1 996) carried out experiments to evaluate the effects of iron powder on the 

aqueous oxidation state of plutonium(VI) in dilute NaCl and synthetic brines. These experiments were 

conducted in an inert (argon) atmosphere chamber in 0.01 M NaCl and in ERDA-6 (Castile) brine, at pcH 

values from approximately 7 to 12, and for time periods of up to 76 days. In &lute NaCl solutions, 

addition of iron metal to the plutonium(VI) solutions decreased plutonium concentrations by several orders 

of magmtude, to concentrations consistent with the precipitation of Pu(OH),(s) or PuO2.xH20(am). The 

dramatic decrease in plutonium concentrations in the &lute solutions indicates that the iron metal reduced 

plutonium(VI) to plutonium(II1) or plutonium(rV). In the ERDA-6 brine experiments, however, 

plutonium(VI) reduction by iron appeared to occur more slowly than in the dilute NaCl solutions. After 72 

days, iron ad&tion decreased plutonium concentrations in brine solutions with pcH below 9 by nearly four 

orders of magnitude. However, in brine solutions with pcH of 9 or greater, plutonium concentrations 

decreased by less than an order of magnitude after addition of iron powder. Further addition of iron 

powder after 72 days of equilibration decreased plutonium concentrations in a sample with pcH of 

approximately 9, but had no effect on a sample with pcH of 10.2. The diminished effectiveness of iron 

powder for reducing plutonium(VI) in basic solutions was attributed to the formation of oxide coatings on 

the iron. The oxidation state of the plutonium in the brine experiments was determined by solvent 

extraction, and was found to be predominantly plutonium(V), and the solution concentrations of plutonium 

in these experiments may have been controlled by the solubility of Pu02*xH20(am) in equilibrium with 

aqueous plutonium(V) (Xia and others, 1996). These experiments indicate that reduction of plutonium(VI) 

may occur slowly in the higher-pH brines anticipated in the WIPP repository. 

Grambow and others (1 996) evaluated uranium(VI) reduction by iron corrosion products; this 

investigation was cited as evidence that plutonium(V) and plutonium(VI) would be reduced in the presence 

of iron corrosion products (Brush and Moore, 2000). The experiments were carried out by addition of 

uranium(VI) to a fine-grained, low-carbon steel that had been corroded in a magnesium-rich brine at 
elevated temperatures. @ gln additional experiment was conducted with uranium(VI) added to uncorroded 

steel in a magnesium-rich brine. The uranium(VI) sorption experiments were carried out at room 

temperature and at 150°C under an inert atmosphere or in the presence of a mixed argon-hydrogen (8 %) 

atmosphere. The iron corrosion products in these tests were identified as (Fe,Mg)(OH),/Fe(OH),Cl and 

magnetite (Fe,O,). Uranium solution concentrations were decreased by contact with the iron corrosion 

products, principally by sorption of uranium(VI) on magnetite. Uranium that remained in solution was 

predominantly uranium(VI), and the majority of the solid-phase associated uranium was also present in the 
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(VI) oxidation state. However, the solution Eh and pH conditions should have favored reduction of 

uranium to the (rv) oxidation state, and the observation of uranium(VI) may have been an artifact of the 

oxidation state analysis method (Grambow and others, 1996). Therefore, although the investigation by 

Grambow and others (1 996) does not provide conclusive evidence of (VI) actinide species reduction to the 

(N) oxidation state, it does indicate that the presence of iron corrosion products should reduce solution 

concentrations of (VI) actinides in moderate-pH solutions. 

Slater and others (1 997) evaluated the removal of plutonium from waste solutions using a 

magnetite carrier. In these experiments, magnetite was formed in situ at a pH of approximately 12, and the 

remaining plutonium concentrations in the filtered solutions were evaluated. The magnetite camer was 

found to substantially decrease plutonium concentrations through a number of possible mechanisms, 

including adsorption on the magnetite surface, substitution of plutonium for iron in the magnetite structure, 

and reduction of higher oxidation states to plutonium(II1) with precipitation of Pu(OH),(s) (Slater and 

others, 1997). This investigation indicates that magnetite corrosion product formation may reduce 

plutonium concentrations in solution. 
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3.0 STTP EXPERIMENTS 

The Actinide Source-Term Waste Test Program (STTP) includes a series of experiments 

conducted with WIPP brines in contact with actual transuranic (TRU) waste (Phtllips and Molecke, 1993; 

Villarreal, 1996). The stated purpose of the STTP experiments was to confirm that actinide concentrations 

predicted by the ASTM and used in the CCA provide an upper bound on mobile actinide concentrations in 

WIPP repository brines (LANL, 2000b). The STTP tests were initiated at Los Alamos National 

Laboratory (LANL) in 1995. The experiments were designed to simulate anticipated repository conditions 

based on the conceptualization of the WIPP repository at the time the experiments began (LANL, 2000b). 

3.1 Drum-Scale Tests 

DOE conducted fifteen drum-scale STTP tests with brine and heterogeneous or debris waste 

(LANL, 2000b). These tests were carried out using the total contents of standard 55-gallon drums of 

actual TRU waste. Twelve drums contained combustible debris and three drums contained massive metal 

waste. The wastes used in the tests contained plutonium and americium, with uranium, thorium, and 

neptunium added as soluble salts to each test container. Iron mesh was added to each drum, and chelators 

plus hydrated lime, nitrate plus phosphate, and bentonite were each added to three of the tests (LANL, 

2000b). Brine A (simulated Salad0 Brine) was used in 10 of the tests, and simulated Castile Brine was 

used in the remaining five tests (LANL, 2000b). 

The drum-scale tests were sampled for actinide concentrations over the course of four years. 

However, all concentrations of plutonium and other actinides were less than the maximum concentrations 

predicted by the ASTM (LANL, 2000b; Brush, 2000). There were no reported observations of 

plutonium@) or plutonium(VI) in the drum-scale experiment solution samples (LANL, 2000b; Brush, 

2000). Therefore, the results of the drum-scale experiments are consistent with the ASTM oxidation state 

assumptions of plutonium(II1) or plutonium(IV). 

3.2 Liter-Scale Tests 
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Thnty-nine liter-scale tests were carried out with brine and homogeneous or soliddied waste 

(LANL, 2000b). The wastes used in the liter-scale tests included: 

. Aqueous waste solidified with Portland cement (tests L-1 through L-12); 

Organic, aqueous, and inorganic waste solihfied by Envirostone (tests L- 13 through L- 

Pyrochemical salt waste (tests L-25 through L-39). 

. 
24); and 

. 

The results and interpretation of these the liter-scale tests are described below. 

3.2.1 Test Matrix and Results 

Two types of pyrochemical salt waste were used in the tests: direct oxide-reduction waste (DOR) 

and oxygen-sparging waste (0s) (LANL, 2000b; Runde, 2000). Iron mesh, chelators plus hydrated lime, 

and nitrate plus phosphate were added to some of the liter-scale tests to simulate the range of variables 

expected in the repository. Brine A (simulated Salado Brine) was used in 26 of the tests, and simulated 

Castile Brine was used in the other 13 tests. Inoculum obtained from brine near the WIPP site was added 

to each test container. The containers were filled with additional brine and sealed, and the head space of 

each container was purged with helium. The containers were then placed in an enclosure at 30°C (Runde, 

2000). 

Iron mesh was used in some of the STTP tests; this material was a No. 10 steel mesh constructed 

with 20-gauge wire (0.8 mm). The nominal vendor analysis of the wire is included in Table 2 (Triay, 

2000). The wire mesh was analyzed at LANL using Wavelength Dispersive X-ray Fluorescence 

Spectrometry and Auger Electron Spectroscopy. The wire was identified as a mild steel with a zinc 

phosphate coating, and a thin film of rust covering about 20% of the surface. The zinc phosphate coating 

was found to be discontinuous and thin (200 to 2,000 A). The steel mesh has been identified as a high- 

carbon steel (Table 2). High-carbon steels are likely to corrode up to twice as fast as the low-carbon steels 

used for waste drums and boxes in the repository (Brush and Moore, 2000). A 1.25 x 30 inch area of steel 

mesh was used in the selected liter-scale tests to simulate a surface area with respect to the test volume that 

is equivalent to the ratio of 4 m2 of steel surface area per repository waste drum (Triay, 2000). The mesh 
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was placed in a polypropylene bottle with 1 -inch-diameter holes cut in the top and bottom of the plastic lid 

to allow flow and access of brine to the iron mesh. 

Bentonite was added to three pyrochemical salt waste tests (L-3 1, L-32, and L-33) because it was 

a proposed backfill material at the time when testing began. Six test containers (L-1, L-2, L-3, L-28, L-29, 

and L-30) were pressurized to 60 bars (-6 MPa) with carbon &oxide to simulate conhtions that could 

occur in the WIPP repository in the absence of MgO. 

Solution samples were obtained from the liter-scale experiments and filtered through 5 p, 1.2 p, 

and 0.01 p filters before analysis. These samples were removed in a plastic syringe inside an air-filled 

glove box. The samples remained in the syringes within the glove box for one to two days before filtration 

and analysis (Mendoza, 2000). The analyses included total alpha activity, pcH, Eh (Figures 1 through 4), 

metals, anions, total inorganic carbon, total organic carbon, uranium, plutonium, americium, thorium, 

neptunium, and neodyrmum. Other analyses that were carried out less frequently included particle size 

distribution, colloid characterization and microbial analysis. Plutonium was found only on the 5 p filters, 

and it appeared to be associated with SrSO, (Runde, 2000). Head space gases were analyzed periodically 

for hydrogen, oxygen, nitrogen, methane, carbon monoxide, carbon &oxide, hydrogen sulfide, and nitrous 

oxide (LANL, 2000b). 

Actinide concentrations in the liter-scale test samples were below the concentrations predicted by 

the ASTM except for test L-3 (Brush, 2000; LANL, 2000a). However, in th s  test, the predicted and 

measured plutonium concentrations were very low and near the analytical detection limit (Brush, 2000; 

LANL, 2000a). 

Oxidation states of plutonium were measured in STTP samples using UVNIS spectroscopy 

(Runde, 2000). Plutonium oxidation states were measured in STTP samples that had total plutonium 

concentrations higher than the analytical detection limits, which are approximately lo-’ M to 3 x lo-, M 

(Runde, 2000). Plutonium(VI) was detected in samples from two of the liter-scale experiments (L-26 and 

L-28), and plutonium(V) was detected in samples from two other liter-scale experiments (L-27 and L-36) 

(LANL, 2000b). 
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Two liter-scale tests (L-3 1 and L-32) containing pyrochemical salt waste (0s process) and 

bentonite have been terminated and the contents examined (LANL, 2000b). The pyrochemical salts and 

bentonite formed a solid that was several inches thick at the bottom of these containers, and the iron mesh 

was totally enclosed by this solid mass. The iron in these experiments therefore may not have been 

available to the solution (LANL, 2000b). Three other experiments, L-1 (Portland cement waste and Brine 

A), L-20 (Envirostone waste and Brine A), and L-2 1 (Envirostone waste and Castile Brine), were also 

terminated and the iron mesh was examined (LANL, 2000a; LANL 2000b). The iron mesh in these 

experiments was coated with magnesio-ferrite, which may have slowed the corrosion process (LANL, 

2000a; LANL, 2000b). 

3.2.2 Interpretation of Test Results 

The STTP tests containing bentonite (L-3 1, L-32, and L-33) were carried out to simulate the 

effects of the bentonite backfill that was planned at the time the tests began. MgO was later selected as 

backfill material in place of bentonite (USDOE, 1996b), so tests containing bentonite are not likely to be 

representative of anticipated repository conditions. 

Tests pressurized with carbon dioxide were performed to simulate the effects of carbon dioxide 

generated by decomposition of organic wastes in the repository. However, carbon &oxide will be 

consumed by reaction with MgO backfill, and currently anticipated carbon dioxide partial pressures in the 

repository are expected to be very low (USDOE, 1996b). The tests pressurized with carbon dioxide 

therefore are not representative of likely repository conditions. The presence of MgO is also expected to 

buffer pH values in the repository brines to approximately 8.5. Because MgO was not included in the test 

matrix, the pH values of some of the tests also are not representative of anticipated repository conditions. 

The potential problems associated with measuring redox potentials in complex systems are well 

understood, e.g., mixed potentials, electrode poisoning, and a number of other possible factors (Lindberg 

and Runnells, 1984; Mendoza, 2000). However, these data can still provide some indication of the 

effectiveness of adding iron mesh to control redox conditions in tests with similar materials. For example, 

plutonium hydroxide solubility experiments conducted using iron metal to control the redox state of the 

solutions yielded Eh values that ranged from -367 to -252 millivolts in solutions with pH values of 
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approximately 7 to 9 (Felmy and others, 1989). Similar ranges of Eh values might be expected in the 

STTP experiments if the iron effectively controls redox condrtions. 

Eh data for selected liter-scale STTP tests are compared in Figures 1 through 4. Eh measurements 

as a function of time in STTP experiments using Portland cement and Brine A are compared in Figure 1. 

Three experimental loadings (with iron, without iron, and with americium salts and no iron) can be 

compared. The measured Eh values in these experiments generally ranged between 100 and 500 millivolts, 

which represents somewhat oxidizing conditions. There appears to be no systematic difference between 

tests that contained iron and tests without iron, and it therefore seems that iron may not have effectively 

controlled redox conditions in these tests. Figure 2 is a similar comparison for tests carried out with 

Portland cement and Castile Brine. Although the range of measured Eh values in the Castile Brine 

experiments is slightly lower than the Eh range observed in the Brine A experiments, there appears to be no 

sigmficant difference between Eh values measured in Portland Cement/Castile Brine tests with and without 

iron (Figure 2). 

All tests conducted with Envirostone contained iron, so the effects of iron on measured Eh values 

in these tests cannot be assessed. Some tests were conducted with and without iron using the DOR 

pyrochemical salts and Brine A (Figure 3) and 0s pyrochemical salts and Brine A (Figure 4). The DOR 

salts tests included experiments with iron, with iron and chelators, and without iron but with chelators 

(Figure 3). The 0s salts tests contained iron and chelators or no iron with added americium salts (Figure 

4). The ranges in Eh values are essentially identical to the measured values in the Portland cement tests 

(approximately 100 to 500 millivolts), and there is no sigmficant drfference between tests with and without 

iron. At the pcH values of these tests (approximately 7.4 to 9.0) these Eh values represent relatively 

oxidizing conditions, compared to the range of Eh values observed in other tests conducted with plutonium 

and iron (Felmy and others, 1989). 

The absence of significant differences in Eh values between tests conducted with similar waste 

loadings with and without iron may indicate that iron was ineffective for controlling redox condrtions and 

actinide oxidation states in the STTP experiments. Because the iron mesh in the STTP experiments may 

have been encapsulated by waste or coated with magnesio-femte, iron may not have effectively established 

reducing condrtions in these experiments. T ~ E  situation differs from conditions expected in the repository, 

where iron will be present in the container surrounding the waste and where the biodegradation of organics 
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is also expected to contribute to reducing condrtions. However, exposure of the solutions to air during the 

one to two days between obtaining the samples and Eh measurements (Mendoza, 2000) may have affected 

measured Eh values. Higher Eh values could have been caused by radiolysis reactions that occurred in the 

sample or by &ssolution of atmospheric oxygen after the samples were removed from the STTP reaction 

vessel. Thus, the effectiveness of iron for controlling redox conditions in the STTP experiments cannot be 

assessed using these data. 

Uncertainty regarding the identified plutonium(V) and plutonium(VI) oxidation states in samples 

from L-26, L-27, L-28, and L-36 is related to the one-to-two-day delay between sample removal from the 

STTP tests and sample filtration and analysis (Mendoza, 2000). During this time when the plutonium- 

bearing samples were isolated from the iron in the experiments, radiolysis of the samples could have 

produced oxidizing conditions regardless of the redox conditions in the test (Buppelman and others, 1986). 

Because plutonium0r) is likely to be a stable oxidation state in solutions exposed to the atmosphere ( h i  

and others, 1980; Rai, 1984; Orlandini and others, 1986; Choppin, 1990), air oxidation also could have 

contributed to the formation of plutoniumor) in tests L-27 and L-36. 

The four tests with observed plutonium(V) or plutonium(VI) in solution are summarized in Table 

3. All four tests contained DOR pyrochemical salts, which contained refractory MgO crucible material 

(LANL, 2000b). Selected chemical parameters measured in these experiments are summarized in Table 3. 

The results of these tests are described in the following sections, along with an analysis of the potential 

causes of the observed plutonium(V) and plutonium(VI) in these tests. 

3.2.2.1 Test L-26 

Test L-26 contained DOR pyrochemical salt waste, Brine A, and iron mesh (Table 3). In test L- 

26, plutonium concentrations increased for approximately the first 2 years, then declined during the next 

two years of testing (LANL, 2000b; Runde, 2000). Other actinides were not present in solution at high 

concentrations (Runde, 2000). Measured Eh in the solution rose and fell with the total plutonium 

concentration (Runde, 2000). The pcH in this test declined from an initial value of 8.42 to approximately 

7.8 during the first few months of testing, then remained fairly constant for the remainder of the test period 

(LANL, 2000b; Runde, 2000). Plutonium speciation analysis began in March 1997 and indicated that 80 
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to 100% of the total plutonium was present as plutonium(VI) (Runde, 2000). Plutonium(VI) was detected 

in the L-26 test solutions through August 1998, but samples obtained from thls test after August 1998 did 

not show evidence of plutonium(VI). However, the measured total plutonium concentrations in these later 

samples were close to or below the detection limit for the spectroscopic analysis (Runde, ZOOO), so it is 

possible that plutonium(VI) was present in these later samples at concentrations below the detection limit. 

Total iron concentrations were relatively low during the time period when plutonium(VI) was detected. 

Because only total iron was measured in the experiments, it is not known if any of h s  iron was present as 

reduced (ferrous) iron. 

3.2.2.2 Test L-27 

Test L-27 contained DOR pyrochemical salt waste, Castile Brine, and iron mesh (Table 3). Total 

plutonium concentrations in test L-27 reached a maximum concentration w i t h  approximately 6 months of 

the start of this test (October 1995), then declined. The pcH in this experiment remained at relatively high 

values (10.65 to 11.15) throughout the test. Oxidation state analysis for L-27 samples began in December 

1996, after total plutonium concentrations had begun to decline. All oxidation state analyses showed the 

presence of plutoniumol), except for the last reported analysis in May 1999. Plutonium(VI) was not 

detected in any of the analyzed L-27 samples (LANL, 2000b; Runde, 2000). Total iron concentrations in 

the test solution increased and decreased along with the plutonium concentration (LANL, 2000b). 

3.2.2.3 Test L-28 

Test L-28 contained DOR pyrochemical salt waste, Brine A, and iron mesh and was pressurized 

with 60 bars of carbon &oxide (Table 3). Total plutonium concentrations in test L-28 increased from 

approximately 6,000 ppb in August 1995 to approximately 91,000 ppb in December 1996 (LANL, 2000b; 

Runde, 2000b). The pcH ofthe samples dropped from an initial value of 5.4 to 4.5 and total iron 

concentrations increased during this time period (Runde, 2000). 

MgO powder was added to Brine A to create a slurry, and the slurry was injected into the 

depressurized L-28 test container during February 1997. The test container was then repressurized with 
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carbon &oxide to 60 bars (LANL, 2000b). The MgO addition was difficult to carry out, because the brine 

slurry became viscous during in'jection (LANL, 2000b). After MgO was added, the total plutonium 

concentration measured in March 1997 was lower (1 8,098 ppb) than the preinjection concentration (90,942 

ppb). However, plutonium concentrations increased in May 1997 (41,822 ppb), and increased hrther to 

approximately 174,000 to 198,000 ppb between August 1997 and May 1999. 

The pcH of the test solution after MgO injection was not recorded until June 1997. The pcH at 

this time was 7.6, which is higher than the preinjection pcH of 4.5. The pcH declined from June 1997 to 

the final reported value of 5.1 in May 1999. Thus, injection of MgO appears to have decreased plutonium 

concentrations and increased pcH in the short term, but these effects did not persist. Total iron 

concentrations decreased inmelately after MgO injection into L-28, but increased to concentrations 

comparable to those observed before injection after the pcH declined to approximately 5. 

The relatively low pcH in Test L-28 after MgO addition indicates that buffering of the solution by 

Mg(OH), and magnesium carbonate phases did not occur. It has been suggested that buffering did not 

occur because rapid solidification of MgO prevented contact between the MgO hydration products and the 

solution (LANL, 2000b). Rapid solidification of MgO in the brine slurry injected into test L-28 is cited as 

evidence that the MgO could have formed such a solid mass in the test vessel (LANL, 2000b). 

Plutonium speciation was measured only in the May 1999 and December 1999 samples from L-28. 

Plutonium(V) was not detected in either sample and plutonium(v1) was detected only in the May 1999 

sample (LANL, 2000b; Runde, 2000). 

3.2.2.4 Test L-36 

Test L-36 was conducted with DOR pyrochemical salt waste, Castile Brine, iron mesh, and added 

chelators and hydrated lime (Table 3). Initial total plutonium concentrations in this test were 

approximately 20,000 ppb. Total plutonium concentrations decreased to approximately 3,000 ppb in July 

1996. Total plutonium concentrations then began to increase, and fluctuated between approximately 

19,000 ppb and 700 ppb. The most recent total plutonium concentration (March 1999) was approximately 

1,400 ppb (LANL, 2000b; Runde, 2000). Fluctuations in the pcH were relatively small, and pcH values 
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were above 11 for most samples (LANL, 2000b, Runde, 2000). Total iron concentrations varied between 

24 and 103 ppm during the test (LANL, 2000b). 

Plutonium oxidation state measurements began in October 1996. Plutonium (VI) was not detected 

in any samples from Test L-36 (LANL, 2000b; Runde, 2000). Plutonium(V) was not detected in initial 

solution samples, but it was detected in samples collected in February 1998 and June 1998. However, 

plutonium0r) was not detected in the most recent samples collected between August 1998 and March 1999 

(LANL, 2000b; Runde, 2000). 

3.2.2.5 Possible Causes of Plutonium(V) and Plutonium(VI) in STTP Tests 

Higher oxidation states of plutonium are not anticipated in the WIPP repository because of 

biodegradation of organic materials and oxidation of metals, as these processes consume oxygen and 

promote a reducing environment. Although iron mesh was included in the experiments in which 

plutonium0r) and plutonium(VI) were detected, it is possible that the iron mesh was encapsulated in the 

pyrochemical salt waste or coated with magnesio-ferrite. If either of these conditions occurred in L-26, L- 

27, L-28, or L-36, the iron may not have been available to react with the solution or the rate of reaction 

may have been slowed significantly by the magnesio-femte coating (LANL, 2000a; LANL, 2000b). 

Analysis of head space gases in Tests L-26, L-27, and L-36 indicate the presence of hgh 

concentrations .of hydrogen and oxygen gas (Table 3). The presence of these gases indicates that brine 

radiolysis occurred in these tests. If iron was unavailable to react or reacted relatively slowly with the 

oxidants in solution, oxidants such as peroxide and hypochlorites may have reacted with the plutonium and 

increased the oxidation states to plutonium(V) and plutonium(VI). Radiolysis in excess of the average 

amount expected in the repository is likely to have occurred in the tests with pyrochemical salts because of 

the relatively hgh plutonium activities in these wastes (LANL, 2000b). 

In addition to possible oxidlzing conditions in some STTP tests, pcH values lower than anticipated 

in the repository were observed in L-26 and L-28 (Table 3). These lower pH values were achieved because 

MgO was absent from the tests, except for the presumably small amount of MgO present from the 

crucibles in the DOR waste and MgO that was added to L-28 after the test had been conducted for nearly 
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two years (LANL, 2000b). However, test L-28 was pressurized with carbon dioxide to 60 bar. Because 

excess MgO will be present in the repository to consume carbon dioxide generated by biodegradation of 

organics, t h l s  carbon dioxide pressure is not representative of repository conditions. The relatively small 

and transient nature of the effects of adding MgO to L-28 were probably caused by reaction of the MgO 

with excess carbon dioxide and formation of a solid mass that prevented the complete reaction of MgO 

(LANL, 2000b). 

Finally, there is uncertainty related to the identification of plutoniumol) and plutonium(VI) in the 

samples from the liter-scale STTP tests. This uncertainty arises because the samples were exposed to air 

for one to two days before filtration and analysis (Mendoza, 2000). Because radiolytic or air oxidation of 

plutonium may have occurred prior to sample analysis (Buppelman and others, 1986; Buppelman and 

others, 1988; Kelm and others, 1999), it is not certain that oxidized plutonium species (V or VI) were 

actually present in the STTP test solutions. 
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4.0 PLUTONIUM OXIDE SOLID EXPERIMENTS 

Haschke and others (2000) have reported that PuO,,,, (in whch x is less than or equal to 0.27) is 

the stable binary plutonium oxide phase in air. This phase contains a sigtllficant amount of plutonium(VI) 

in addition to plutonium(IV) in its structure. Previous investigations indicated that PuO,, whch contains 

only plutonium(IV), is the highest stable plutonium oxide. Because plutonium(IV) solids are relatively 

insoluble, plutonium is generally considered to be relatively immobile under most environmental conditions. 

Based on the Haschke and others (2000) article, Madic (2000) has stated that the presence of 

plutonium(VI) in PuO,, should be considered in safety evaluations of long-term plutonium storage. 

The formation of the higher oxide PuO,, occurs by reaction of PuO, with water in moist air or 

moist oxygen: 

PuO,(s) + x H,O(adsorbed) - PuO,+,(s) + x H2(g) 

over the temperature range of 25 to 350°C (Haschke and others, 2000). The progress of t h s  reaction was 

monitored by evaluating the formation of hydrogen gas. This reaction occurs via a catalytic cycle, in which 

adsorbed water reacts with the plutonium oxide solid to form PuO,,, and in the presence of 02, atomic 

hydrogen on the solid surface reacts to re-form H,O. X-ray diffraction (XRD) studies of solids synthesized 

in t h ~ s  manner show a face-centered cubic fluorite structure, in which the a, lattice parameter increases 

linearly with increasing 0:Pu ratios at values in excess of 2.00 (Haschke and others, 2000). 

Ths  reaction will be relevant only during the early period of the WIPP repository time period, 

because this reaction has been reported to occur only in the presence of oxygen. Oxygen is expected to be 

removed fairly quickly from the WIPP repository by metal corrosion and biodegradation of organic 

materials (USDOE, 1996b). Thus, formation of PuO,,, in the WIPP repository is likely to be minimal 

because of the long-term reducing environment predicted for the repository. The WIPP conditions will thus 

be different than the conditions observed by Haschke and others (2000). 
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5.0 APPLICABILITY OF THE LITER-SCALE STTP AND PLUTONIUM 
SOLID EXPERIMENTAL RESULTS TO WIPP CONDITIONS 

The liter-scale STTP experiments and the plutonium oxide solid experiments reported by Haschke 

and others (2000) are not representative of the long-term WIPP repository environment. The differences 

between these experiments and anticipated WIPP repository conditions are summarized in the following 

sections. 

5.1 STTP Experiments 

The liter-scale STTP experiments do not adequately simulate the WIPP repository environment 

because of the lack of MgO in the tests. The presence of carbonate solution species and low pH values can 

increase plutonium solution concentrations. Because MgO is expected to remove carbon dioxide and buffer 

pH, the results of these experiments are unllkely to be Qrectly applicable to general repository conditions. 

The pcH values measured in test L-26 samples were less than 8 during the time period when hgher 

plutonium concentrations were observed. Because the Mg(OH), - MgCO, buffer is expected to maintain 

pcH within the range of 8.5 to 10 in the WIPP repository, the conditions of test L-26 are not applicable to 

the repository environment. 

The addition of MgO to test L-28 resulted in a transient decrease in total plutonium concentrations 

and higher pH, but did not cause higher pH values and lower plutonium concentrations over long-term 

testing condtions. The high carbon dioxide partial pressure in test L-28 and addition of MgO in the form 

of a brine slurry may have resulted in the formation of a solid mass of MgO with limited available surface 

area for reaction. Also, the high carbon dioxide partial pressure in this experiment is very different from 

anticipated WIPP repository conditions. Therefore the results of th ls test are not applicable to WIPP. 

Other differences between the liter-scale tests and the repository environment include possible 

encapsulation of iron mesh in the experiments by the pyrochemical waste. If the iron was encapsulated in 

the experiments, it would be unavailable for reaction with oxidants such as hypochlorites and peroxides 

that could be produced by radiolysis. In this case, the oxidants could produce oxidzed plutonium(V) and 
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plutonium(VI) species in solution. Because iron in the containers will surround the waste in the repository, 

encapsulation of the containers by waste is not a llkely scenario. 

The possible formation of magnesio-ferrite on metal surfaces, which was observed in tests L-1 , L- 

20, and L-21, cannot be ruled out. If magnesio-ferrite forms on metal surfaces in the repository, metal 

corrosion and removal of oxygen from the repository through this mechanism may be slowed. However, 

the biodegradation of organic materials in the repository is another mechanism for establishing reducing 

conditions in the repository, so the assumption of long-term reducing conditions in the repository is still 

valid. 

Corrosion testing in WIPP brines has been carried out at moderate pH values with Salado brine, 

whch is a relatively high magnesium brine, and at higher pH values with Castile brine, which has a 

relatively low magnesium concentration (Telander and Westerman, 1997; Felmy and others, 2000). 

Relatively limited information has been developed regarding the corrosion of low-carbon steel in conditions 

currently expected in the WIPP repository because of the use of MgO backfill, including high pH and high 

magnesium concentrations. 

The consistency between laboratory and natural-analogue-based corrosion rates of iron-bearing 

materials suggests that the apparently oxidizing conditions observed in some STTP experiments cannot be 

attributed to a fhdamental misunderstandmg of basic mechanisms and rates controlling iron corrosion. 

That is, there is no evidence from the natural analogue studies to suggest that the corrosion rate of iron will 

be sigmficantly less than the experimentally predicted rate. Thus, the available information indicates that 

iron corrosion will occur at a low rate at the expected repository pH values, and this iron corrosion will 

contribute to a long-term reducing environment in the WIPP repository. Most of the natural analogues in 

Table 1 were obtained from non-brine environments. Plans to evaluate iron corrosion in brines through 

natural analogue studies (L. Brush, personal communication) therefore may provide meaningfd additional 

data. 

Pyrochemical salt waste is expected to make up less than 0.5% of the waste inventory in the WIPP 

repository (LANL, 2000a). The pyrochemical waste used in the tests that contained plutonium(V) and 

plutonium(VI) had relatively high plutonium activity. Therefore, these wastes are llkely to initially release 

higher plutonium concentrations and to cause greater amounts of brine raholysis than the majority of the 
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wastes in the WIPP repository (LANL, 2000b). The production of plutonium(V) and plutonium(VI) in 

localized areas of the WIPP may similarly occur as a consequence of waste heterogeneity. However, as 

equilibrium is achieved in the repository, it is llkely that any oxidized plutonium species produced in such 

localized areas will be reduced to less-mobile plutonium(II1) and plutonium(IV) species. 

Because the solution samples removed from the STTP experiments may have been exposed to air 

for one to two days before sample analysis was carried out, it is possible that radiolysis or air oxidation 

reactions could have affected solution Eh values and plutonium oxidation states. Due to the potential 

exposure to air, the existing STTP data cannot be used to evaluate plutonium oxidation states in solution or 

probable redox conditions in the repository. In addition, because redox conditions in the samples could 

have changed during the time period before they were analyzed, it is possible that particulate plutonium 

could have dissolved during these sample holding times. Thus, the available data is llkely to be reliable 

only for total plutonium concentrations, and not for dissolved concentrations as determined by filtration. 

5.2 Applicability of Plutonium Oxide Solid Experiments 

The plutonium oxide solid experiments that produced Pu02+, were conducted in moist air or moist 

oxygen Waschke and others, 2000). Because oxygen is necessary for the autocatalytic reaction that forms 

PuO,, this solid is not expected to be important in the long-term, reducing repository environment. 
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6.0 CONCLUSIONS 

The following is a summary of the potential issues arising from the observation of plutonium0l) 

and plutonium(VI) oxidation states in the STTP experiments (LANL, 2000a and 2000b) and the formation 

of PUOZCX. 

6.1 STTP Test Results and the Presence of Plutonium(V) and Plutonium(VI) in the Repository 

Potential issue: The formation of plutonium(V) and plutonium(VI) in the STTP experiments 

indicates that these plutonium oxidation states will persist in the repository and lead to increased mobility 

of plutonium. 

Response: There are important differences between the STTP experiments and the WIPP 
repository environment. These differences include evidence that the tests were probably not at equilibrium, 

the possibility that iron was encapsulated and could not influence the redox state of the experimental 

solution, the absence of MgO, and the high plutonium concentrations in the pyrochemical salt waste. In 

addition, it is possible that the plutoniumOr) and plutonium(VI) that was observed in a few experiments 

may have formed after samples were removed from the experiments, but before analysis was carried out 

because of the one-to-two-day sample holding times. 

The conceptual model developed to describe the actinide source term is based on conditions of 

chemical equilibrium (USDOE, 1996b; USEPA, 1998a; USEPA, 1998b). Under equilibrium conditions in 

the repository, redox conditions will be controlled by reaction of brine with iron in the waste drums, and 

will also be influenced by the reducing effects of microbial degradation of organic materials in the waste 

(USDOE, 1996b; USEPA, 1998a, USEPA, 1998b). The net result of the iron corrosion and 

biodegradation processes will be to produce a reducing environment in the repository (USDOE, 1996b; 

USEPA, 1998a, USEPA, 1998b). Because of this reducing environment, the source term conceptual model 

predicts that only plutonium(II1) and plutonium(rV) will be present at equilibrium in the repository 

(USDOE, 1996b, USEPA, 1998a; USEPA, 1998b). The STTP experiments with measurable 

plutonium(V) and plutonium(VI) concentrations in solution were probably not at equilibrium because of the 

complex nature of the materials used in the tests, the relatively short duration of the tests, and the transient 

appearance of plutoniumOr) and plutonium(VI) in the tests. 
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Examination of reaction products from two pyrochemical salt tests indicated that the solids formed 

a mass encapsulating the iron mesh, and this effect may have prevented interaction between the iron and 

solution (LANL, 2000b). A similar effect probably will not occur in the repository, where iron in the 

containers will surround the waste. Thus, although iron may not have influenced redox conltions in the 

STTP tests because of its encapsulation by waste, t h s  type of encapsulation probably will not occur in the 

repository. 

MgO backfill was not included in the repository design when the STTP experiments were started. 

Consequently, the experiments did not contain MgO, which is expected to react with water to form 

Mg(OH), and to react with carbon &oxide formed by microbial degradation of organics to form 

magnesium carbonate phases such as hydromagnesite. The presence of MgO is expected to maintain low 

carbon dioxide partial pressures and to buffer pH values between 8.5 and 10 (USDOE, 1996b). Thus, the 

presence of 60 bars of carbon dioxide and low pH values in test L-28 are inconsistent with repository 

conditions. MgO was later added to this test, but the high sustained carbon dioxide pressure and the 

addition of MgO as a brine slurry may have caused the MgO to form a solid mass that had limited ability 

to react with the solution in the test. 

The pyrochemical salt waste used in the experiments that contained plutoniumol) and 

plutonium(VI) in solution had relatively high plutonium concentrations (LANL, 2000b). These hgh 

plutonium concentrations likely caused radiolysis that produced peroxide and hypochlorites as well as 

hydrogen (HJ in solution (LANL, 2000b). Peroxide and hypochlorites typically react quickly, whereas 

hydrogen reacts more slowly. In the repository, these peroxide and hypochlorite species are expected to 

rapidly react with iron in the waste containers. However, because iron may not have been available in the 

STTP tests to react with the peroxide and hypochlorite, the oxidizing species were able to react with 

plutonium and formed oxidized plutonium species. Thus, brine radiolysis in the absence of iron may have 

occurred in the tests, but this process is not expected to occur in the repository. 
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The transient formation of plutonium(V) and plutonium(VI) in the WIPP repository was considered 

in the development of the conceptual model of the actinide source term (USDOE, 1996b, USEPA, 1998a; 

1998b). However, because of reducing conditions in the repository, plutonium(V) or plutonium(VI) that 

forms in the repository will be reduced to plutonium(II1) or plutonium(IV) as the system approaches 

equilibrium. Conditions in the STTP experiments were oxidizing, based on the Eh and gas head space data 

provided (LANL, 2000b; Mendoza, 2000; Runde, 2000). In addition, because MgO was not present in the 

STTP experiments, pH and carbon dioxide partial pressures also differed in the STTP experiments from 

conditions predicted for the repository. Finally, the period of time between removal of samples fiom the 

STTP experiments and their filtration and analysis could have affected the results of the oxidation state 

analyses. Therefore, the STTP experimental data do not accurately represent long-term, equilibrium 

repository conditions and observation of plutonium(V) and plutonium(VI) in these experiments does not 

contradict the source term conceptual model (USDOE, 1996b). 

6.2 Reducing Conditions in Repository 

Potential issue: The formation of magnesio-ferrite on the surfaces of the steel mesh in the STTP 

experiments indicates that iron corrosion may not create reducing conditions in the repository. 

Response: The available iron corrosion data obtained with WIPP brines (Telander and 

Westerman, 1997; Felmy and others, 2000) indicate that coatings may form on iron during corrosion. 

However, the coatings in these studies were not found to be adherent. Available corrosion data at the pH 

values relevant to the WIPP repository indicate that corrosion will occur, although higher pH values can 

slow the corrosion rate (Telander and Westerman, 1997). Available natural analogue data for iron 

corrosion are similar to the assumed corrosion rates in the WIPP CCA PA. Thus, iron corrosion is 

expected to occur in the repository and generate reducing conditions. In addition to iron corrosion, 

biodegradation of organic materials in the repository (cellulosics, plastics, and rubber) will consume 

oxygen and contribute to a long-term reducing environment. 
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6.3 Formation of Pu02+, in the Repository 

Potential issue: The formation of Pu02+, in the repository rather than Pu02 will cause higher 

plutonium solubilities than predicted by the source term model. 

Response: The experimental data on PuO, formation presented by Haschke and others (2000) 

indicates that Pu02+, will form only in the presence of oxygen. Because the long-term repository 

environment will be anoxic, PuO, will not form under long-term conditions. Thus, the formation of 

Pu02+, is not expected to affect equilibrium plutonium solubilities predicted by the source term model. 
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Table 1 

Iron Corrosion Rates 

Corrosion 
Rate (pm/yr) 
0.0025 - 10* 

2 - 430 

Environment 

Wet to arid, 

reducing 
Seawater 

oxidzing to 
Various 

(44 artifacts) 
Johnson and 

Francis (1980) 

Various (2 
artifacts) 

Johnson and 
Francis (1 980) 

Iron Chsel 

Iron Blade 
Iron Knife 
Gas Pipe 

Water Pipe 

Iron Support 

Miller and van 
der Menve (1994) 

Scott (1991) 
Scott (1 99 1) 
S a s h  et al. 

( 1992) 
Sasaki et al. 

(1 992) 
Dresselaers et al. 

(1 982) 

1 - 4  
7.5 - 18.7 
0.01 - 0.08 

0.03 - 0.05 

5 - 15 

Tropical 

Carbon steel in 
gravel 

Carbon steel in 
clay 

Coal mine 

-- 

0.005 - 6.5 WIPP disposal 
rooms 

Low-Carbon 
Steel 

Telander and 
Westerman 

I 

Corrosion 
DeDth (mm) 

Artifact Reference 

-- 

-- 

1,870 0.1 - 14.2 Moist 
0.05 -7.6 I Iron Nails Miller et al. 

Jewelry Miller and van 
der Menve (1 994) 

1,330 0.5 - 0.7 
0.4 I Arid 

0.2 - 0.6 And 
O.I5 -0.45 I 1,330 

1,000 
850 
50 

1 - 4  
6.4 - 15.9 
0.5 - 0.4 

3.3 - 5.5 110 

60 0.3 - 0.9 

90 0.4 - 1 . 1  3.9 - 11.7 I Coalmine 

-- 

PA I 
1.5 - 5.6 ERDA-6 

brine, pH 8.6 
to 10.6 I (1 997) 



Table 2 

Manganese 

Silicon 

Phosphorus 

sulfur 

Vendor Analysis of Steel Used in STTP Experiments 

0.620 

0.230 

0.012 

0.006 

Carbon 0.679 



Table 3 

Test 
Container 

L-26 

Liter-Scale Tests with Measured Plutonium(V) or Plutonium(VI) Concentrations 
All Tests Contained Pyrochemical Salt (Direct Oxide Reduction) Waste and Iron Mesh 

~~~ ~ 

Brine Chelators Pressurize Plutonium(V) 
Type and d with CO, or 

Ca(OH)* Plutonium(VI) 
added 

Brine A No No VI 

Last 
Reported 
Plutoniu 
m (ppb) 

4,141 

29.683 

I (Salado) I I I 

Total Head 
Iron Space H2 

Range (volume 

< 0.1 73 
to 29 

43 to 65 

(ppm) Y O )  

Castile 

Brine A 
(Salado) 

Head 
Space 0, 
(volume 

5.4 

YO)  

4.8 

high 
pressure 

test 

15 

Head 
Space N, 
(volume 

Y O )  

0.6 

5.0 

high 
pressure 

test 

0.2 

PCH 
Range 

L-36 

6.78 to 
8.42 

10.65 
to 

11.18 

4.5 to 
7.6 

10.58 
to 

11.44 

Castile Yes No V 

Total 
Plutoniu 
m Range 

17 to 
70,826 

19,717 to 
243,438 

0 

5,989 to 
197,984 

700 to 
19,963 

I 243 I 

1,439 24 to 

I lo3 I 
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Figure 1. Portland Cement and Brine A 
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Figure 3. Pyrochemical Salts (DOR) and Brine A 
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Figure 4. Pyrochemical Salts (0s) and Brine A 

600 

500 

400 

300 

n CI 7 200 

'E r 100 

,- - - 
w 

0 

-1 00 

-200 

-300 

4- 

Sep-94 Apr-95 Oct-95 May-96 Deo96 Jun-97 Jan-98 Jul-98 Feb-99 Aug-99 

Data 

-+- L-34 (contains iron and chelators) 
+- L38 (no iron, Am-salt added) 

j:Dl0035\Eh Compilation STTP-final.xls 



Enclosure 7 

EPA Report: 
Implications Regarding the Efficacy of MgO Backfill 

Based on Preliminary Results of STTP Liter-Scale 
Experiment L-28 
September 2000 



IMPLICATIONS REGARDING THE EFFICACY OF 
MgO BACKFILL BASED ON PRELIMINARY 

RESULTS OF STTP LITER-SCALE EXPERlME" L-28 

Prepared by: 

S. Cohen & Associates 
1355 Beverly Road, Suite 250 

McLean, VA 22 10 1 

Under 

Contract No. 68D70073 
Work Assignment 3-03 

Prepared for: 

U. S. Environmental Protection Agency 
Office of Radiation and Indoor Air 

Washington, DC 20460 

Mr. Charles 0. Byrum 
Work Assignment Manager 

September 4,2000 



Implications Regarding the Efficacy of MgO Backfill Based on Preliminary 
Results of STTP Liter-Scale Experiment L-28 

1. Introduction 

Experiments initiated in 1995 by Los Alamos National Laboratory (LANL) as part of the Actinide 
Source-Term Waste Test Program (STTP) are intended to support the Actinide Source-Term Model 
(ASTM) used in the Waste Isolation Pilot Plant (WIPP) Compliance Certification Application (CCA). 
The STTP comprises a series of long-term experiments wherein actual contact-handled transuranic 
(CH-TRU) wastes are immersed in brines representing solutions present in the Salado or Castile 
Formations at the WIPP site. The primary objective of the experiments is to confirm that actinide 
concentrations measured in brines equilibrated with real waste are, conservatively, lower than 
predicted by the ASTM. Preliminary results (based on available documentation referenced below) 
appear to confirm that the ASTM predictions are generally conservative (as noted below, however, 
the experimental methodology used in the STTP raises questions about the utility of these results). 
Actinides were dissolved at concentrations well below the predictions in all but two experiments, 
where the concentrations were slightly greater, or equal to, predicted values. 

A collateral result of the STTP may warrant additional consideration, however. MgO apparently did 
not fbnction as expected. That is, addition of MgO to one pressurized liter-scale experiment 
(Experiment L-28) failed to buffer pcH within the expected range of moderately alkaline values. 

Our review of this issue found the results of Experiment L-28 to be suspect and unrepresentative of 
the WIPP waste environment. Our evaluation of these results, and associated interpretations and 
performance implications, are documented in the present report. Expected reactions involving MgO 
and WIPP brines are summarized in Section 2. The design and operation of Experiment L-28, and 
interpretations of experimental results proposed by LANL researchers, are summarized in Section 3 .  
The basis for our conclusion that the results do not raise concerns about the efficacy of MgO backfill 
at WIPP is summarized in Section 4. 

It should be emphasized before proceeding that documentation relating to the STTP experiments is 
presently incomplete because most of the experiments are currently in a state of safe standby (ie., 
they are ongoing but sampling and analysis work has been curtailed). DOE documentation 
considered in the present report consists of 

A letter and attachments from I. Triay (DOE/CAO) to F. Marcinowski (EPNORIA), 
dated 02/10/2000, 
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A draft report titled “The observation of plutonium in the +VI oxidation state in the actinide 
source term test program experiments,” dated 03/23/2000, and 

Minutes of a joint EPA/DOE technical exchange held in Washington, DC on April 12 and 13, 
2000. 

These sources of information are referred to below as the EPA 2/1 O/OO Letter, DOE 3/23/00 Report, 
and EPA 4/00 Minutes, respectively. 

2 Summary of Expected Reactions Involving MgO and WIPP Brines 

Previous analyses of the pH buffering properties of MgO are summarized in EPA (1998). Briefly, 
the initial reaction that is expected to occur on contact of MgO backfill with brine is the hydration 
of MgO to form brucite [Mg(OH),]: 

MgO(s) + H20 = Mg(OH),. (1) 

Carbon dioxide produced by microbial degradation of organic materials will then react with brucite 
to form one or more Mg-carbonate phases. Magnesite [MgCO,(s)] is the most stable among these 
phases at relatively low temperatures and pressures expected in the WlPP repository. Based on 
thermodynamic considerations alone, magnesite should form from brucite via reactions such as: 

Mg(OH),(s) + CO,(g)= MgCO,(s)+ H,O. (2) 

Magnesite formation is kinetically inhibited at low-temperatures, however, due to the high energy of 
hydrolysis of the Mg2+ ion, which makes it difficult to separate the waters of hydration from the ion 
during solid formation (e.g., Doner and Lynn, 1977; Lippmann, 1973; Morse and Mackenzie, 1990). 
Rather, Mg2+ carbonation will initially result in formation of metastable hydrated carbonate phases, 
such as hydromagnesite, by reactions such as 

and 

[these two structural formulas for hydromagnesite are reported by Novak (1 997)]. Another possible 
reaction involves formation of nesquehonite WgCO, - 3H,O(s)] from brucite: 
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Mg(OH),(s) + CO,(g) + 2H20 = MgCO, *3H20(s). ( 5 )  

Nesquehonite is metastable, however, with respect to both magnesite and hydromagnesite. It will 
convert to hydromagnesite by reactions such as: 

MgCO, - 3H,O(s) f 3co,(g) + 4Mg(OH),(s) = Mg,(CO,),(OH), - 4H,O(S) + 2H20. (6) 

Hydromagnesite will then dehydrate to form magnesite, e.g., 

Mg,(CO,),(OH), - 4H20(s) + CO,(g) = 5MgCO,(s) + 5H20. (7) 

The rates of the above reactions have been approximated (EPA, 1998) using the results of limited 
laboratory studies (Davies and Bubela, 1973; Sayles and Fyfe, 1973; Usdowski, 1994; Davies et al., 
1977; SNL, 1997) and field observations of diagenetic sequences of Mg-carbonates in relatively 
young geologic systems (Irion and Mueller, 1968; Marschner, 1969; Fischbeck and Muller, 197 1 ; 
Renaut and Long, 1989; Stamatakis, 1995). Based on these studies and observations, the 
time-sequence of events resulting from brine infiltration and reaction with MgO backfill in the WIPP 
repository is envisaged to involve the following steps (EPA, 1998): 

Rapid reaction (hours to days) between brine and MgO to produce brucite, 

Rapid carbonation (hours to days) of the brucite to produce nesquehonite and, possibly, 
hydromagnesite, 

Rapid conversion (days to weeks) of the nesquehonite to hydromagnesite, and 

Slow conversion (hundreds to thousands of years) of the hydromagnesite to magnesite. 

There is considerable uncertainty, however, regarding both the nature of the reactions involved in this 
sequence and the rates at which they occur. For example, although hydromagnesite, and to a lesser 
extent nesquehonite, are the most commonly observed metastable phases observed in natural and 
experimental systems, a number of other metastable magnesium carbonates may also exist (z.e., 

artinite, lansfordite, protohydrornagnesite, barringtonite and dypingite). Several of these phases 
(including protohydromagnesite and dypingite) are implicated as intermediate phases formed as 
nesquehonite dehydrates to hydromagnesite (SNL, 1997). Thermodynamic data that can be used to 
define stability/ metastability relations among magnesite, hydromagnesite and nesquehonite are 
uncertain. For example, published solubility-product constants at 25 "C and 1 bar for magnesite 
(Langmuir, 1965; Christ and Hostetler, 1970, SNL, 1997) and hydromagnesite (Langmuir, 1965; 
SNL, 1997) vary by more than 5 orders of magnitude. It should also be noted that the above 
estimated rate of magnesite formation at WIPP-relevant temperatures is extrapolated from an 
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Arhhenius plot constrained by only three data points at relatively high temperatures [126"C (Sayles 
and Fyfe, 1973); 60°C and 180°C (Usdowski, 1989, 1994)l. Associated uncertainties are 
exemplified by the presence of hydromagnesite in late Quaternary (< 27.3 million years) evaporite 
basins (Stamatakis, 1999, suggesting that hydromagnesite may persist for periods of time greatly 
exceeding the times estimated in the above sequence of events. 

Consistent with the uncertainties noted above, the Environmental Evaluation Group (EEG) of the 
State ofNew Mexico has questioned whether the reaction between brine and MgO to produce bmcite 
actually occurs within hours to days'. The basis for this question comes from experiments carried out 
by Sandia National Laboratories (results, cited by EEG, were presented by J. Krumhansl at the 
ICEM'99 Conference in Nagoya, Japan), in which the presence of brucite was apparently not 
detected after reaction of MgO with Salado and Castile Formation brines for as long as 443 days. 
This question may be premature, however. For example, minerals occurring in trace amounts may 
escape detection by standard analytical methods [e.g., X-ray Diffraction (XRD) or Scanning Electron 
Microscopy (SEM)]. The failure to detect brucite may therefore mean either that it did not form, or, 
alternatively, that it was present in such small amounts that it could not be detected. The basis for 
the question posed by EEGis also directly contradicted by the results of similar experiments involving 
reaction of MgO pellets with Salado and Castile brines at 30°C for < 60 days, which indicate that 
brucite is in fact present as a thin layer separating an inner surface of unreacted MgO from outer 
layers of nesqeuhonite (SNL, 1997; Fig. 4-6, plate C). It is interesting to speculate that such 
"sandwichingy7 of small amounts of brucite between MgO and Mg-carbonate phases could complicate 
efforts to detect brucite by XRD or SEM. 

Despite the uncertainty in the nature and rates of reactions involving MgO and carbonated brine, the 
preponderance of available experimental and field evidence suggests it is reasonable to assume that 
MgO will hydrate to Mg(OH), and that Mg(OH), will partially dissolve to form one or more 
Mg-carbonates. Such reactions will sequester carbonate within the crystalline lattice of the mineral(s) 
and will tend to buffer the pH ofthe coexisting solution. This can be seen more clearly by considering 
a reaction similar to Reaction (3), for example, but written in terms of H' and HCO,' rather than 

CO,(g): 

SMg(OH), + 4HC0,' + 4H' = Mg,(CO,),(OH), * 4H,O + 4H20 

Formation of hydromagnesite from brucite should thus consume HCO, and cause the pH to rise. 
Addition of MgO to liter-scale Experiment L-28 was apparently attempted to confirm this line of 
reasoning 

'- Letter dated 3/22/00 from R. H. Neil1 (EEG) to I. Triay @OE/CAO), 

4 

Attachment 4. 



3 Liter-Scale Experiment L-28 

The primary objective of Experiment L-28 was to determine the concentrations of Nd, Am, Thy Np, 
U and Pu dissolved in “Brine A” (representing brine from the Salado Formation) in contact with 
Direct Oxide Reduction @OR) pyrochemical-salt wastes. The experimental system was pressurized 
to 60 bar with CO,(@ to simulate conditions originally expected in disposal rooms at WIPP. It was 
believed by the researchers at the time the experiment was designed that such high partial pressures 
of CO,(g) could be generated by microbial degradation of organic matter. MgO was added to 
Experiment L-28 after it was decided to use MgO as a backfill material at WIPP. The objective of 
adding MgO to this experiment was to determine whether this mineral would react as expected with 
carbonate species dissolved in Brine A to produce various Mg-carbonate phases, thereby buffering 
the pcH to relatively alkaline values. 

3.1 Experimental Design and Operation 

Aspects of the design and operation of Experiment L-28 that are pertinent to subsequent discussions 
are summarized below. Additional information on the design and operational procedures used in all 
the STTP experiments is described in the DOE 3/23/00 Report and the EPA 4/00 Minutes. 

A chronology of the initial loading, operation and current status of Experiment L-28 is as follows. 

A total of 907 grams of waste in the form of comminuted MgO crucibles containing DOR 
pyrochemical salts was added to a 2-liter all titanium container. It was expected that the wastes 
would be high inNaC1, KCI, CaCl,, MgO, MgCI, fluorides and some unreacted calcium metal and 
CaO. The waste included 10.46 grams 2 3 ~ u  (648 mCi) and 1.2 grams 241Am (4.2 mCi). Soluble 
salts of Th, U and Np (55  gm each), and of Nd (30 mg) were also added to the container. 
Fifty-five grams of Fe mesh enclosed within a flow-through plastic tube was added to the 
container to establish and maintain reducing conditions expected in the repository 

Brine A and an anaerobic brine inoculum were added to the test container. The inoculum was 
obtained from brine obtained at or near the WIPP site. The inoculum contained organic colloids 
and microorganisms. 

The container was topped off with brine to leave a headspace volume of 150 cm3. 

The test container was then loaded onto an agitation device that rotated the container through 
a 360-degree rotation once a week for 15 minutes. 

The test container was pressurized with carbon dioxide to 60 bar at 30°C. This pressure and 
temperature were maintained throughout the duration of the experiment, except at the time MgO 
was added (see below). 
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The first sample of brine was extracted under pressure in August, 1995. It is not clear when this 
sampling event occurred in relation to the initial pressurization event. Details regarding the 
sampling procedure are also unclear. 

Sample preparation and analysis procedures included a filtration step through 5 pm, 1 pm and < 
20 nm filters. Solids collected on the filters were analyzed to determine mineralogy and 
composition, and to characterize colloids. The leachate was analyzed for pcH, Eh, total 
concentrations of actinides, other elements, RCRA metals, carbonate (TIC), TOC and chelators 
[the primary references noted above (Section 1) report results only for Nd, Th, Np, U, Pu, Am 
and Fe (total)]. Although the compositions of headspace gases were routinely analyzed in other 
liter-scale experiments, including pressurized experiments L-37, L-3 8 and L-39, these gases were 
apparently not assayed in experiments L-28, L-29 and L-30. 

In February 1997, a slurry was prepared by mixing 76.4 grams of MgO (Enviromag 98) with 175 
ml of Brine A. Experiment L-28 was depressurized and the slurry was then added to the test 
container. It was observed (DOE 3/23/00 Report) that addition ofMgO in this form was difficult 
because suspended solids formed immediately on mixing and became more pronounced with time. 
It has also been noted that “the slurry had to be injected very rapidly aRer mixing or it would 
become too viscous to inject into the test container through the small-bore tubing used to inject 
the slurry” (DOE 3/23/00 Report). Once the slurry was successfully injected, the container was 
re-pressurized to 60 bar with CO,(g). A sample ofbrine was apparently taken immediately before 
re-pressurization (z.e., on 2/27/97; EPA 4/00 Minutes ). 

0 Sampling continued periodically up to 5/17/99. The CO,(g) pressure was continuously monitored 
and sustained at 60 bar during this time (EPA 4/00 Minutes). The experiment is currently in a 
state of safe standby. Plans to terminate the experiment, carry out deactivation and 
decommissioning operations, characterize material within the container and prepare a final report 
are unclear. 

3.2 Experimental Results 

Key results of Experiment L-28 that have a bearing on the efficacy of MgO to sequester CO, and to 
buffer pH are summarized below. 

Addition of MgO to the experimental system initially generated a transient increase in pcH, but 
pcH values later fell to levels observed prior to MgO addition. Results are shown in Fig. 1 [DOE 
3/23/00 ReportI2 . As can be seen, pcH increased from 4.5 to 7.7 shortly aRer addition of MgO 
to the container, but after a few months pcH decreased to values in the range 5.5 to 5 .  

’- It should be noted that data presented in the EPA 4/00 Minutes contradict several results shown in Fig. 1. The 
maximum pcH shown in the figure is 7.6, measured in a sample collected on 6/2/97. The EPA 4/00 Minutes indicate 
a maximum pcH of 7.7, however, based on measurements made on 2/27/97 (the date when MgO was first added to the 
container). Also, the EPA 4/00 Minutes indicate that a pcH value of 7.1 was measured in a sample collected on 6/2/97, 
but this sample is not represented in Fig. 1. 
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Although total dissolved inorganic carbon was measured in samples from L-28, these data are not 
reported. These data are important because the researchers could use this information to evaluate 
whether measured pcH values are controlled by the externally fixed CO, partial pressure, in 
accordance with Henry’s law. 

Mineralogical and compositional analyses of suspended solids collected during fluid sampling on 
the 5 pm, 1 pm and < 20 nm filters indicated that SrSO, was the only mineral retained by the 
filters. This suggests that any Mg-carbonates formed by reaction with MgO were not suspended 
in the brine. If so, the carbonate phases may have precipitated on the surfaces of MgO pellets, 
as observed in crystal growth experiments involving MgO and Salado and Castile brines (SNL, 
1997). 

The interpretation of results from L-28 is based in part on observations resulting from a 
Deactivation and Decommissioning (D&D) procedure applied to two similar experiments, L-3 1 
and L-32 (EPA 2/1 O/OO Letter, DOE 3/23/00 Report, and EPA 4/00 Minutes). Experiments L-3 1 
and L-32 contained pyrochemical salts, Fe mesh and Brine A. These experiments differ in four 
important respects compared to Experiment L-28, however: 1) they were not pressurized with 
CO,(g), 2) they contained pyrochemical wastes generated by Oxygen- Sparging (0s) of 
electrorefined Pu metal and salts rather than by DOR from Pu oxide to Pu metal, 3) they 
contained bentonite, and 4) MgO was not added to these experiments. The observations from 
the D&D operation that have been used by researchers to help interpret results from Experiment 
L-28 are: 1) pyrochemical salts had formed a hard solid mass several inches thick at the bottom 
of the test container, and 2) the perforated plastic container that contained the Fe mesh was 
totally enveloped by the solid mass. 

3.3 DOE’S Interpretations of the Experimental Results 

The observed decrease in pcH after the MgO was added (first bullet, Section 3.2) could seem at first 
to indicate that the MgO failed to buffer pcH. This apparent failure is attributed by DOE to the 
nature of the MgO after its addition to the container (DOE 3/23/00 Report, EPA 4/00 Minutes). As 
noted above (eighth bullet, Section 3. l), mixing ofMgO and Brine A resulted in formation of a slurry 
that solidified rapidly. If additional solidification of the material occurred after the slurry was added 
to the container, a solid mass of MgO could have formed, thus isolating MgO hydration products 
from reaction with carbonate from the brine. Although it is not clear that the slurry hardened into a 
solid mass, DOE states with certainty that the bulk of the MgO was not in contact with the brine in 
L-28 (DOE 3/23/00 Report). A similar mechanism is invoked to explain the apparent failure of Fe 
mesh in Experiments L-3 1 and L-32 to buffer redox potentials to strongly reducing values (EPA 
2/10/00 Letter, DOE 3/23/00 Report, and EPA 4/00 Minutes). 

The relevance of the results of Experiment L-28 with respect to the ability of MgO to sequester 
CO,(g) and to buffer pcH is dismissed by the researchers because the experimental conditions differ 
significantly from conditions expected over long periods of time in disposal rooms at WIPP (DOE 
3/23/00 Report, and EPA 4/00 &Utes). More specifically, the experimental conditions are 



considered to be irrelevant because the method of addition of MgO to the test container is 
inconsistent with the expected hydration behavior of MgO in the repository environment (DOE 
3/23/00). This difference in hydration behavior appears to refer to the fact that the CO,(g) partial 
pressure in L-28 is much higher than is expected to result from microbial degradation of organic 
matter in the repository. Moreover, the high CO,(g) pressure in L-28 causes the pcH to fall below 
values where brucite is stable (DOE 3/23/00 Report), implying that MgO is unable to react with 
dissolved carbonate unless it is first hydrated to Mg(OH),. It is therefore concluded by the 
researchers that “The ability ofMgO to buffer the brine pcH in the repository is well established, since 
the rate of CO, production is slow, relative to predicted brine inflow rates” (DOE 3/23/00 Report). 

4 EPA’s Review of Performance Issues Raised by Experiment L 2 8  

4.1 Issues Relevant to the WIPP CCA Performance Assessment 

The apparent failure ofMgO to buffer pcH values within the expected range [8.5 to 10 (DOE 3/23/00 
Report)] conflicts with a key assumption underpinning the Actinide Source-Term Model (ASTM) 
used in the WIPP CCA. That is, brines in disposal rooms at WIPP are expected to be moderately 
alkaline. Relatively acidic solutions, as were observed in L-28, could increase actinide solubilities, 
possibly to levels outside the range considered in the CCA. This raises the question whether the 
CCA is incomplete because the effects of relatively acidic conditions on actinide solubilities are not 
considered. 

4.2 EPA’s Review 

The objective in adding MgO to Experiment L-28 appears to be ill-conceived for two reasons: 

1) the relatively high and externally fixed CO,(g) partial pressure in the experiment is much higher 
than the CO,(g) partial pressures expected at WIPP, and 

2) the experimental CO,(g) pressure is thermodynamically incompatible with the stable coexistence 
of MgO/ brucite and Mg-carbonate phases. 

The first reason is also acknowledged by DOE (Section 3.3). To illustrate the latter point, 
mineral-stability relations in the MgO-C0,-H,O system at 30” C are shown in Fig. 2, where analytical 
data from L-28 (EPA 4/00 Minutes) are also shown (crosses). Before conclusions can be drawn 
from this diagram it is important to emphasize that this figure represents a significant simplification 
of actual stability relations expected under the experimental conditions considered in L-28. It is 
arbitrarily assumed in the figure, for example, that the activity of Mg2+ is equal to unity. The actual 
activity of this species in L-28 solutions is unknown because analytical data on the compositions of 
these solutions have not been reported. If higher, or lower, Mg2’ activities are assumed, this would 
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cause the mineral-solution equilibrium boundaries to shiR to the left or right, respectively, not up or 
down. It is also assumed in the figure that pcH and pH are equivalent, which is, at best, a rough first 
approximation. The figure is drawn assuming that magnesite, dolomite, huntite, artinite and 
nesquehonite do not form. Inclusion of these minerals would significantly affect the stability relations 
shown in the figure. Thermodynamic data used to construct this diagram were taken at face value 
from the “ . c o ~ ”  database (ver. 3245) supporting the EQ3/6 software package (Wolery, 1992). 

Despite the cautions noted above, it is apparent that brucite and hydromagnesite cannot coexist at 
equilibrium if, as in L-28, the partial pressure of CO,(g) is fixed at 60 bar (log PcozCg) = 1.8). This 
suggests that any MgO added to the test container dissolved completely, or, as suggested by DOE 
(DOE 3/23/00 Report), was somehow isolated, either completely or partially, from contact with the 
brine. 

To summarize, the issue arising from the apparent lack of buffering of pH and dissolved carbonate 
concentrations when MgO was added to Experiment L-28: 

1) is not relevant to the WIPP CCA PA because experimental conditions are not representative of 
those expected in the repository, and 

2) lacks a credible scientific basis because experimental conditions are incompatible with conditions 
permitting the metastable coexistence of hydromagnesite (or other Mg carbonates) and brucite. 
In other words, the apparent inability of MgO to buffer pH and sequester CO, is an experimental 
artifact resulting from external control of CO,(g) partial pressure at a constant value of 60 bar. 

4.3 Unresolved Questions 

The suggestion by DOE that brucite was unable to react with brine in Experiment L-28, because a 
solid mass of MgO formed when the slurry came into contact with the brine (DOE 3/23/00 Report, 
EPA 4/00 Minutes), raises the question whether similar formation of a solid mass could also occur 
when brine comes into contact with MgO in disposal rooms at WIPP. Although it is concluded in 
the DOE 3/23/00 Report that because a solid mass may well have formed in L-28, it is ‘‘difficult to 
relate these results to WIPP-relevant conditions”, the question remains whether these conditions have 
been simulated (to the extent possible) in the laboratory. It is certainly unrealistic to assume that such 
conditions would involve interaction of an MgO slurry with brine, but extensive experiments carried 
out by Sandia National Laboratories (SIC, 1997) have also documented cementing of MgO pellets 
in contact with Salado and Castile brines. An explanation why similar cementing would not occur 
in the repository environment is based on the reasonable argument that because concentration 
gradients in the repository involving dissolved carbonate species are expected to be relatively low 
compared with those in the SNL experiments, Mg-carbonate phases would not form on the surface 
of MgO pellets (as they did in the experiments), but rather at some distance away from the surface. 
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It does not appear, however, that this suggestion has been backed up by any detailed modeling studies 
or experimental investigations. 

The efficacy of MgO in sequestering CO, and in buffering pcH appears to have been evaluated only 
in terms of the MgO-C0,-H,O system. A number of solid-solution carbonate phases are also known 
to be stable, however, in other chemical systems such as Ca0-Mg0-Fe0-C0,-H,O. It seems likely 
that such solid-solution phases would form in contact with WIPP brines, where Ca2+ concentrations 
are relatively high, and also in brines contacting ferrous materials in the WIPP repository. The 
kinetics of precipitation of such phases (e.g., dolomite) may be too slow to be observed over 
experimental time frames, but such precipitation may occur over periods of time (hundreds to 
thousands of years) that are relevant to the performance of the repository. The effects of 
solid-solution behavior may in fact enhance the expected performance ofMgO backfill. Such effects 
are illustrated in Fig. 3, which is identical to Fig. 2 with the single exception that dolomite is now 
assumed to exist. As can be seen, equilibration of the brine with dolomite and brucite would 
significantly lower the equilibrium partial pressure of CO,(g) compared with conditions shown in Fig. 
2. The robustness of the performance strategy for using MgO backfill at WIPP may therefore be 
enhanced if the effects of solid solution are accounted for. 
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Figure 1. Concentrations of 239Pu and Fe (total), and pcH values measured in liter-scale 
Experiment L-28 (fiom the DOE 3/23/00 Report). 
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Figure 2. Mineral metastability relations in the MgO-C0,-H,O system at 30°C. The symbols 
(crosses) refer to conditions in Experiment L-28. Hydromagnesite is metastable with respect to 
magnesite, dolomite [CaMg(CO,),; including ordered and disordered phases], huntite 
[CaMg,(CO,),] and artinite [Mg,(CO,)(OH), * 3H20], ie., these phases are more stable than 
hydromagnesite, but it is assumed that these phases do not form, possibly for kinetic reasons. 
Nesquehonite is stable relative to hydromagnesite when log Pc02(g) is greater than about 100 bar. 
This relation is not shown in the figure for the sake of clarity. 
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Figure 3. Mineral metastability relations in the MgO-C0,-H,O system at 3 0 O C. Conditions in this 
figure are identical to those considered in Fig. 2, except that dolomite is now assumed to be 
stable. Equilibration of dolomite and brucite significantly lowers the equilibrium partial pressure 
of CO,(g) compared with the equilibrium CO,(g) partial pressure established by equilibrium 
between hydromagnesite and brucite (as shown in Fig. 2). Extended periods of time (e.g., 
hundreds to thousands of years) may be required for dolomite to precipitate from solutions that 
are supersaturated with respect to this mineral. 
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Enclosure 9 

EPA Report on EEG-77 



EXECUTM SUMMARY 

The Environmental Evaluation Group (EEG) recently issued report EEG-77, Plutonium Chemistry 
Under Conditions Relevant for WPP Performance Assessment - Review of Experimental Results 
and Recommendations for Future Work, by Dr. Virginia M. Oversby. Dr. Oversby identifies three 
issues that could potentially affect the mobility of Pu and other actinides in the WIPP repository; 1) 
the impact of organic ligands on actinide solubilities, 2) the validity of the assumption of analogous 
solubility behavior between Th(1V) and other quadravalent actinides (the so-called actinide analogy 
adopted in the CCA source-term model), and 3) the need to determine uncertainties in calculated 
actinide solubilities. 

The results of EPA’s review of EEG-77 are documented in this report, and are summarized in the 
following paragraphs. 

1. EEG contends that citrate could significantly increase actinide solubilities because this ligand 
forms strong complexes with An(1V) cations and weak complexes with other cations. The 
validity of this contention is questionable, however, because it is based only on the relative 
stabilities of the citrate complexes, and does not consider additional, mass-balance constraints on 
the aqueous concentration of the citrate ligand. Citrate concentrations could be estimated using 
a computational approach similar to that described for EDTA in Appendix SOTERM of the 
WIPP CCA, but such calculations have not been carried out by EEG. 

2. EEG’s contention that the actinide analogy is not appropriate for Th(1V) andPu(1V) may be valid 
for some chemical environments, but not those expected at WIPP. The analogy adopted in the 
CCA source term is based on the assumption that the WlPP environment will be such that all 
actinide aqueous species and solids exist in either the +3, +4 or +5 oxidation state. The analogy 
does not extended to cases where the oxidation state of an actinide differs in the solid and 
aqueous phase. It is conceivable that a Pu(1V) solid could coexist with brines in which the stable 
oxidation state is Pu(II1) (roughly at pH < 8.5) or, less likely, Pu(V) or Pu(VI) (in strongly 
oxidizing solutions). In such cases, the Th(1V) analogy for Pu(1V) would not be appropriate. It 
should be emphasized, however, that under strongly reducing conditions expected in the 
repository (controlled by corrosion of the waste containers and degradation of organics) and pH 
in the range 8.5 to 10 (controlled by reaction of brine with MgO backfill), Pu in aqueous and 
solid phases will likely exist only in the +4 oxidation state. The Th(1V) analogy for Pu(1V) is 
therefore valid for the expected chemical environment at WIPP. 

EPA anticipates that the actinide analogy will continue to draw criticism because it is possible, 
although extremely unlikely, that the long-term chemical environment at WIPP may evolve to 
conditions for which the analogy is invalid. For this reason, an approach similar to that proposed 
by EEG (see below) may be usefid for establishing limits to the validity of the analogy with 
respect to the full range of probable-to-improbable repository conditions. 

3. EEG proposes to move beyond hr ther  discussion of the conceptual model and 
numerical techniques incorporated in DOE’S FMT code, recommending a new 
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approach consisting of the following tasks to address their concerns regarding 
uncertainties in actinide solubilities: 

generate actual experimental data for Pu in WIPP-relevant brines, 

develop an aqueous speciation-solubility model for Pu (and possibly other actinides) 
appropriate for all relevant oxidation states of the element in aqueous and solid phases, and 

support these models using the NENOECD thermochemical database for the actinides, and 
the Specific Ion Interaction Theory (SIT), instead of the Pitzer approach currently employed 
by DOE, to calculate ionic activities in concentrated solutions. 

E E G s  proposed approach differs from that used by DOE in the WIPP CCAPA because realistic 
models of actinide speciation-solubility behavior would be used in place of the actinide analogy 
preferred by DOE. EEG does not challenge the validity of this analogy for the strongly reducing 
and mildly alkaline disposal conditions expected over the long term at WIPP, and the need for 
their approach under such conditions is therefore questionable. E E G s  approach could be usehl 
in establishing bounding environmental conditions beyond which the actinide analogy is no longer 
valid, and for estimating Pu solubilities under these unexpected, though remotely possible, 
disposal conditions. It should be emphasized, however, that the actinide analogy appears to be 
valid for expected disposal conditions at WIPP, and that associated upper-bound estimates of 
actinide solubilities are adequate and scientifically defensible for performance assessment 
purposes. Ifnecessary, the merits ofEEG's approach should be more rigorously evaluated on the 
basis of a thorough review of technical, cost, PA, QA and programmatic issues arising from the 
proposed adoption of the NENOECD thermochemical database, the associated partial or 
complete abandonment of the thermochemical database developed by DOE, and possible uses of 
alternative methods for calculation of ionic activities in WIPP brines. 
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1 ISSUE 1: EFFECTS OF ORGANIC LIGANDS ON ACTINIDE SOLUBILITIES 

1.1 Description of the Issue 

EEG contends that a scenario providing potentially higher releases from the WIPP repository has 
been overlooked in the WIPP CCA PA. To support this contention, EEG follows two distinct, but 
closely related, lines of reasoning. 

First, EEG contends that a key assumption adopted in the CCAPA is inappropriate. That assumption 
requires any brine entering the repository during a human-intrusion scenario to  be well mixed with 
waste (SOTERM 2.2.1). Repository conditions consistent with this assumption are referred to as 
being homogeneous. EEG asserts, however, that a waste container partially breached by drilling 
may still provide a hindrance to mixing ofbrine inside the container with a larger pool ofbrine outside 
the container. Two (or more) brines of distinctly different compositions could therefore coexist in 
the repository for an indefinite period of time. Repository conditions consistent with this assumption 
are referred to as being heterogeneous. 

Second, EEG agrees with EPA that it is not possible to consider every possible combination of 
chemical mixtures in specific drums in a performance assessment. Thus, although EEG rejects the 
notion of a homogeneous repository, EEG acknowledges that heterogeneous conditions cannot be 
realistically accounted for in performance assessments. EEG takes issue, however, with DOE’S 
bounding calculation to deal with this problem. DOE assumed that the organic ligand with the largest 
actinide complexation constant will be the most important in increasing actinide solubilities. DOE 
then calculates the competition between non-actinide cations and actinides for the ligand EDTA, 
which exhibits the largest An(1V) complexation constant among all organic ligands in WIPP wastes. 
DOE concludes that almost all the EDTA will be bound to transition-metal cations, and that the 
effects of organic complexing on actinide solubilities will therefore be minimal. E E G s  position is 
that this conclusion is incorrect because other organic ligands, notably citrate, exhibit relatively large 
complexation constants for Th(1V) [representing An(IV)], but relatively small complexation constants 
for the non-actinide cations. EEG believes that complexation of the non-actinide cations with citrate 
will not be effective in significantly reducing citrate concentrations in the brines, and this ligand will 
therefore be available to form complexes with the actinides. EEG notes that because Pu in particular 
is likely to be present in waste drums containing high concentrations of citrate, the effect of organic 
ligands on the solubility of Pu in WIPP-brines should be accounted for in bounding calculations. 

To more clearly distinguish these interrelated lines of reasoning, ISSUE 1 is subdivided for discussion 
purposes below into: 

ISSUE 1 a; Should heterogeneous repository conditions be considered in performance assessments 
of a human-intrusion scenario at WIPP?, and 

ISSUE lb; If such conditions are considered, should bounding calculations of the effects on 
actinide solubilities consider complexation reactions involving citrate as well as EDTA? 
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1.2 Summary of EEG Comments in EEG77 on ISSUES l a  and l b  

1.2.1 EEG Comments on ISSUE la.  

1.2.1.a “There has been no attempt by EPA to assess the degree to which the [solubility] 
calculations might represent the conditions expected for WIPP disposal.” ( 4 ~  para., p. 5). 

1.2.1 .b “. , .EPA considers only the case of homogeneous equilibrium, in which the entire actinide 
inventory in the repository is well-mixed with a very large volume of brine that inundates 
the repository. This is an unrealistic and non-conservative model for evaluation of the effect 
of organics.” (5* para. , p.5). 

1.2.1 .c “Both DOE and EPA assumed that the actinides would be evenly distributed throughout 
the repository and that brines would be well-mixed and have a uniform composition 
throughout the repository. This is unlikely to be the case and is certainly not appropriate 
for evaluation of the development of dissolved actinides inside a partially destroyed waste 
container, a scenario that is important with respect to assessment of human intrusion 
consequences.” (5* para., p.6). 

1.2.1 .d “The other issue raised by EEG was that of homogeneous versus heterogeneous equilibria. 
DOE maintained the assumption of homogeneity for the chemical conditions in the 
repository, which was a consequence of mixing of chemical species through the solution 
phase in a hlly saturated brine environment. Further, the CCA stated that no chemical 
microenvironments that influence the chemical environment are expected to persist, which 
can be viewed as a tacit recognition that microenvironments could have an impact on the 
overall chemical environment. The assumption of a repository hlly saturated with brine is 
not the expected condition for the WIPP repository, to which access of brine is expected 
to be limited under normal geologic conditions.” (3rd para, p. 8). 

1.2.1 .e “The DOE and EPA assume that the repository contents are well mixed in a brine solution. 
The EPA response to comments states that “consideration of every possible combination 
of potential events for chemical mixture in specific drums would represent an impossible 
number of hypothetical situations to represent in a performance assessment”. We agree 
with that statement, but disagree that DOE actually performed the correct bounding 
calculation.” (3‘d para., p. 24). 

1.2.1.f “The appropriate bounding calculation must also consider the type of waste that produces 
the largest amount of Pu and citrate together in a single waste container. Selection of this 
scenario should have occurred during the required “features, events and processes (FEPS) 
analysis that is intended to identi@ FEPS that can have an impact on total calculated 
releases. The feature of Pu and citrate being collocated in a waste drum is highly probable 
and the penetration of such a drum during a drilling event under the human intrusion 
scenarios would be proportional to the potential number of such drums. Thus the 
calculation could easily be included in the potential scenarios used to construct the CCDF 
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without considering an impossibly large number of individual cases.” (4” para., p. 24). 

1.2.2 EEG Comments on ISSUE lb. 

1.2.2.a “In the solubility calculations, the CCA inappropriately discounts the role of organic ligands 
on plutonium solubility by arguing that EDTA is the strongest complexing agent. But 
citrate forms very strong complexes with actinides in the +4 oxidation state and very weak 
complexes with other cations. Thus, the solubility of a stable plutonium-citrate complex 
in individual waste containers needs to be evaluated.” (4“ para., p. 4). 

1.2.2.b “...In addition, EPA bases their evaluation ofthe ability of organics to mobilize actinides on 
an analysis that only considers EDTA. While this analysis gives the correct result of the 
importance of EDTA, it does not speak to the issue of the importance of citrate in the waste 
and its ability to increase the mobility of Pu.” (5fi para., p. 5). 

1.2.2.c “To model the behavior ofPu with citrate, we must also consider heterogeneous equilibria 
for organic complexation with the actinides. The main difficulty arises because the Pu in 
the waste is probably located in the same drums as the citrate, which is the dominant 
organic ligand. This is because these wastes arise from chemical separations of Pu and are 
not the type of waste described in general descriptions of TRU waste as contaminated 
equipment, clothing, etc. To get an accurate estimate of the effect of organic ligands on Pu 
solubility, one must calculate the concentration ofPu as citrate complex inside a waste drum 
that has been breached, but can still provide a hindrance to mixing of the brine inside the 
drum with a pool of brine outside the drum. This will give a high concentration of Pu in 
solution as the citrate complex. Other ions will not compete with Pu sufficiently to prevent 
complex formation because the stability for (IV) actinide complexation - as shown by the 
stability constant for Th on p. 39 of the SOTERM appendix - is orders of magnitude larger 
than for other ion complexes with citrate.” (2nd para., p.7). 

1.2.2.d “...EPA then concluded that since EDTA formed the strongest An(1V) complexes and 
would not significantly increase An(1V) mobility, then no other organic complex would 
either. This reasoning does not accommodate the observation that citrate forms strong 
complexes with An(1V) cations and not with divalent cations, so there is no competitive 
reaction that eliminates citrate from brine. We believe that the issue of the effect of organic 
ligands, especially citrate, on the mobility of plutonium under the Human Intrusion scenario 
remains unresolved.” (3rd para., p. 10). 

1.2.2.e “The [STTP] drum scale tests produced relatively low actinide concentrations in the brines, 
except for the tests using combustible materials with chelating agents. The results for D07- 
DO9 were [Pu] between 1 and 3 ppm, [Th] between 7 and 14 ppm, [U] between 12 and 17 
pprn and [Np] between 15 and 18 ppm. In this case, the concentrations of Th are higher 
than those of Pu and similar to those of U and Np. The chelating agents used were 
acetamide, acetate, citrate, oxalate, and thiocyanate at 160 ppm each. Similar tests without 
chelating agents gave [Pu] between 1.7 and 2.0 ppb, indicating that the presence of 
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chelating agents increased the solubility of Pu by a factor of 1000. This is in direct 
contradiction to the claims made by DOE in the CCA that chelating agents would not 
increase the solubility of actinides.. .” (4” para., p. 17). 

“Concentrations ofPu in brines increase if chelating agents are present.” (conclusion drawn 
from comment 1.2.2.e, p. 18). 

“The conclusion reached by DOE and EPA that complexation will not have a significant 
effect on An(1V) solubility if the ligand is citrate should be revisited in light of the following 
observations. The log,, of the stability constant for Th(1V) with citrate at 0.1 molal NaCl 
is given in SOTERM at 9.3 1 , while that for Fe(I1) with citrate is given as 4.4 at 0.1 molal 
total ionic strength. The ratio of the strength of the complex ions in this case is 
approximately 100,000 in favor of Th(1V). It should be noted that the EEG assessment of 
the potential importance of organic ligands in enhancing the mobility of actinides is in 
keeping with the experimental results found recently under the DOE STTP testing with 
organic ligands present. Moreover, the WIPP inventory contains 140 metric tons of citrate 
in comparison to 23 kg of EDTA” (4” para., p. 25). 

“It is also important to remember that for the calculation of competition for organic ligands 
between two cations in solution, it is only the concentrations of the cations in solution that 
comes into play - not the total amount of the element present in the repository.” (2nd para., 
p. 26). 

1.3 EEG’s Recommendations to Resolve ISSUE 1 

EEG believes that experiments involving Th(IV), citrate,’ EDTA, Ca’2 and one or more transition 
metals should be performed to demonstrate the extent of organic-ligand complexation of each type 
of cation in the presence of other cations. Additional experiments are recommended by EEG to 
evaluate the lability of Pu oxidation states in the presence of organic ligands. The results of the 
experiments could be used to test the reliability of chemical equilibrium models supporting 
performance assessments. 

1.4 EPA’s Previous Responses to Comments Related to ISSUE 1 

1.4.1 EPA’s Responses to Comments Related to Issue l a  

The following paragraph is from EPA’s response to Issue V - Effect of Organic Ligands on 
Solubility [see USEPA (1998a)l. 

1.4.1 .a “The repository is represented as a completely mixed system with evenly distributed 
chemical components and conditions. Numerous “what if ” scenarios could be imagined 
in which specific drums are filled with mixtures of chemicals that could maximize actinide 
mobility, such as a drum with both plutonium and some form of citrate. The consideration 
of every possible combination of potential events for chemical mixture in specific drums 
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would present an impossible number of hypothetical situations to represent in aperformance 
assessment. However, rather than dismiss this potential problem entirely, DOE conducted 
a series of bounding calculations to determine the maximum possible effect that the organic 
ligands might have on actinide concentrations, and also included uncertainties in their 
representations of actinide solid solubilities for input to PA calculations”. 

1.4.2 EPA Responses to Comments Related to Issue lb 

The following paragraphs are from EPA’s response to Issue V - Effect of Organic Ligands 
on Solubility [see USEPA (1998a)l. 

1.4.2.a “Organic chemicals were expected to be part of the wastes, especially because many were 
used in the separation of actinides during chemical processing of nuclear materials. 
[Appendix BIR] Hence, DOE made an effort to determine what kind and how much of the 
organic chemicals might be present in the waste because, in part, strong complexants, such 
as EDTA, could potentially affect the solubilities and aqueous speciation of actinides. 
Using the estimates of the weights of the organic chemicals present in the waste, the 
potential solution concentrations were calculated by dividing by the volume of brine 
required to inundate the void volume of the repository aRer closure. The results of these 
calculations are provided in Table SOTERM-4 in Appendix SOTERM of the CCA. They 
indicate the following estimated concentrations: 1.1 x m acetate, 4.7 x m oxalate, 
7.4 x 10” m citrate, 4.2 x m EDTA. The calculations of the effects of organic 
chemicals on the aqueous speciation of actinides were based on these calculated organic 
concentrations. 

In the bounding calculations . . ., the effects of EDTA complexing of Th(1V) were examined 
to determine the potential for organic ligands to affect the aqueous speciation of the 
actinides. The combination of EDTA and Th(1V) was chosen as the bounding case because 
this reaction, i.e., 

Th(1V) + EDTA = Th(1V)-EDTA 

has the highest affinity of the possible actinide-organic ligands reactions for producing a 
high proportion of an organically complexed actinide, simplistically represented in the above 
reaction as Th(1V)-EDTA. The affinity for organic ligand complexation is proportional to 
the product of the stability constant and the reactants, i.e., 

[Th(IV)-EDTA] = P[Th(IV)] [EDTA] 

where the brackets refer to concentrations. The substitution in this equation of the 
estimated EDTA concentration of 4.2 x loa m EDTA, the mid-range value for the stability 
constant of 10’6.25 for the formation of Th-EDTA from Table SOTERM-5 in the CCA, and 
any arbitrary concentration of Th(1V) expected for the repository (e.g., 1 x lo-* m), the 
product obtained is 747. The same operation can be applied to the other organic ligand 
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complexes, as shown in the following table. 

Organic 
Complex 

Th(1V)- 
EDTA 

Th(1V)- 
acetate 

Th(1V)- 
ox a 1 ate 

Th(1V)- 
citrate 

Product 
P[Th(IV)I [EDTAI ThOV (m) 

log Stability Organic Ligand 
Constant (m) 

16.25 4.2 x 1 x 747 

3.93 1.1 x 103 1 x 9.7 x 

7.26 4.7 x 10-4 1 x 8.6 x 

9.75 7.4 x 10-3 1 x lo-* 0.4 

As shown by these calculations, the affinity for Th(1V) to form an organic complex with 
EDTA is about 3 orders of magnitude greater than for citrate, which has the next highest 
affinity. Consequently, it is appropriate to use the Th(1V)-EDTA complex for any bounding 
calculations to assess the effects of organic ligands on the aqueous speciation of the 
actinides and solubilities of the actinide solids for the brine solutions expected to infiltrate 
into the repository over time. There is no reason to consider the other organic ligands (i.e., 
acetate, oxalate, and citrate) because their potential to complex the actinides is so much less 
than EDTA. 

To assess the effects of EDTA to complex Th(1V) in a brine solution, DOE conducted a 
series of speciation calculations, considering the probable concentrations of major solutes 
(e.g., Mg2+) and metals (e.g., Fe2', Ni2+) expected to be present in the brines and also known 
to form complexes with EDTA. These calculations are described on pp. SOTERM-40 to 
41 in Appendix SOTERM of the CCA. The calculation results indicated that only 3% of 
the EDTA was complexed with EDTA. The remainder of the EDTA was tied up with 
Mg2+, Fe2+, and Ni2+. This finding indicates that even for the organic complex with the 
highest potential to form an organic complex [i.e., Th(1V)-EDTA] very little ofthat organic 
complex will actually be present because of the vast majority of the EDTA will form 
complexes with other ions present in much higher concentrations than the actinides. 

In EPA's review of the actinide source term, an independent calculation of the potential 
effects of EDTA on the solubility of ThO,(am) was conducted to determine whether the 
calculations were sensitive to the EDTA concentration. The solid, ThO,(am), was used 
because it is expected to control the Th(IV) concentrations in the repository environment 
based on experimental investigations and FMT model calculations.. . . Also, as noted above, 
among the actinides, aqueous Th(1V) has the highest tendency to be complexed by EDTA. 
Based on these factors, the EDTA-Th(1V)-brine system should provide the greatest 
possibility for an organic ligand to affect the prediction of the solubility of an actinide solid. 

6 



The PHREEQC geochemical computer code (version 1.5) ... was used for the solubility 
calculations. PHREEQC is a well established computer code that has been used for a 
variety of problems in aqueous geochemistry for a number of years. 

The formulations for activity coefficients incorporated in PHREEQC are not representative 
of high ionic strength solutions, hence the ThO,(am) solubility calculations were performed 
for the SPC (Salado Primary Constituent) brine diluted 10 times. Although this solution 
composition may not be exactly representative of the repository environment, the resulting 
calculations still provide a reasonable representation of the effects of EDTA concentration 
on ThO,(am) solubility. Additionally, the solubility calculations were conducted for a 
constant CO,(g) partial pressure of 10-5.5 bars, which is the level expected for equilibrium 
between brucite [Mg(OH),] and hydromagnesite [Mg5(C0,),(OH),.4H,0] resulting from 
reactions between the MgO backfill and SPC (Salado Primary Constituent) brine (see 
Sections 3 and 4). The representative EDTA concentrations expected for the repository 
is estimated at about 4.2 x m. [Table SOTERM-4 in the CCA] Thus, the ThO,(am) 
solubility calculations were conducted for an EDTA concentration range of 4.2 x lo4 m 
to 4.2 x m. 

The results of the solubility calculations for ThO,(am) indicate that the effect of EDTA is 
negligible at concentrations less than about 4.2 x m ..., which is 100 times the 
concentration estimated for the inundated repository. At an EDTAconcentration 4.2 x 1 O-, 
m, which is 10,000 times the level estimated for the repository, an increase in Th(1V) 
concentrations is predicted for pH less than about 7.5. At higher pH, the EDTA has no 
substantial effect on ThO,(am) solubility because aqueous Th(1V) speciation is dominated 
by hydroxyl, carbonate, and sulfate complexes rather than EDTA complexes. The EDTA 
is predicted to be present primarily as complexes with Ca2' and Mg2+ under alkaline 
conditions. 

These bounding calculations clearly show that the organic ligands will not affect the 
solubilities of the actinide solids for the expected conditions. Thus, there is no need to 
conduct a formal sensitivity analysis because even the worst case does not show an effect. 
However, it should also be pointed out that the PA calculations were not conducted with 
single values for the solubilities of the actinide solids but used a distribution based on an 
uncertainty range for the solubilities. Within the well-mixed conceptual model, the potential 
effects of deviations from the average situation, such as the potential scenario of having a 
drum with both plutonium and citrate, are accounted for by the inclusion of uncertainties 
and uncertainty distributions in the performance assessment calculations. For instance, in 
the source-term portion of the performance assessment, the concentrations of actinides 
were assigned an uncertainty band of 100 times less than (-2.0 log units) and 25 times 
greater than (+1.4 log units) the calculated solubilities of actinide solids for the expected 
repository conditions, i. e. , the average case. Depending on the uncertainty distribution, 
some performance assessment realizations would have used actinide concentrations at the 
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outer bounds of the uncertainty range. Because the effects of the organic ligands are so 
small, it is expected that they would have been included within the uncertainty range, hence 
incorporated into the overall PA calculation. 

In summary, DOE’s bounding calculations, independent bounding calculations, and 
incorporation of uncertainty ranges to represent actinide concentrations in the PA 
calculations indicate the organic ligands will have only a minor effect on the solubilities of 
actinide solids under the expected repository conditions. Consequently, there is no 
substantive information that could be gained by conducting a sensitivity analysis for the 
effects of the organic ligands or conducting the calculations with citrate rather than EDTA. 
EPA agrees with the conclusions of the Waste Characterization Independent Review Panel 
in their supplementary report, which states: “The Panel agrees that under the conditions 
of MgO backjill, chelating agents will have a negligible effect on repository performance. 
The Panel notes that, even at the basic pH in the repositov, the availability of transition 
metals may be enhanced due to the formation of soluble halo complexes, making an even 
stronger case that base metals control ligand chemistry.” . . .” 

1.5 Issue Resolution Status 

1.5.1 Issue 1A 

EEG’s recommended approach for dealing with heterogeneous conditions in the repository seems 
, inherently reasonable. EEG acknowledges that it is not feasible to consider all possible combinations 
of chemical mixtures in specific waste drums in a performance assessment. The point of contention 
thus centers on whether DOE’s bounding calculation involving complexation of the actinides with 
EDTA is adequate, or whether a similar calculation accounting for complexation of Pu with citrate 
should also be included as a distinct feature in FEPS considered in a human intrusion scenario. This 
point is taken up in Section 1.5.2. 

EEG also recommends that the concentration of citrate inside a partially breached container should 
be used in their proposed bounding calculation. The rationale for this recommendation is that Pu and 
citrate are likely to be collocated in a waste drum (Comment 1.2.1 . f ) .  EEG’s approach therefore 
differs from that used in the CCA PA, where solution concentrations of soluble organic ligands were 
estimated by dividing the weights of organic chemicals in the waste (ie., their total inventory) by the 
volume of brine required to inundate the void volume of the repository after closure. The dissolved 
concentration of citrate in an individual drum could be much higher than that estimated in the CCA 
PA. However, the range of dissolved actinide concentrations adopted in the CCAPA were, as noted 
in Section 1.4.2, estimated based on uncertainties in actinide solubilities calculated over a range of 
waste inventory values. Depending on the uncertainty distribution, some performance assessment 
realizations would have used actinide concentrations at the outer bounds of the uncertainty range. 
Because the effects of organic ligands on actinide solubilities is small (Section 1.4.2), it is expected 
that such effects would be accounted for within the range of uncertainties in actinide concentrations, 
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and thus incorporated into the overall PA calculation. It is likely that this range of actinide 
concentrations provides an upper bound on actinide concentrations inside an individual waste drum 
containing citrate, particularly if complex formation with citrate is rendered ineffective by competitive 
effects with non-actinide cations (see Section 1.5.2). 

1.5.2 Issue 1B 

EEG asserts that citrate forms strong complexes with An(1V) and very weak complexes with other 
cations (Comments 1.2.2.a, 1.2.2.d). Support for this view is provided in Comment 1.2.2.g, which 
compares the stability constant of the Th-citrate complex with that of Fe(I1)-citrate. Based on this 
comparison, EEG asserts that “Other ions will not compete with Pu sufficiently to prevent complex 
formation because the stability for (IV) actinide complexation . . . is orders of magnitude larger than 
for other ion complexes with citrate” (Comment 1.2.2.c). 

EEG’s contention, which is based on a simple comparison of stability constants among citrate 
complexes of actinide and non-actinide elements, may be somewhat misleading because it does not 
take into account mass balance constraints on the aqueous concentration of the citrate ligand. The 
concentration of citrate available to form complexes with the actinides will depend in part on the 
stabilities of similar citrate complexes with other cations (i.e., transition metals, Mg2+, Ca2’, etc.), and 
on the aqueous concentrations of these cations. Thus, although the relative stabilities of the actinide- 
citrate complexes are significantly greater than citrate complexes with non-actinide cations, as noted 
by EEG, most of the available citrate may still be bound in these latter complexes if the 
concentrations of non-actinide cations are sufficiently high. EEG is correct in pointing out that the 
stabilities of citrate-actinide complexes may be significantly greater than those of similar complexes 
with non-actinide elements, but this observation alone does not mean that actinide-citrate complexes 
will significantly increase actinide concentrations in WIPP brines. A basis for evaluating whether 
citrate could significantly increase actinide concentrations should follow the calculational approach, 
based on both mass-action and mass-balance constraints, described by DOE for EDTA [USDOE 
(1996b), see also EPA’s response to comments summarized above (Section 1.4.2.a)l. 

It should also be pointed out that EEG’s use of selected results from the STTP experiments to 
support Comments 1.2.2.e, 1.2.2.f and 1.2.2.g may be inappropriate. Their comparison of Pu 
concentrations in “similar” STTP experiments that differ depending on whether chelating agents (1 60 
ppm each of acetamide, acetate, citrate, oxalate and thiocyanate) are present overlooks the fact that 
Pu concentrations are influenced by a number of experimental parameters, none of which were 
actually controlled in the STTP systems. The difference between “similar” experiments ofthree orders 
of magnitude in dissolved Pu concentrations (Comment 1.2.2.e) could result, for example, from 
differences in pH and/or redox potential, but EEG does not indicate whether such differences were 
observed. Moreover, EEG assumes that the measured Pu concentrations are controlled by solubility 
equilibrium (Comment 1.2.2.e), but there is no supporting analysis addressing whether equilibrium 
was actually attained in these experiments. 
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2 ISSUE 2: OXIDATION-STATE ANALOGY 

2.1 Description of the Issue 

An oxidation-state analogy is used in the WlPP CCA to deal with actinide chemistry. The analogy 
is based on the observation that actinides in the same oxidation state exhibit similar chemical behavior 
(USDOE, 1996b). Calculated solubilities for Am(III), Th(1V) and Np(V) solids are therefore used 
in the CCA to approximate the solubilities of actinide elements in the +3, +4 and +5 oxidation state, 
respectively. Application of the Th(1V) model to other actinides in the +4 oxidation state is 
conservative, because Th(1V) [as ThO,(am)] is the most soluble solid among these elements under 
WIPP conditions. EEG questions the validity of the oxidation-state analogy as used in the CCA 
because it treats each possible oxidation state in isolation, and does not allow for different oxidation 
states of a single element to interact in response to other conditions in the reacting system. 
Specifically, adoption of Th(1V) as an analog for Pu(1V) is inappropriate according to EEG because 
Th can exist only in the +4 oxidation state under WIPP-relevant conditions, whereas Pu may exist 
in the +3, $4, +5 or +6 oxidation state depending on the chemical environment. 

2.2 Summary of EEG Comments in EEG-77 Related to ISSUE 2 

2.2.a “The oxidation states expected by DOE for Pu in the WIPP repository are I11 and IV. Any 
Pu(V) formed is expected to be rapidly reduced by iron. EPA concurs with this conclusion; 
however, Pu(V) is observed as a long-lived transient in many laboratory experiments. Pu(V) 
may be formed as a result of radiolysis reactions in the brines and while its total abundance in 
the repository is likely to be low, it might be significant as a transient species in some waste 
containers. The release scenarios considered important for WlPP are those involving human 
intrusion, with drilling through the repository to a brine-containing formation below the 
repository. Upwelling of brine from this lower layer through the repository might allow rapid 
transport of brines containing some Pu(V) to the surface” (3rd para., p. 6). 

2.2.b “The DOE response concerning the use of the Th(1V) analog for plutonium (IV) did not 
address the central issue in actinide chemistry where multiple oxidation states are possible. It 
is the lability between the various oxidation states and the details of the chemical environment 
that determine the formal oxidation state of actinides such as Pu, U and Np. It is also well 
known that the solution species oxidation state may be different from that in the solid (e.g., 
U(V1) in solutions in contact with air and with U(1V) dioxide solid). The use of Th(1V) to 
model Pu(1V) behavior has the intrinsic limitation that Th can only exist in geologic systems 
as Th(IV).” (Znd para., p.8). 

2.2.c “We recognize that MgO is a key component ofthe repository chemistry, but there are limited 
data from the WlPP Source Term Program for MgO Backfill. ... The results of the MgO 
addition are discussed briefly in this report; the observations do not change the 
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recommendations for fbrther experimental work to resolve the identified actinide solubility 
issues. Moreover, the behavior of MgO in brines has far-reaching implications and merits its 
own investigation.” (2nd para., p. 9). 

2.2.d. “The EPA addressed the comments on the limitations of the use of Th(1V) as an analog for 
Pu(IV) chemistry by confining their comments to the behavior of the An(1V) oxidation state. 
They did not consider the possibility for Pu(1V) in the solid waste forms to coexist with a 
Pu(V) or Pu(V1) solution species in the brines. Work conducted during the last two years 
...[ referring in to the STTP experiments, Hascke et al. (2000), Rollin (1 999), Oilla (1 999) and 
the NENOECD Thermodynamic Database Project] ..., both within and outside the W P  
program, indicates that dealing with the Pu(1V) oxidation state in isolation is an 
oversimplification of the actual chemistry of Pu-bearing systems ...” (3‘d para., p. 10 - see also 
Item 2.3.b below).. 

2.2.e “The EPA response to comments concerning the potential for Pu(V) or Pu(V1) to exist in the 
WIPP repository was two-fold. They argued first that the cited experimental observations 
were not relevant to WIPP because of the use of non-representative experimental conditions. 
They hrther argued that the presence of organic ligands in the repository would make Pu(V) 
and Pu(VI) unstable relative to Pu(1V). In light of recent experimental results (discussed 
below) [STTP experiments], this issue needs to be revisited.” (31d para., p. 11). 

2.2.f “Th concentrations in the non-pressurized Portland cement tests .. . [STTP experiments] ... 
were, with one exception, lower to much lower than the concentrations found for U and Pu. 
This provides strong evidence that Th “solubility” is unlikely to be a realistic or conservative 
analog for Pu and U under WIPP disposal conditions.” (2nd para., p. 14). 

2.2.g “Tests ...[ STTP experiments] ... in Portland cement with carbon dioxide pressure at 60 bars 
gave much higher concentrations of U and Pu, but Th concentrations remained below 10 ppb. 
... Again, the results show that Th concentrations are lower to  very much lower than Np, Pu 
and U concentrations and argue strongly against the use of Th as an analog for the chemistry 
of Np, Pu and U.” (3’d para., p. 14). 

2.2.h “For some ...[ STTP] ... tests that had high Pu concentrations, spectroscopy was done to 
d e t e i i n e  speciation ofPu. Pu(VI) was positively identified in tests L26 and L27. The Pu(VI) 
appears to have been present after the MgO was added to L-28. ... All of these tests contained 
Fe mesh and were found to have hydrogen gas in the head space over the brine, indicating 
actively rkducing conditions. This is clear evidence that thermodynamic equilibrium has not 
been achieved in these systems, and should raise a cautionary flag concerning the use of 
equilibrium thermodynamic calculations to predict the potential releases under the dynamic 
conditions expected for the Human Intrusion scenario.” (3rd para., p. 17). 
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2.2.i “Some conclusions can be drawn from the results of the STTP tests: 

... 2. Thorium is not a conservative analog for the behavior of Pu 

. . .4. The addition of MgO to a test that contained a high concentration of Pu(VI) and carbon 
dioxide gas did not produce a long-term decrease in plutonium concentration in the test 
system, provided a level of Pu(VI) that could be detected by spectroscopy, and 
appeared to raise questions about the arguments that MgO would lower plutonium 
solubility. 

... 5 It can not be assumed that equilibrium will be achieved rapidly, even in the relatively 
homogeneous conditions that pertained in the STTP tests. 

... 6. Pu(VI) can exist, at least as a long-term transient species, in brines that are held under 
actively reducing conditions (i. e., redox conditions buffered by the corrosion of metallic 
iron to produce hydrogen gas).” (p. 18) 

2.2.j “EPA states that “A peer review panel of scientists found that the use of solubility data for 
Am flII) solid for representing P u o  and solubility data for ThflV solid for representing 
PuQY) was a reasonable approach...”. This position contrasts with that taken by a National 
Research Council review team, who stated in their report “...Although the oxidation state 
model (the assumption that the chemistry of a given oxidation state is similar for all 
actinides) is an appropriate beginning to a difficult problem, deviations from the oxidation 
state analogy are well known in natural and experimental systems. Substantial experimental 
verification will be needed to establish the limits of the analogy [reference cited in EEG-771” 
(5“ para., p. 26). 

2.2.k “For plutonium, the use of Th(1V) to estimate the solubility of Pu(1V) solids neglects the 
contribution of radiolysis to the local redox conditions surrounding the waste materials. 
Oxidative conditions can be produced in the immediate vicinity of Pu solids, leading to 
production of Pu(V) and/or Pu(VI) solution species. (3rd para., p. 27). 

2.2.1 “The new experimental results cited above for Pu-bearing solutions and for the possible 
oxidation states of Pu in solids reinforce the need for experimental data for systems that 
contain Pu. These results also underline the dangers in using an chemical analog for Pu that 
does not have the same range of valence states available for responding to changes in 
environmental conditions.” (3‘d para., p. 28). 

2.3 EEG’s Recommendations to Resolve ISSUE 2 
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EEG’s recommendations to resolve this issue are expressed in a number of comments in various 
sections of EEG-77. These comments are documented below. 

2.3.a “EEG recommends that the (solubility) calculations be performed using data for plutonium and 
the values for solubility and complex ion formation contained in the peer-reviewed data 
compilation by OECD/NEA.” (2nd bullet, p. 4). 

2.3.b “There are serious unanswered questions about the impact of magnesium oxide backfill on the 
solubility of the actinides. It is proposed that magnesium oxide will reduce the solubility of 
the actinides by controlling pH. But, it is not known how long the early reaction product, 
nesquehonite, will persist. The FMT model calculates that the presence of nesquehonite drives 
the solubility of the +4 actinides, such as plutonium, higher than in the no backfill case. This 
requires fbrther investigation.” (5’ bullet, p. 4). 

2.3.c “We believe that the issue of description of the behavior of Pu under scenarios relevant to 
Human Intrusion at WIPP must be addressed by relevant experiments using Pu-bearing wastes 
that are representative of those that may be disposed of at WIPP. Particular attention should 
be paid to experiments using wastes such as pyrochemical salts, since these may contain high 
percentages of Pu as discussed in the section on the WIPP Source Term Program ” (3rd para., 
p. 10). 

2.3.d “This issue could be resolved if appropriate experiments were done using U and Pu at redox 
conditions that were in the range of those possible for WIPP. A significant contribution to 
resolution of this issue could be made by consideration of the published experimental results 
of U and Pu studies - including studies of leaching of spent nuclear fie1 and radioactive waste 
glasses - that have been conducted in brines. (4’ para., p. 28). 

2.3.e. “The specific scenario of Human Intrusion should be investigated by conducting tests using 
pyrochemical salt wastes together with materials to represent corroding waste drums. An 
injection of Castille brine together with some air to represent a sudden influx of brine via a drill 
hole that penetrates a brine pocket below the repository could be added to a vessel containing 
the pyrochemical salt wastes and corroding metal pieces. The evolution of the solution 
chemistry, especially Pu concentration and speciation, should be monitored. Measurements 
using the sensitive analytical method developed by Rollin (1 999) would be most informative.” 
(1” para., p. 29). 

2.3.f “The conceptual model for Pu behavior in WIPP should consist, therefore, of two types of Pu- 
oxides: (1) waste containing rather high purity PuO,, phase as the main Pu-bearing 
component in the waste, and (2 )  waste containing low levels of Pu dispersed in a matrix that 
is capable of dominating the chemistry ofPu. Type 1 wastes would be likely to release Pu(VI) 
directly to solution, while type 2 wastes may not.” (lst para., p. 23). 
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2.4 EPA’s Previous Responses to Comments Related to ISSUE 2 

2.4.1 EPA Responses to Comments Dealing with the Actinide Analogy 

The following paragraphs are from EPA’s responses to Comments 6.Y.1 through 6.Y.8 
dealing with the appropriateness of the actinide analogy [see USEPA (1998a)l 

2.4.1 .a “EPA ... address three related issues regarding the appropriateness of the actinide analogy 
for representing the actinide concentrations for the actinide source term model. These 
issues are: 

Reliance of the FMT code on the actinide analogy 

Verification of the actinide analogy 

The use of Th(1V) solids to represent the solubilities of other +IV actinides [i.e., 
Pu(IV), U(IV), and Np(IV)]. 

With respect to the first issue, the statement in Comment 6.Y. 1 “FMTrelies heavily upon 
analogy ....” is incorrect. The actinide analogy is just part of the conceptual model for 
defining the actinide source term. The FMT (Fracture-Matrix Transport) computer code 
is only a numerical model for aqueous speciation and solubility. The calculations that can 
be made with FMT are based solely on the thermodynamic data for individual aqueous 
species and solids contained in its database not on any empirical or conceptual data, such 
as the actinide analogies. 

With respect to the second issue, the oxidation state analogy is based on standard inorganic 
chemistry principles. In short, the actinide oxidation analogy means that actinides of the 
same oxidation state tend to have similar chemical properties under similar conditions. This 
generalization can be made because chemical reactions involving ionic species are related 
primarily to the charge densities of the reacting species. [CCA, Appendix SOTERM] 
Actinides with the same oxidation state have the same core electronic structure.. .; hence 
have similar ionic radii and charge densities, which in turn leads to analogous chemical 
behavior in solubility and aqueous speciation reactions. .. A similar phenomenon occurs for 
the lanthanide group elements (i.e., rare-earth elements of atomic numbers 57 through 71), 
which have the same core electronic structure for ionic species. In addition to the 
theoretical basis, DOE conducted experimental studies and analyses that confirmed the 
validity of the oxidation state analogy, and subsequently employed it in their representation 
of the solubilities of actinides. [CCA, Appendix SOTERM] 
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With regard to the third issue, the application of the actinide analogy to the +IV actinides 
is a good example of its appropriate application to the actinide source term. Besides the 
oxidation state analogy, another generalization that can be made is that there is decreasing 
trend in the solubilities of actinide solid phases across the actinide series. This generalization 
is based on the fact that ionic radii of the lanthanides and actinides decrease with increasing 
atomic number. With decreasing radii, the stabilities of actinide-oxide and actinide- 
hydroxide bonds are increased, leading to decreased solubility products, which is a direct 
indication of solubility, for similar compounds. This effect is exemplified by the decrease 
in the solubility products of both hydrous actinide dioxides and crystalline actinide dioxides 
with increasing atomic number as shown by Rai et al. [1987, p.401 The data from Rai et 
al. [ 1987, p.401 show that the solubility product for Th(1V) dioxides, which is the actinide 
with the lowest atomic number, is about 8 orders of magnitude greater than for U(1V) 
dioxides, about 9 orders of magnitude greater than for Np(1V) dioxides, and about 10 
orders of magnitude greater than for Pu(1V) dioxides. These experiments confirm the 
validity of the actinide analogy for the +IV actinides in that Th(1V) solids are more soluble 
than U(IV), Np(IV), and Pu(1V) oxide solids. 

The data compiled by Rai et al. [1987, p. 401 are most relevant to low ionic strength 
conditions. However, more recent experimental data from Rai et al. [1997, pp. 242- 
243,2451 show that the actinide analogy for the order of solubilities of +IV actinides is also 
relevant to high ionic strength conditions expected for the WIPP. Rai et al. [ 1997, p. 2391 
indicate that the solubility products for ThO,(am) is about 8 orders of magnitude greater 
than for UO,(am) in concentrated NaCl and MgCl, solutions, consistent with the earlier 
data discussed above. 

Based on these established trends for the +IV actinides, DOE used the solubility of 
ThO,(am) to represent the concentrations of the other +IV actinides [i.e., U(IV), Np(IV), 
and Pu(IV)] under the expected repository conditions. The experimental evidence provided 
by Rai et al. [1997, p. 2391 and Rai et al. [1987, p.401 clearly indicate that ThO,(am) is 
more soluble than the other +IV actinides as indicated by the solubility products determined 
for the various solids in the following table (Note: higher solubility products indicate higher 
solubilities for the same chemical conditions). 
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Solid Reaction 

ThO,(am) 

UOdam) 

NpO,:xH,O(am) 

Solubility 
Product Reference 

PuO,:xH,O(am) 

Rai et al. (1997, 
p. 239) ' ThO,(am) + 2H20 = Th4' + 4 0 R  -45.4 

Pu02 

UO,(am) + 2H20 = U4+ + 40H- Rai et al. (1997, 
p. 239) -53.45 

NpO,:xHzO(am) = 

PuO,:xHzO(am) = 

Np"+ + 40H-+ (x-2)HZO 

Pu4+ + 40H-+ (x-2)HZO 

Pu(OH), = he + 40H- 

PuO, + 4H' =Pu4+ + 2Hz0 

Rai et al. (1987, 
P. 35) 

Rai (1984, p. 
97) 

IQm and 

(1989, p. 145) 
Kim and 

(1989, p. 145) 

-54.5 

-56.85 

-57.85 Kanellakopoulos 

-60.20 Kanellakopoulos 

While the concerns of the NAS, as described in Comment 6.Y.6 are noted, EPA finds from 
evaluations of the available data, consideration of chemical conditions, and theoretical 
aspects of actinide chemical behavior, that the actinide oxidation state analogy and its 
application to the +IV actinides (as exemplified by the use of ThO,(am) solubility, to 
represent the solubilities of other +IV actinide solids) is an appropriate and verified 
approach that bounds the potential concentrations that the +IV actinides might reach in any 
brines that infiltrate into the repository." 

2.4.2 EPA Responses to Comments Dealing; with Ma0 Backfill 

The only specific comment in EEG-77 pertaining to MgO backfill contends that it is not known how 
long the reaction product nesquehonite will persist. This issue is addressed in EPA's responses to 
comments (USEPA, 1998a) on the use ofMgO backfill. Aspects ofEPA's responses concerning the 
rates of reactions involving MgO and reaction products, including nesquehonite, are summarized 
below. 

2.4.2.a "Experiments conducted by DOE, which are described in SNL (1997), show that reactions 
between MgO and carbonated brines are rapid. Solution pH values were found to increase 
in a matter of hours, indicating that the MgO backfill-type material is very reactive. [SNL, 
1997, p. 8, 1 I] Also, significant amounts (a few weight percentages) of uptake of carbon 
were observed to take place after only days to weeks, indicating that the rates of formation 
of magnesium carbonates are also rapid. (SNL, 1997, p. 10, 12, 15). These rapid rates of 
reaction are consistent with experimental results of the transformation of nesquehonite to 
hydromagnesite after three to seven days of reaction at 52°C (Davies and BubeIa, 1973, p. 
290, 291). The formation of protohydromagnesite from nesquehonite after 10 months at 
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10 to 28°C in a simulated sedimentary column indicates that the formation and 
recrystallization reactions involving magnesium carbonates occur rapidly (Davies et 
a1.,1977, p. 188, 189, 197,198). The results of these experiments provide adequate 
information to conclude that reactions involving the MgO backfill material, brines, and 
carbon dioxide will be rapid and will produce the geochemical conditions expected for 
chemical equilibrium between brucite and hydromagnesite and/or magnesite. 

The estimates of the rates of magnesium carbonate formation made from experimental 
results are generally consistent with observations of their occurrence in nature. Overall, 
occurrences of nesquehonite are rare and found primarily in young deposits from 
precipitation from meteoric waters (Fischbeck and Muller, 1971, p. 87; Marschner, 1969, 
p. 1 1 19 . . .). Natural occurrences of hydromagnesite and magnesite are more common and 
typically found in saline environments, such as sabkhas, evaporites, and alkaline lake 
sediments (Irion and Muller, 1968, p. 1309, 1310; Renaut and Long, 1989, p. 239; 
Stamatakis, 1995, p. B179 ...). A good example of the occurrence of magnesium 
carbonates is provided by Stamatakis (1995, p. B179-B181), who has described a 
Quaternary age deposit of hydromagnesite, magnesite, dolomite [CaMg(CO,),] and huntite 
[Mg,Ca(CO,),] in northern Greece. The genetic model developed by Stamatakis (1995, p. 
B 183, B 184) indicates that the magnesium carbonates formed as magnesium-enriched 
spring waters, derived from sources in mafic and ultramafic rocks, flowed into an enclosed 
basin and evaporated. As the solutions became more saline and alkaline with evaporation, 
the magnesium carbonates were precipitated from solution. It is important to note, 
however, that while these precipitates include hydromagnesite and magnesite, nesquehonite 
was not found in the deposit. This finding is consistent with the short-lived nature of 
nesquehonite in saline environments as a result of its relatively rapid rate of conversion to 
hydromagnesite and magnesite. This field observation is consistent with the experimental 
results. 

Based on the above discussion, the sequence of events resulting from brine infiltration and 
reaction with the MgO backfill in the repository may be conceptualized by the following 
reactions, in order: 

Rapid reaction (hours to days) between the brine and MgO to produce brucite. 

Rapid carbonation (hours to days) of the brucite to produce nesquehonite and possibly 
hydromagnesite. 

Rapid conversion (days to weeks) of the nesquehonite to hydromagnesite. 

Slow conversion (few hundred to few thousands of years) of the hydromagnesite to 
magnesite. 
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The available rate data indicate that some portion, perhaps all, of the hydromagnesite will 
be converted to magnesite over the 10,000-year period for repository performance. The 
exact time required for complete conversion has not been established for all chemical 
conditions. However, the available laboratory and field data clearly indicate that magnesite 
formation takes from a few hundred to, perhaps, a few thousand years. Thus, the early 
repository conditions can be best represented by the equilibrium between brucite and 
hydromagnesite. These conditions will eventually evolve to equilibrium between brucite 
and magnesite. In fact, the Salado Formation contains magnesite in its mineral assemblage, 
hence its brine is saturated with respect to magnesite solubility.. ., indicating that conditions 
conducive to magnesite formation from reactions between brine and the MgO bacMill are 
already present in the repository surroundings. This overall conceptualization is also 
consistent with the thermodynamic approach used to model the actinide source term, in that 
solution conditions would be expected to be controlled by the metastable hydromagnesite 
until it is completely converted to magnesite. 

In summary, information from the SNL experimental studies, experimental studies reported 
in the scientific literature, observations of natural occurrences of magnesium carbonates, 
and peer review panel findings, overwhelmingly indicate that nesquehonite will not persist 
in the repository environment, but will rapidly alter to hydromagnesite or hydromagnesite- 
like solids. The hydromagnesite is eventually expected to alter to magnesite, but this 
process could take up to a few thousand years. Consequently, EPA considers the 
conceptual model most appropriate for representing the effects of reactions between brines 
and the MgO backfill to be the equilibrium chemical conditions imposed by the presence of 
hydromagnesite.” 

2.4.3 EPA Responses to Comments Dealing with the Oxidation State of Pu 

A number of comments in EEG-77 raise questions arising from recent experiments dealing with the 
oxidation state of Pu in WIPP brines and solid phases. These comments are pertinent to the question 
of whether the oxidation state analogy is valid, because adopting Th(1V) as a suitable analog for Pu 
in the CCA PA is based on the assumption that Pu exists only in the +4 oxidation state. A recent 
report (USEPA 2000) addresses a number of the Pu oxidation-state issues raised in EEG-77. These 
issues include: 

the formation ofPuO,,, in the repository rather than PuO, will cause higher plutonium solubilities 
than predicted by the source term model, 

the formation of magnesio-ferrite on the surfaces of the steel mesh in the STTP experiments 
indicates that iron corrosion may not create reducing conditions in the repository, and 
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the formation of Pu(V) and Pu(VI) in the STTP experiments indicates that these plutonium 
oxidation states will persist in the repository and lead to increased mobility of plutonium. 

In response to the first issue, EPA notes (USEPA 2000) that the experimental data on PuO,,, 
formation presented by Haschke et al. (2000) indicates that PuO,,, will form only in the presence of 
oxygen. Because the long-term repository environment will be anoxic, PuO,,, will not form under 
long-term conditions. Thus, the formation of PuO,,, is not expected to affect equilibrium plutonium 
solubilities predicted by the source term model. 

With regard to the second issue, EPA notes (USEPA 2000) that the available iron corrosion data 
obtained with W P  brines (Telander and Westerman, 1997; Felmy, and others, 2000) indicate that 
coatings may form on iron during corrosion. However, the coatings in these studies were not found 
to be adherent. Available corrosion data at the pH values relevant to the WIPP repository indicate 
that corrosion will occur, although higher pH values can slow the corrosion rate (Telander and 
Westerman, 1997). Available natural analogue data for iron corrosion are similar to the assumed 
corrosion rates in the WIPP CCA PA. Thus, iron corrosion is expected to occur in the repository 
and generate reducing conditions. In addition to iron corrosion, biodegradation of organic materials 
in the repository (cellulosics, plastics, and rubber) will consume oxygen and contribute to a long-term 
reducing environment. 

EPA’s response to the third issue (USEPA 2000) stresses important differences between the STTP 
experiments and the WIPP repository environment. These differences include evidence that the tests 
were probably not at equilibrium, the possibility that iron was encapsulated and could not influence 
the redox state of the experimental solution, the absence ofMgO (in all but one experiment), and the 
high plutonium concentrations in the pyrochemical salt waste. In addition, it is possible that the 
Pu(V) and Pu(V1) that was observed in a few experiments may have formed after samples were 
removed from the experiments, but before analysis was carried out because of the one-to-two-day 
sample holding times. Each of these differences between the STTP experiments and the WIPP 
repository environment are summarized in the following paragraphs, extracted from USEPA (2000). 

2.4.3.a “The conceptual model developed to describe the actinide source term is based on 
conditions of chemical equilibrium (USDOE, 1996b; USEPA, 1998a; USEPA, 1998b). 
Under equilibrium conditions in the repository, redox conditions will be controlled by 
reaction of brine with iron in the waste drums, and will also be influenced by the reducing 
effects of microbial degradation oforganic materials in the waste (USDOE, 1996b; USEPA, 
1998a, USEPA, 1998b). The net result of the iron corrosion and biodegradation processes 
will be to produce a reducing environment in the repository (USDOE, 1996b; USEPA, 
1998a, USEPA, 1998b). Because ofthis reducing environment, the source term conceptual 
model predicts that only plutonium(II1) and plutonium(1V) will be present at equilibrium 
in the repository (USDOE, 1996b, USEPA, 1998a; USEPA, 1998b). The STTP 
experiments with measurable plutonium(V) and plutonium(V3) concentrations in solution 
were probably not at equilibrium because of the complex nature of the materials used in the 
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tests, the relatively short duration ofthe tests, and the transient appearance of plutonium(V) 
and plutonium(V1) in the tests. 

Examination of reaction products from two pyrochemical salt tests indicated that the solids 
formed a mass encapsulating the iron mesh, and this effect may have prevented interaction 
between the iron and solution (LANL, 2000b). A similar effect probably will not occur in 
the repository, where iron in the containers will surround the waste. Thus, although iron 
may not have influenced redox conditions in the STTP tests because of its encapsulation by 
waste, this type of encapsulation probably will not occur in the repository. 

The pyrochemical salt waste used in the experiments that contained plutonium(V) and 
plutonium(W) in solution had relatively high plutonium concentrations (LANL, 2000b). 
These high plutonium concentrations likely caused radiolysis that produced peroxide and 
hypochlorites as well as hydrogen (HJ in solution (LANL, 2000b). Peroxide and 
hypochlorites typically react quickly, whereas hydrogen reacts more slowly. In the 
repository, these peroxide and hypochlorite species are expected to rapidly react with iron 
in the waste containers. However, because iron may not have been available in the STTP 
tests to react with the peroxide and hypochlorite, the oxidizing species were able to react 
with plutonium and formed oxidized plutonium species. Thus, brine radiolysis in the 
absence of iron may have occurred in the tests, but this process is not expected to occur in 
the repository. 

The transient formation of plutonium(V) and plutonium(VI) in the WIPP repository was 
considered in the development of the conceptual model of the actinide source term 
(USDOE, 1996b, USEPA, 1998a; 1998b). However, because ofreducing conditions in the 
repository, plutonium(V) or plutonium(VI) that forms in the repository will be reduced to 
plutonium(II1) or plutonium(1V) as the system approaches equilibrium. Conditions in the 
STTP experiments were oxidizing, based on the Eh and gas head space data provided 
(LANL, 2000b; Mendoza, 2000; Runde, 2000). In addition, because MgO was not present 
in the STTP experiments, pH and carbon dioxide partial pressures also differed in the STTP 
experiments from conditions predicted for the repository. Finally, the period of time 
between removal of samples from the STTP experiments and their filtration and analysis 
could have affected the results of the oxidation state analyses. Therefore, the STTP 
experimental data do not accurately represent long-term, equilibrium repository conditions 
and observation of plutonium(V) and plutonium(V1) in these experiments does not 
contradict the source term conceptual model (USDOE, 1996b).” 

2.5 Issue Resolution Status 

2.5.1 Actinide Analogy 

EEG’s comments call into question the validity ofthe actinide analogy as a reasonable approximation 
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to the solubility and speciation behavior ofthe actinide elements in complex brines. Specifically, EEG 
contends that Th(IV) is a poor analog for Pu because Pu can exist in oxidation states other than +4 
depending on “details of the chemical environment”, whereas “Th can only exist in geologic systems 
as Th(1V)” (Comment 2.2.b). EEG suggests that a situation could exist at W P P  where, for 
example, a Pu(1V) solid phase is in contact with a brine that is sufficiently oxidizing to stabilize Pu(V) 
or Pu(VI). If so, the Th(IV) analogy for Pu(IV) would be invalid because Pu exists in different 
oxidation states in the solid and aqueous phases, whereas analogous behavior among Th solids and 
aqueous species is not possible. 

EEG’s reasoning on this issue is technically correct, but inconsistent with the fact that the actinide 
analogy, as used in the CCA source term model, is based on the assumption that the chemical 
environment at WIPP is such that all actinide aqueous species and solids exist in either the +3, +4 or 
+5 oxidation state. As noted by EEG, the analogy does not extended to cases where the oxidation 
state of an actinide differs in the solid and aqueous phase. It is conceivable that a Pu(1V) solid could 
coexist with brines where the stable oxidation state ofPu is +3 (roughly at pH < 8.5) or, less likely, 
+5 or +6 (in strongly oxidizing solutions). In such cases, the Th(1V) analogy for Pu(1V) would be 
inappropriate. It should be emphasized, however, that under conditions expected in the W P  
repository of strongly reducing conditions (controlled by corrosion of the waste containers and 
degradation of organics) and pH in the range 8.5 to 10 (controlled by reaction of brine with MgO 
backfill), Pu in aqueous and solid phases will exist only in the +4 oxidation state. The Th(1V) 
analogy for Pu is therefore valid for the expected chemical environment at WIPP. 

With this conclusion in mind, EPA anticipates that the actinide analogy may nevertheless continue 
to provoke criticism because it may not be valid over the full range of possible, however unlikely, 
environmental conditions that could occur at WIPP. For this reason, EEG’s proposal to directly 
calculate actinide solubilities using values for solubility and complex ion formation contained in the 
peer-reviewed data compilation by OECDNEA may be a useful approach for establishing limits to 
the validity of the analogy with respect to a range of probable-to-improbable repository conditions. 
Alternative techniques to the Pitzer formalism for calculating activity coefficients in concentrated 
electrolyte solutions might also be usefblly employed in this approach. These techniques are less 
accurate than the Pitzer approach, but they are easier to use and provide reasonable estimates of 
activity coefficients as a hnction of the ionic strength of the solution. 

With regard to comments based on results of the STTP experiments, EEG suggests that Th(IV) is 
not a valid analog for the solubility behavior of the +4 actinides because Th concentrations are on 
occasion lower to much lower than those of Pu, Np and U (Comments 2.2.c 2.2.g and 2.2.i). EEG 
assumes that the measured actinide concentrations are controlled by solubility equilibrium, but no 
analysis of the experimental data is offered to support this contention. Moreover, actinide 
concentrations may be influenced by many experimental variables, none of which were actually 
controlled in the experimental systems. The simple observation that Th concentrations are lower than 
those for Pu, Np or U in these experimental solutions is therefore not a reasonable basis for 
suggesting that the Th analogy for these actinides is invalid. 
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2.5.2 MgO Backfill 

Despite EEG’s contention that “. .. it is not known how long the early reaction product, nesquehonite, 
will persist.” (Item 2.3 .b), both experimental and field investigations by DOE and others provide 
convincing evidence that nesquehonite will persist for only a short period of time - from days to 
weeks (Section 2.4.b). EEG does not provide any compelling evidence to suggest this conclusion 
is seriously in error. Also, EEG’s contention that “...the behavior ofMgO in brines has far-reaching 
implications and merits its own investigation” (Comment 2.2.c) is unsupported by any direct evidence 
indicating that MgO backfill will not behave as expected in the repository. 

2.5.3 Oxidation State of Pu 

Based on the discussion in Section2.4.3, EPA appears to have adequately addressed all the comments 
in EEG-77 dealing with the oxidation state ofPu in solid oxides (Comment 2.2.d) and the detection 
of Pu(V) and Pu(VI) in some STTP experimental solutions (Comments 2.2.e, 2.2.h and 2 . 2 4  
(USEPA 2000). To summarize EPA’s position, the STTP experimental data do not appear to 
accurately represent long-term, equilibrium repository conditions, and observation of Pu(V) and 
Pu(V1) in these experiments does not contradict the source term conceptual model. Moreover, 
because the repository environment will be anoxic, PuO,,, will not form in the repository under 
conditions expected over the long term. 

3 ISSUE 3: UNCERTAINTY RANGES FOR SOLUBILITY ESTIMATES 

3.1 Description of the Issue 

EEG contends that estimates ofuncertainties in Pu(IV) and U(VI) solubilities, and evaluations of the 
potential for Pu to exist in the +5 or +6 oxidation states in WIPP brines, should be carried out on the 
basis of equilibrium calculations that are constrained by thermochemical data for the relevant aqueous 
species and solids. EEG asserts that DOE’S approach for estimating uncertainties in the solubilities 
of the An(1V) actinides is inadequate because it is constrained solely by comparisons between 
calculated and measured solubilities for the +3 actinides and lanthanides. EEG also notes that the 
CCA source term does not include a solubility model for U(VI) because a suitable model has not yet 
been developed by DOE. EEG suggests that an extensively peer-reviewed thermodynamic database 
for the actinide elements developed under the auspices of the NENOECD, and an alternative 
approach to that used by DOE for calculating ionic activities in concentrated solutions, could be used 
to directly estimate the solubilities and associated uncertainties of all An(III), An(IV) An(V) and 
An(V1) actinides, and to assess the potential for Pu to exist in the +5 or +6 oxidation states in WIPP 
brines. 
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3.2 Summary of EEG Comments in EEG77 Addressing ISSUE 3 

3.2.a “Rather than use an extensive plutonium data base, the FMT predictions relied on 
thermodynamic data for other elements and an oxidation state analogy argument. EEG 
recommends that the calculations be performed using data for plutonium and the values for 
solubility and complex ion formation contained in the peer-reviewed data compilation by 
OECDNEA.” (2”d bullet, p. 5) .  

3.2.b “EEG agrees with EPA’s documentation of the shortcomings of the solubility uncertainty 
ranges advanced by DOE. However, EPA has accepted the ranges as adequate based on a 
weak argument. EEG recommends that the uncertainty range needs to be determined with 
the appropriate plutonium data.” (3‘d bullet, p. 5) .  

3.2.c “The EPA has limited their review of the DOE solubility calculations to an exercise in which 
EPA used the Sandia computers, codes and databases to determine whether they could get 
the same numerical values for results if they tried to duplicate the work done by DOE. ... A 
more reasonable evaluation would require a comparison of the results of calculations using 
a code that is used more widely in the modeling community with those obtained by the Sandia 
FMT code.” (3‘d para., p. 5) .  

3.2.d “There has been no evaluation by EPA of the thermodynamic properties data used in the 
database for the solubility calculations. ...,’ ( 4 ~  para., p. 5) .  

3.2.e “...concerns about the use of the FMT computer code have been documented previously. 
Rather than revisit that conceptual model and computer code, this report [EEG-771 promotes 
two approaches to address our documented concerns. First, directly tackle the issue ofmodel 
uncertainty by generating experimental data for plutonium in brines of appropriate chemical 
composition. Second, starting with a peer-reviewed database for plutonium and uranium, 
adjust solution species activity as hnction of ionic strength using Specific Ion Interaction 
Theory, rather than try to determine Pitzer parameters, which can have very large 
uncertainties for highly charged species, for use in the FMT code. ...” (3‘d para., p. 9). 

3.2.f “The uncertainty range used by DOE for solubility estimates attracted several criticisms that 
were discussed in the EPA response to comments. ... EPA stated that in the uncertainty 
analysis “solubility data for the actinides in the +6 oxidation state were not used. This 
decision seems appropriate in view of the fact that the CCA source term was unable to 
develop a solubility model for U(vI), which is the only hexavalent actinide species expected 
under W P P  conditions. ” In view of recent experimental results that strengthen the 
possibilities that Pu(VI) as well as U(VI) may be important species in WP-re la ted  brines, 
EPA is urged to reconsider this position. Exclusion of An(IV) data from the uncertainty 
analysis because of difficulties that DOE contractors had with extrapolation of such data, 
including (apparently) data for Th(IV), exposes the weakness of both the uncertainty 
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estimates for An(1V) species as well as the potential unreliability of the solubility calculations 
for these species ....” (2nd para., p. 11). 

3.2.g . “This position ...[ to omit an An(VI) solubility model in the CCA source term] ... was taken 
by DOE despite the fact that work had been f h d e d  by WIPP on the topic of a U(VI) model, 
there is a peer-reviewed thermodynamic database for U species ..., and that the work 
accomplished by early 1996 . . .[to develop an An(VI) solubility model]. . . under contract to 
WIPP appears to have as sound a footing as the database for Th(1V) used as a model for all 
An(1V) species”. (4* para., p. 29). 

3.2.h “While EPA seems to have understood the limitations of the uncertainty analysis conducted 
by DOE, they conclude that “the experimental procedures for determining the solubilities 
of +IV actinide solids are not substantially drfferent from those used to determine the 
solubilities of +III and + V actinide solids, hence EPA concludes that the uncertainties 
determined for the +III and + V actinide solih would be inclusive of those that would be 
obtained for the +IV actinide solids ... ”. If the only problem were the attempt to use the 
same methods to measure solubilities, we would not have the need for statements concerning 
“significant problems” with the data. Unfortunately, it is the solution chemistry ofthe An(1V) 
elements that presents the difficulties, not the methods used in the analysis.” (4& para., p. 30). 

3.3 .i “The complexities of the solution chemistry carries forward into the attempts to calculate 
solubilities using computer models. In the case of the FMT calculations used by DOE, the 
use of Pitzer parameters for calculation was selected. This method requires the estimation 
of the Pitzer parameters from existing experimental data on the solubility of appropriate 
An(1V) species. For highly charged species, such as are frequently encountered with the 
An(1V) elements, there are significant uncertainties in the estimation of the Pitzer parameters. 
...” (lst para., p. 3 1). 

3.3 EEG’s Recommendations to Resolve ISSUE 3 

EEG recommends that DOE should construct a thermodynamic database for U and Pu that is based 
on a database for the actinide and other elements developed, and periodically revised and updated, 
by the OECD/NEA. It is also recommended by EEG that the so-called SIT method, rather than the 
Pitzer approach, be used to calculate ionic activities in concentrated palt solutions. Predictive 
calculations using the thermodynamic database and the SIT approach are then recommended to 
simulate conditions in the STTP experiments that showed high Pu and U concentrations. EEG 
indicates that this would provide guidance for improvement of the database. 

3.4 EPA’s Previous Responses to Comments Related to ISSUE 3 

3.4.1 EPA Responses to Comments on Solubility Estimates 
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The following paragraphs are from EPA’s responses to Comments 6.EE. 1 through 6.EE.6 
dealing with uncertainties in solubility estimates [see USEPA (1998a)l. 

3.4.1 .a “The Fracture Matrix Transport (FMT) code solves chemical equilibrium problems using 
the Pitzer activity coefficient formalism. The Pitzer approach is the most accurate method 
for calculating activity coefficients for ionic species under conditions of high ionic strength 
as found in the WIPP brines. The FMT model computes activities and concentrations of 
constituents in brine solutions based on thermodynamic data and Pitzer parameters .. . for 
the following major components; hydrogen, oxygen, sodium, potassium, magnesium, 
calcium, chlorine, sulfur, carbon, boron, bromine, chlorate, phosphorus. This database has 
been augmented to include data for Am(III), Th(IV), and Np(V) which are relevant to use 
of FMT at WIPP. Positions in the database exist for U(VI) species, but no data actually 
exist in the database for these species, and consequently the FMT code is not used to model 
uranium chemistry. 

For implementation in the PA, the FMT code is used to  calculate the concentrations of 
Am(III), Th(IV), and Np(V) from the solubilities of specified actinide solids under 
conditions of chemical equilibrium. The code is not actually used for transport calculations 
as might be implied from its name. The effects on chemical conditions caused by 
equilibrium with specific solid phases part of the database are also included in the FMT 
calculation scheme. This capability is important for determining the effects of specific 
reactions, such as between magnesium hydroxide and magnesium carbonates, that are 
expected to be important for controlling pH and CO,(g) fkgacity in the repository -- i.e., 
parameters that strongly affect the solubilities of actinide solids. The FMT model is not 
used for calculating redox equilibria. Instead, actinides are specified to exist completely in 
a single oxidation state, i.e., Am(III), Th(IV), and Np(V). Using oxidation state analogies, 
the results for these actinides are extrapolated to Pu(III), Np(IV), U(IV), and Pu(1V). 

A fundamental precept of the representation of the repository environment in the 
performance assessment is that the actinide source term can be described by chemical 
equilibrium processes. The FMT code is a model of chemical equilibrium as applied to 
actinide chemistry that incorporates the Pitzer approach for calculating activity coefficients 
relevant to the high ionic strength conditions present in the Salado and Castile brines. This 
conceptualization is summarized in Appendix SOTERM?. 

3.4.1 .b “In summary, the chemical equilibrium concept as applied to the repository environment 
involves the following assumptions: 

The system of brine and wastes is well-mixed [Appendix SOTERM]. 

The brine composition entering the repository is constant with time. [Appendix 
SOTERM] 
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The brines are in chemical equilibrium with the common minerals found in the Salado 
and Castile formations (e.g., halite and anhydrite). [Appendix SOTERM ...I 

The brine pH (or pcH) and hgacity of CO,(g) will be buffered to specific values by the 
equilibrium between brucite [Mg(OH),] and magnesite [MgCO,] as a result of brine 
interactions with the MgO backfill material. [Appendix SOTERM . . .] 

The concentrations of actinides released to the brines can be represented by the 
experimentally determined solubilities of the actinide-bearing solids expected to form 
under the prevailing solution conditions. [Appendix SOTERM . .. 3 

The effects of redox reactions can be adequately represented by assuming dominant 
valence states for the actinides expected to be stable under the reducing conditions of 
the repository, where reducing conditions are generated from the consumption of 
oxygen by decaying organic material and ferrous metals. [Appendix SOTERM] 

Oxidation state analogies can be used to represent the concentrations of actinides for 
which solid-phase solubility data are not available or inadequate, i.e., Am(II1) is used 
to represent Pu(III), where Th(1V) is used to represent Np(IV), Pu(1V) and U(IV), etc. 
[Appendix SOTERM . . .] 

Solubility and aqueous speciation data are inadequate to model U(VI), hence a model 
solubility of 8.8 x M (in Castile brine) is used to provide a conservative 
representation of expected U(VI) concentrations based on a variety of empirical 
measurements. [Appendix SOTERM ... ] 

The uncertainty in predicted solubilities of actinide solids can be represented by the 
deviances between solubilities determined in individual experimental studies and 
concentrations predicted by models used to fit experimental data to aqueous speciation 
schemes. [Appendix SOTERM ...I 

The Pitzer approach provides the best representation of activity coefficient for the high 
ionic strength solutions found in the Salado and Castile brines. [Appendix SOTERM.. .] 

To determine conditions of chemical equilibrium for a solid/solution system, the FMT model 
uses the criteria of minimization of free energy given the constraints of the chemical 
composition of the fluid in question and principles of mass and charge balance and mass 
action defined for individual chemical reactions. [FMT User’s Manual] This method is 
entirely consistent with the definition of chemical equilibrium as being the state of lowest 
free energy. The equations of mass action and mass balance are defined in the 
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thermodynamic database of the FMT model in terms of specific reactions for aqueous 
speciation and solid phase solubility. [FMT User’s Manual] 

The FMT model was designed for application to high ionic strength solutions and contains 
algorithms that incorporate the Pitzer approach to calculating activity coefficients for 
dissolved species . . . . These databases were developed for representing chemical equilibrium 
in the high ionic strength solutions found in evaporative lakes and are directly applicable to 
representing chemical reactions in the high ionic strength brines of the Salado and Castile 
formations. ” 

3.5 Issue Resolution Status 

According to EEG, EPA’s previous responses to comments related to ISSUE 3, as summarized in 
Section 3.4, do not adequately address all of EEG’s concerns on this issue. EEG maintains that the 
chemical model for the actinides incorporated in the FMT code is not appropriate for evaluating 
uncertainty ranges for solubilities used in the CCA source term. As noted in the 3rd paragraph, page 
9 of EEG-77, EEG proposes to move beyond fbrther discussion of the conceptual model and 
numerical techniques incorporated in FMT and to adopt two new approaches to address their 
concerns: 

1. Deal with the uncertainty issue by generating experimental data for Pu in WIPP-relevant brines, 
and 

2. Use the NENOECD thermochemical database for the actinides, and the Specific Ion Interaction 
Theory (SIT), instead of the Pitzer approach currently employed by DOE, to calculate ionic 
activities in concentrated solutions. 

EEG contends that these two tasks together would provide the basis for developing reliable models 
of actinide speciation-solubility behavior, and that such models are needed to provide credible bounds 
on uncertainties in actinide solubilities. 

EEG’s proposed approach is a significant departure from that used by DOE to support the CCAPA. 
Although the proposal may have merit, it raises a number of issues that should be considered 
carefully: 

1. E E G s  approach would require direct experimental investigation of the solubility and speciation 
behavior of Pu (and presumably other actinides) in “WIPP-relevant” brines. It is questionable, 
however, whether such work is actually necessary. DOE’S current strategy invoking analogous 
chemical behavior between Pu(1V) and Th(1V) appears to provide credible upper bounds on Pu 
solubilities. EEG contends, however, that this “acthide analogy argument” (ISSUE 2) may be 
invalid for certain, remotely possible, environmental conditions at WIPP. If so, then 
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2. 

3 .  

experimental investigation of plutonium’s speciation-solubility behavior under these specific 
environmental conditions may be warranted. 

EEG’s proposal to use the NENOECD database raises the question whether this database is 
reliable and relevant for conditions at W P ,  and whether the database has been developed, and 
controlled, to applicable NQA standards. 

Although the SIT method is widely acknowledged to be easier to use than the Pitzer approach, 
it is also less accurate. This raises the question whether the SIT method is suitable for WIPP- 
relevant brines, and, if so, whether its ease of use justifies the associated losses in accuracy. 

The first issue is also addressed in Section 2.5.1, where it is noted that if chemical conditions at WIPP 
are moderately alkaline and strongly reducing, as expected, then the Th(1V) analogy for Pu(1V) is 
appropriate. In such case, there would be no need to adopt the approach proposed by EEG. In other 
words, direct experimental investigation of Pu speciation-solubility behavior in “WIPP-relevant” 
brines is unnecessary as long as the brines are representative of environmental conditions expected 
at WIPP. As noted earlier (Section 2.5.1), however, the actinide analogy may not be valid if 
conditions are oxidizing or relatively acidic - conditions that are not representative of WIPP. EEG’s 
proposed approach may therefore have some limited use in providing a chemical model for Pu (and 
other actinides) that could be used to evaluate associated effects on solubilities resulting from such 
unexpected, but remotely possible, conditions. Before committing the considerable resources in terms 
of time and costs to carry out such work, however, it would seem prudent to explore whether 
alternative approaches to estimating defensible upper bounds on Pu solubilities under these specific 
conditions exist, or can be developed. Such approaches could be based on the existing 
thermochemical database for the actinides developed by the NENOECD. 

If necessary, the second issue could be addressed by a thorough review of the NENOECD database, 
focusing in particular on whether the database is reliable, and relevant with respect to WIPP disposal 
conditions. The issue of reliability entails consideration of the level of internal consistency of the 
database, as well as evaluation of the hndamental approach and associated mathematical techniques 
used to retrieve values of thermodynamic properties from basic experimental data. The issue of 
relevance ofthe database addresses whether thermochemical data are available for all actinide-bearing 
solids and aqueous species that are expected to be important in WIPP brines. It is possible, if not 
highly likely, that such data may be unavailable in the NENOECD database for some important, 
WIPP-relevant aqueous species. If so, can such gaps in the database be filled without significant 
impact on the reliability (i.e. internal consistency) of the database? 

The third issue could also be addressed by thorough review of the SIT method, focusing on the 
relative strengths and limitations of this approach compared to the Pitzer approach. The basic 
difference between the approaches is that the former uses an extended Debye-Huckel expression for 
activity coefficients parameterized in terms of ionic charge and ionic strength, whereas the latter uses 
a medium-dependent expression parameterized in terms of empirically derived virial coefficients 
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appearing in the Pitzer equations. The Pitzer model can provide calculations of log Kvalues that are 
practically within experimental accuracy, but the large number of parameters in this model and their 
strong interrelations and correlations, makes it difficult to apply the model to systems where complex 
formation is important. The SIT model, on the other hand, uses a much smaller number of regression 
parameters, resulting in less accurate calculation of log K values, but ion-pairing and complex 
formation are explicitly accounted for in this model. Ultimately, the question of whether the SIT 
method can be used in place of the Pitzer approach for actinide speciation-solubility calculations 
appropriate for WlPP brines may depend on the purpose of the calculation. If the calculations are 
for bounding purposes, or perhaps to  support performance assessment models, then the accuracy of 
the Pitzer approach may not be as important as the ability of the SIT method to account for ion- 
pairing and complex formation, as long as the associated loss in accuracy is acceptable. 

In summary, EEG’s proposed approach involving direct experimental investigation of plutonium’s 
speciation-solubility behavior in WIPP-relevant brines, adoption of the NENOECD thermochemical 
database for the actinides, and consideration of alternative techniques for calculation ofionic activities 
in concentrated brines, differs significantly from the approach used by DOE to support the WIPP 
CCA. EEG’s approach may have limited use in providing bounding estimates ofPu solubilities under 
WIPP disposal conditions that are unexpected, though remotely possible. More generally, the 
approach could in principle be used to calculate actinide solubilities directly, eliminating the present 
need to estimate upper bounds based on analogous chemical behavior. It should be emphasized, 
however, that there is no compelling reason to question the validity of the actinide analogy argument 
under expected disposal conditions at WIPP, and that associated upper-bound estimates of actinide 
solubilities are adequate for performance assessment purposes. If necessary, the merits of EEG’s 
proposed approach should be hrther assessed on the basis of a thorough review of issues pertaining 
to the adoption of the NENOECD thermochemical database, and possible uses of alternative 
methods for calculation of ionic activities in WIPP brines. 
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10 to 28°C in a simulated sedimentary column indicates that the formation and 
recrystallization reactions involving magnesium carbonates occur rapidly (Davies et 
al.,1977, p. 188, 189, 197,198). The results of these experiments provide adequate 
information to conclude that reactions involving the MgO backfill material, brines, and 
carbon dioxide will be rapid -and will produce the geochemical conditions expected for 
chemical equilibrium between brucite and hydromagnesite and/or magnesite. 

The estimates of the rates of magnesium carbonate formation made from experimental 
results are generally consistent with observations of their occurrence in nature. Overall, 
occurrences of nesquehonite are rare and found primarily in young deposits from 
precipitation from meteoric waters (Fischbeck and Muller, 1971, p. 87; Marschner, 1969, 
p. 1 1 19 . . .). Natural occurrences of hydromagnesite and magnesite are more common and 
typically found in saline environments, such as sabkhas, evaporites, and alkaline lake 
sediments (Irion and Muller, 1968, p. 1309, 1310; Renaut and Long, 1989, p. 239; 
Stamatakis, 1995, p. B179 ...). A good example of the occurrence of magnesium 
carbonates is provided by Stamatakis (1995, p. B179-B181), who has described a 
Quaternary age deposit ofhydromagnesite, magnesite, dolomite [CaMg(CO,),] and huntite 
[Mg,Ca(CO,),J in northern Greece. The genetic model developed by Stamatakis (1 995, p. 
B183, Bl84) indicates that the magnesium carbonates formed as magnesium-enriched 
spring waters, derived from sources in mafic and ultramafic rocks, flowed into an enclosed 
basin and evaporated. As the solutions became more saline and alkaline with evaporation, 
the magnesium carbonates were precipitated from solution. It is important to  note, 
however, that while these precipitates include hydromagnesite and magnesite, nesquehonite 
was not found in the deposit. This finding is consistent with the short-lived nature of 
nesquehonite in saline environments as a result of its relatively rapid rate of conversion to 
hydromagnesite and magnesite. This field observation is consistent with the experimental 
results. 

- 

Based on the above discussion, the sequence of events resulting from brine infiltration and 
reaction with the MgO backfrll in the repository may be conceptualized by the following 
reactions, in order: 

9 Rapid reaction (hours to days) .between the brine and MgO to produce brucite. 

Rapid carbonation (hours to days) of the brucite to produce nesquehonite and possibly 
hydromagnesite. 

Rapid conversion (days to  weeks) of the nesquehonite to hydromagnesite. 

Slow conversion (few hundred t o  few thousands of years) of the hydromagnesite to 
magnesite. 
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The available rate data indicate that some portion, perhaps all, of the hydromagnesite will 
be converted to magnesite over the 10,000-year period for repository performance. The 
exact time required for complete conversion has not been established for all chemical 
conditions. However, the available laboratory and field data clearly indicate that magnesite 
formation takes from a few hundred to, perhaps, a few thousand years. Thus, the early 
repository conditions can be best represented by the equilibrium between brucite and 
hydromagnesite. These conditions will eventually evolve to  equilibrium between brucite 
and magnesite. In fact, the Salado Formation contains magnesite in its mineral assemblage, 
hence its brine is saturated with respect to magnesite solubility.. ., indicating that conditions 
conducive to  magnesite formation from reactions between brine and the MgO backfill are 
already present in the repository surroundings. This overall conceptualization is also 
consistent with the thermodynamic approach used to  model the actinide source term, in that 
solution conditions would be expected to be controlled by the metastable hydromagnesite 
until it is completely converted to magnesite. 

- 

In summary, information from the SNL experimental studies, experimental studies reported 
in the scientific literature, observations of natural occurrences of magnesium carbonates, 
and peer review panel findings, overwhelmingly indicate that nesquehonite will not persist 
in the repository environment, but will rapidly alter to  hydromagnesite or hydromagnesite- 
like solids. The hydromagnesite is eventually expected to alter to magnesite, but this 
process could take up to a few thousand years. Consequently, EPA considers the 
conceptual model most appropriate for representing the effects of reactions between brines 
and the MgO backfill to be the equilibrium chemical conditions imposed by the presence of 
hydromagnesite.” 

2.4.3 EPA Responses to Comments Dealing with the Oxidation State of Pu 

A number of comments in EEG-77 raise questions arising from recent experiments dealing with the 
oxidation state of Pu in WZPP brines and solid phases. These comments are pertinent to the question 
of whether the oxidation state analogy is valid, because adopting Th(1V) as a suitable analog for Pu 
in the CCA PA is based on the assumption that Pu exists only in the +4 oxidation state. A recent 
report (USEPA 2000) addresses a number of the Pu oxidation-state issues raised in EEG-77. These 
issues include: 

the formation ofPuO,,, in the repository rather than PuO, will cause higher plutonium solubilities 
than predicted by the source term model, 

the formation of magnesio-ferrite on the surfaces of the steel mesh in the STTP experiments 
indicates that iron corrosion may not create reducing conditions in the repository, and 
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0 the formation of Pu(V) and Pu(VI) in the STTP experiments indicates that these plutonium 
oxidation states will persist in the repository and lead to  increased mobility of plutonium. 

In response to the first issue, EPA notes (USEPA 2000) that the experimental data on PuO,,, 
formation presented by Haschke et al. (2000) indicates that PuO,,, will form only in the presence of 
oxygen. Because the long-term repository environment will be anoxic, PuO,,, will not form under 
long-term conditions. Thus, the formation of PuO,,, is not expected to  affect equilibrium plutonium 
solubilities predicted by the source term model. 

With regard to the second issue, EPA notes (USEPA 2000) that the available iron corrosion data 
obtained with WIPP brines (Telander and Westerman, 1997; Felmy, and others, 2000) indicate that 
coatings may form on iron during corrosion. However, the coatings in these studies were not found 
to be adherent. Available corrosion data at the pH values relevant to the WlPP repository indicate 
that corrosion will occur, although higher pH values can slow the corrosion rate (Telander and 
Westerman, 1997). Available natural analogue data for iron corrosion _ _  are similar to the assumed 
corroGon rates in the WIPP CCA PA. Thus, iron corrosion is expected to occur in the repository 
and generate reducing conditions. In addition to iron corrosion, biodegradation of organic materials 
in the repository (cellulosics, plastics, and rubber) will consume oxygen and contribute to a long-term 
reducing environment. 

E P A s  response to  the third issue (USEPA 2000) stresses important differences between the STTP 
experiments and the WIPP repository environment. These differences include evidence that the tests 
were probably not at equilibrium, the possibility that iron was encapsulated and could not influence 
the redox state of the experimental solution, the absence ofMgO (in all but one experiment), and the 
high plutonium concentrations in the pyrochemical salt waste. In addition, it is possible that the 
Pu(V) and Pu(V1) that was observed in a few experiments may have formed after samples were 
removed from the experiments, but before analysis was carried out because of the one-to-two-day 
sample holding times. Each of these differences between the STTP experiments and the WIPP 
repository environment are summarized in the following paragraphs, extracted from USEPA (2000). 

2.4.3.a “The conceptual model developed to  describe the actinide source term is based on 
conditions of chemical equilibrium (USDOE, 1996b; USEPA, 1998a; USEPA, 1998b). 
Under equilibrium conditions in the repository, redox conditions will be controlled by 
reaction of brine with iron in the waste drums, and will also be influenced by the reducing 
effects ofmicrobial degradation of organic materials in the waste (USDOE, 1996b; USEPA 
1998a, USEPA, 1998b). The net result of the iron corrosion and biodegradation processes 
will be to  produce a reducing environment in the repository (USDOE, 1996b; USEPA, 
1998a, USEPA, 1998b). Because ofthis reducing environment, the source term conceptual 
model predicts that only plutoniurn(II1) and plutonium(1V) will be present at equilibrium 
in the repository OJSDOE, 1996b, USEPA, 1998a; USEPA, 1998b). The STTP 
experiments with measurable plutoniurn(V) and plutonium(VI) concentrations in solution 
were probably not at equilibrium because of the complex nature ofthe materials used in the 
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tests, the relatively short duration ofthe tests, and the transient appearance of plutonium(V) 
and plutonium(V1) in the tests. 

Examination of reaction products from two pyrochemkal salt tests indicated that the solids 
formed a mass encapsulating the iron mesh, and this effect may have prevented interaction 
between the iron and solution (LANL, 2000b). A similar effect probably will not occur in 
the repository, where iron in the containers will surround the waste. Thus, although iron 
may not have influenced redox conditions in the STTP tests because of its encapsulation by 
waste, this type of encapsulation probably will not occur in the repository. 

The pyrochemical salt waste used in the experiments that contained plutonium(V) and 
plutonium(V1) in solution had relatively high plutonium concentrations (LANL, 2000b). 
These high plutonium concentrations likely caused radiolysis that produced peroxide and 
hypochlorites as well as hydrogen (HJ in solution (LANL, 2000b). Peroxide and 

- hypochlorites typically react quickly, whereas hydrogen ._ reacts more slowly. In the 
repository, these peroxide and hypochlorite species are expected to  rapidly react with iron 
in the waste containers. However, because iron may not have been available in the STTP 
tests to react with the peroxide and hypochlorite, the oxidizing species were able to react 
with plutonium and formed oxidized plutonium species. Thus, brine radiolysis in the 
absence of iron may have occurred in the tests, but this process is not expected to occur in 
the repository. 

The transient formation of plutonium(V) and plutonium(VI) in the WIPP repository was 
considered in the development of the conceptual model of the actinide source term 
(USDOE, 1996b, USEPA, 1998a; 1998b). However, because ofreducing conditions in the 
repository, plutonium(V) or plutonium(V1) that forms in the repository will be reduced to 
plutonium(II1) or plutonium(1V) as the system approaches equilibrium. Conditions in the 
STTP experiments were oxidizing, based on the Eh and gas head space data provided 
(LANL, 2000b; Mendoza, 2000; Runde, 2000). In addition, because MgO was not present 
in the STTP experiments, pH and carbon dioxide partial pressures also differed in the STTP 
experiments from conditions predicted for the repository. Finally, the period of time 
between removal of samples from the STTP experiments and their filtration and analysis 
could have affected the results of the oxidation state analyses. Therefore, the STTP 
experimental data do not accurately represent long-term; equilibrium repository conditions 
and observation of plutonium(V) and plutonium(VI) in these experiments does not 
contradict the source term conceptual model (USDOE, 1996b).” 

2.5 Issue Resolution Status 

2.5.1 Actinide Analogv 

EEG’s comments call into question the validity ofthe actinide analogy as a reasonable approximation 
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to the solubility and speciation behavior ofthe actinide elements in complex brines. Specifically, EEG 
contends that Th(1V) is a poor analog for Pu because Pu can exist in oxidation states other than +4 
depending on “details of the chemical environment”, whereas “Th can only exist in geologic systems 
as Th(1V)” (Comment 2.2.b). EEG suggests that a situation could exist at W P  where, for 
example, aPu(1V) solid phase is in contact with a brine that is sufficiently oxidizing to stabilize Pu(V) 
or Pu(VI). If so, the Th(1V) analogy for Pu(1V) would be invalid because Pu exists in different 
oxidation states in the solid and aqueous phases, whereas analogous behavior among Th solids and 
aqueous species is not possible. 

EEG’s reasoning on this issue is technically correct, but inconsistent with the fact that the actinide 
analogy, as used in the CCA source term model, is based on the assumption that the chemical 
environment at WIPP is such that all actinide aqueous species and solids exist in either the +3, +4 or 
+5 oxidation state. As noted by EEG, the analogy does not extended to cases where the oxidation 
state of an actinide differs in the solid and aqueous phase. It is conceivable that a Pu(1V) solid could 
coexist with brines where the stable oxidation state ofPu is +3 (roughly at pH < 8.5) or, less likely, 
+5 or +6 (in strongly oxidizing solutions). In such cases, the Th(€V) analogy for Pu(1V) would be 
inappropriate. It should be emphasized, however, that under conditions expected in the LWP 
repository of strongly reducing conditions (controlled by corrosion of the waste containers and 
degradation of organics) and pH in the range 8.5 to 10 (controlled by reaction of brine with MgO 
backfill), Pu in aqueous and solid phases will exist only in the +4 oxidation state. The Th(1V) 
analogy for Pu is therefore valid for the expected chemical environment at WIPP. 

With this conclusion in mind, EPA anticipates that the actinide analogy may nevertheless continue 
to provoke criticism because it may not be valid over the fill range of possible, however unlikely, 
environmental conditions that could occur at WIPP. For this reason, EEG’s proposal to directly 
calculate actinide solubilities using values for solubility and complex ion formation contained in the 
peer-reviewed data compilation by OECD/NEA may be a usehl approach for establishing limits to 
the validity of the analogy with respect to a range of probable-to-improbable repository conditions. 
Alternative techniques to  the Pitzer formalism for calculating activity coefficients in concentrated 
electrolyte solutions might also be usehlly employed in this approach. These techniques are less 
accurate than the Pitzer approach, but they are easier to use and provide reasonable estimates of 
activity coefficients as a finction of the ionic strength of the solution. 

With regard to comments based on results of the STTP experiments, EEG suggests that Th(1V) is 
not a valid analog for the solubility behavior of the +4 actinides because Th concentrations are on 
occasion lower to much lower than those ofPu, Np and U (Comments 2.2.c 2.2.g and 2 .24 .  EEG 
assumes that the measured actinide concentrations are controlled by solubility equilibrium, but no 
analysis of the experimental data is offered to support this contention. Moreover, actinide 
concentrations may be influenced by many experimental variables, none of which were actually 
controlled in the experimental systems. The simple observation that Th concentrations are lower than 
those for Pu, Np or U in these experimental solutions is therefore not a reasonable basis for 
suggesting that the Th analogy for these actinides is invalid. 
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2.5.2 MaOBackfill 

Despite EEG’s contention that “... it is not knownhow long the early reaction product, nesquehonite, 
will persist.” (Item 2.3 .b), both experimental and field investigations by DOE and others provide 
convincing evidence that nesquehonite will persist for only a short period of time - from days to 
weeks (Section 2.4.b). EEG does not provide any compelling evidence to  suggest t h s  conclusion 
is seriously in error. Also, EEG’s contention that “...the behavior of MgO in brines has far-reaching 
implications and merits its own investigation” (Comment 2.2.c) is unsupported by any direct evidence 
indicating that MgO backfill will not behave as expected in the repository. 

.- 2.5.3 Oxidation State of Pu 

Based on the discussion in Section2.4.3, EPA appears to have adequately addressed all the comments 
in EEG-77 dealing with the oxidation state of Pu in solid oxides (Comment 2.2.d) and the detection 
of PuCV) and Pu(V1) in some STTP experimental solutions (Comments 2.2.e, 2.2.h and 2 . 2 4  
(USEPA 2000). To summarize EPA’s position, the STTP experimental data do not appear to 
accurately represent long-term, equilibrium repository conditions, and observation of Pu(V) and 
Pu(VI) in these experiments does not contradict the source term conceptual model. Moreover, 
because the repository environment will be anoxic, PuO,,, will not form in the repository under 
conditions expected over the long term. 

3 ISSUE 3: UNCERTAINTY RANGES FOR SOLUBILITY ESTIMATES 

3.1 Description of the Issue 

EEG contends that estimates ofuncertainties in Pu(1V) and U(W) solubilities, and evaluations of the 
potential for Pu to exist in the +5 or +6 oxidation states in WlPP brines, shouId be carried out on the 
basis of equilibrium calculations that are constrained by thermochemical data for the relevant aqueous 
species and solids. EEG asserts that DOE’S approach for estimating uncertainties in the solubilities 
of the An(1V) actinides is inadequate because it is constrained solely by comparisons between 
calculated and measured solubilities for the +3 actinides and lanthanides. EEG also notes that the 
CCA source term does not incIude a solubility model for U(VI) because a suitable model has not yet 
been developed by DOE. EEG suggests that an extensively peer-reviewed thermodynamic database 
for the actinide elements developed under the auspices of the NENOECD, and an alternative 
approach to that used by DOE for calculating ionic activities in concentrated solutions, could be used 
to directly estimate the solubilities and associated uncertainties of all An(III), fm(1V) An(V) and 
AnfVI) actinides, and to  assess the potential for Pu to exist in the +5 or +6 oxidation states in WIPP 
brines. 
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3.2 Summary of EEG Comments in EEG77 Addressing ISSUE 3 

3.2.a “Rather than use an extensive plutonium data base, the FMT predictions relied on 
thermodynamic data for other elements and an oxidation state analogy argument. EEG 
recommends that the calculations be performed using data for plutonium and the values for 
solubility and complex ion formation contained in the peer-reviewed data compilation by 
OECD/NEA.” (Znd bullet, p. 5) .  

3.2.b “EEG agrees with EPA’s documentation of the shortcomings of the solubility uncertainty 
ranges advanced by DOE. However, EPA has accepted the ranges as adequate based on a 
weak argument. EEG recommends that the uncertainty range needs to be determined with 
the appropriate plutonium data.” (3‘d bullet, p. 5). 

3.2.c “The EPA has limited their review of the DOE solubility calculations to an exercise in which 
- EPA used the Sandia computers, codes and databases to determine whether they could get 

the same numerical values for results if they tried to duplicate the work done by DOE. ... A 
more reasonable evaluation would require a comparison of the results of calculations using 
a code that is used more widely in the modeling community with those obtained by the Sandia 
FMT code.” (3‘d para., p. 5) .  

. 

3.2.d “There has been no evaluation by EPA of the thermodynamic properties data used in the 
database for the solubility calculations. ...” (4& para., p. 5).  

3.2.e “...concerns about the use of the FMT computer code have been documented previously. 
Rather than revisit that conceptual model and computer code, this report [EEG-771 promotes 
two approaches to  address our documented concerns. First, directly tackle the issue ofmodel 
uncertainty by generating experimental data for plutonium in brines of appropriate chemical 
composition. Second, starting with a peer-reviewed database for plutonium and uranium, 
adjust solution species activity as fbnction of ionic strength using Specific Ion Interaction 
Theory, rather than try to determine Pitzer parameters, which can have very large 
uncertainties for highly charged species, for use in the FMT code. ...” (3rd para., p. 9). 

3.2.f “The uncertainty range used by DOE for solubility estimates attracted several criticisms that 
were discussed in the EPA response to comments. ... EPA stated that in the uncertainty 
analysis “solubility data for the actinides in the +6 oxidation state were not used. This 
decision seems appropriate in view of the fact that the CCA source term was unable to 
develop a solubility model for U m ) ,  which is the on& hexavalent actinide species expected 
under W P P  conditions.” In view of recent experimental results that strengthen the 
possibilities that Pu(VI) as well as U(VI) may be important species in WP-re la ted  brines, 
EPA is urged to reconsider this position. Exclusion of An(1V) data from the uncertainty 
analysis because of difficulties that DOE contractors had with extrapolation of such data, 
including (apparently) data for Th(IV), exposes the weakness of both the uncertainty 
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estimates for An(1V) species as well as the potential unreliability of the solubility calculations 
for these species ....” (Znd para., p. 11). 

3.2.g “This position ...[ to omit an An(VI) solubility model in the CCA source term] ... was taken 
by DOE despite the fact that work had been hnded by WIPP on the topic of a U(VI) model, 
there is a peer-reviewed thermodynamic database for U species ..., and that the work 
accomplished by early 1996 ...[ to develop an An(VI) solubility model] ... under contract to  
W P P  appears to have as sound a footing as the database for Th(IV) used as a model for all 
An(1V) species”. (4’h para., p. 29). 

3.2.h “While EPA seems to have understood the limitations of the uncertainty analysis conducted 
by DOE, they conclude that “the experimental procedures for determining the solubilities 
of +IV actinide solids are not substantially different from those used to determine the 
solubilities of +I11 and + V actinide solids, hence EPA concludes that the uncertainties 
determined for the +HI and + Vactinide solids would be inclusive of those that would be 
obtained for the +IV actinide solidr ... ”. If the only problem were the attempt to use the 
same methods to measure solubilities, we would not have the need for statements concerning 
“significant problems” with the data. Unfortunately, it is the solution chemistry ofthe An(IV) 
elements that presents the difficulties, not the methods used in the analysis.” (4Ih para., p. 30). 

3.3.i “The complexities of the solution chemistry carries forward into the attempts to calculate 
solubilities using computer models. In the case of the FMT calculations used by DOE, the 
use of Pitzer parameters for calculation was selected. This method requires the estimation 
of the Pitzer parameters from existing experimental data on the solubility of appropriate 
An(IV) species. For highly charged species, such as are frequently encountered with the 

. An(1V) elements, there are significant uncertainties in the estimation of the Pitzer parameters. 
..,” (l”para., p. 31). 

3.3 EEG’s Recommendations to Resolve ISSUE 3 

EEG recommends that DOE should construct a thermodynamic database for U and Pu that is based 
on a database for the actinide and other elements developed, and periodically revised and updated, 
by the OECD/NEA. It is also recommended by EEG that the so-called SIT method, rather than the 
Pitzer approach, be used to calculate ionic activities in concentrated salt solutions. Predictive 
calculations using the thermodynamic database and the SIT approach are then recommended to 
simulate conditions in the STTP experiments that showed high Pu and U concentrations. EEG 
indicates that this would provide guidance for improvement of the database. 

3.4 EPA’s Previous Responses to Comments Related to ISSUE 3 

3.4.1 EPA Responses to Comments on Solubility Estimates 
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The following paragraphs are from EPA’s responses to Comments 6.EE. 1 through 6.EE.6 
dealing with uncertainties in solubility estimates [see USEPA (1 998a)l. 

3.4.1 .a “The Fracture Matrix Transport (FMT) code solves chemical equilibrium problems using 
the Pitzer activity coefficient formalism. The Pitzer approach is the most accurate method 
for calculating activity coefficients for ionic species under conditions of high ionic strength 
as found in the WIPP brines. The FMT model computes activities and concentrations of 
constituents in brine solutions based on thermodynamic data and Pitzer parameters ... for 
the following major components; hydrogen, oxygen, sodium, potassium, magnesium, 
calcium, chlorine, sulfur, carbon, boron, bromine, chlorate, phosphorus. This database has 
been augmented to include data for Am(III), Th(IV), and Np(V) which are relevant to use 
of FMT at WIPP. Positions in the database exist for U(VI) species, but no data actually 
exist in the database for these species, and consequently the FMT code is not used to model 
uranium chemistry. 

- 

For implementation in the PA, the FMT code is used to  calculate the concentrations of 
Am(III), Th(IV), and Np(V) from the solubilities of specified actinide solids under 
conditions of chemical equilibrium. The code is not actually used for transport calculations 
as might be implied from its name. The effects on chemical conditions caused by 
equilibrium with specific solid phases part of the database are also included in the FMT 
calculation scheme. This capability is important for determining the effects of specific 
reactions, such as between magnesium hydroxide and magnesium carbonates, that are 
expected to be important for controlling pH and CO,(g) fugacity in the repository -- i.e., 
parameters that strongly affect the solubilities of actinide solids. The FMT model is not 
used for calculating redox equilibria. Instead, actinides are specified to exist completely in 
a single oxidation state, i.e., Am(III), Th(IV), and Np(V). Using oxidation state analogies, 
the results for these actinides are extrapolated to Pu(III), Np(IV), U(IV), and Pu(1V). 

A fundamental precept of the representation of the repository environment in the 
performance assessment is that the actinide source term can be described by chemical 
equilibrium processes. The FMT code is a model of chemical equilibrium as applied to 
actinide chemistry that incorporates the Pitzer approach for calculating activity coefficients 
relevant to the high ionic strength conditions present in the Salado and Castile brines. This 
conceptualization is summarized in Appendix SOTEIWI”. 

3.4.1 .b “In summary, the chemical equilibrium concept as applied to the repository environment 
involves the following assumptions: 

The system of brine and wastes is well-mixed [Appendix SOTERM] 

The brine composition entering the repository is constant with time. [Appendix 
SOTERM] 
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The brines are in chemical equilibrium with the common minerals found in the Salado 
and Castile formations (e.g., halite and anhydrite). [Appendix SOTERM . ..] 

The brine pH (or pcH) and fbgacity of CO,(g) will be buffered to  specific values by the 
equilibrium between brucite [Mg(OH),J and magnesite [MgCO,] as a result of brine 
interactions with the MgO backfill material. [Appendix SOTERM ...I 

The concentrations of actinides released to the brines can be represented by the 
experimentally determined solubilities of the actinide-bearing solids expected to form 
under the prevailing solution conditions. [Appendix SOTERM . . . ] 

The effects of redox reactions can be adequately represented by assuming dominant 
valence states for the actinides expected to  be stable under the reducing conditions of 
the repository, where reducing conditions are generated from the consumption of 
oxygen by decaying organic material and ferrous metals. [Appendix SOTERM] 

Oxidation state analogies can be used to represent the concentrations of actinides for 
which solid-phase solubility data are not available or inadequate, i.e., Am(II1) is used 
to represent Pu(III), where Th(1V) is used to represent Np(IV), Pu(IV) and U(IV), etc. 
[Appendix SOTERM . . .] 

Solubility and aqueous speciation data are inadequate to  model U(VI), hence a model 
solubility of 8.8 x M (in Castile brine) is used to provide a conservative 
representation of expected U(VI) concentrations based on a variety of empirical 
measurements. [Appendix SOTERM _.. 3 

The uncertainty in predicted solubilities of actinide solids can be represented by the 
deviances between solubilities determined in individual experimental studies and 
concentrations predicted by models used to fit experimental data to  aqueous speciation 
schemes. [Appendix SOTERM . . .] 

The Pitzer approach provides the best representation of activity coefficient for the high 
ionic strength solutions found in the Salado and Castile brines. [Appendix SOTERM.. .] 

To determine conditions ofchemical equilibrium for a solidsolution system, the FMT model 
uses the criteria of minimization of free energy given the constraints of the chemical 
composition of the fluid in question and principles of mass and charge balance and mass 
action defined for individual chemical reactions. [FMT User’s Manual] This method is 
entirely consistent with the definition of chemical equilibrium as being-the state of lowest 
free energy. The equations of mass action and mass balance are defined in the 
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thermodynamic database of the FMT model in terms of specific reactions for aqueous 
speciation and solid phase solubility. [FMT User’s Manual] 

The FMT model was designed for application to high ionic strength solutions and contains 
algorithms that incorporate the Pitzer approach to calculating activity coefficients for 
dissolved species.. . . These databases were developed for representing chemical equilibrium 
in the high ionic strength solutions found in evaporative lakes and are directly applicable to 
representing chemical reactions in the high ionic strength brines of the Salado and Castile 
formations. ” 

3.5 Issue Resolution Status 

According to EEG, EPA’s previous responses to comments related to ISSUE 3, as summarized in 
Section 3.4, do not adequately address all of EEGs concerns on this issue. EEG maintains that the 
chemical model for the actinides incorporated in the FMT code is not appropriate for evaluating 
uncertainty ranges for solubilities used in the CCA source term. As noted in the 3‘d paragraph, page 
9 of EEG-77, EEG proposes to move beyond fbrther discussion of the conceptual model and 
numerical techniques incorporated in FMT and to adopt two new approaches to address their 
concerns: 

1, Deal with the uncertainty issue by generating experimental data for Pu in WIPP-relevant brines, 
and 

2. Use theNEA/OECD thermochemical database for the actinides, and the Specific Ion Interaction 
Theory (SIT), instead of the Pitzer approach currently employed by DOE, to calculate ionic 
activities in concentrated solutions. 

EEG contends that these two tasks together would provide the basis for developing reliable models 
of actinide speciation-solubility behavior, and that such models are needed to provide credible bounds 
on uncertainties in actinide solubilities. 

EEG’s proposed approach is a significant departure from that used by DOE to support the CCA PA. 
Although the proposal may have merit, it raises a number of issues that should be considered 
carefully: 

1. EEG’s approach would require direct experimental investigation of the solubility and speciation 
behavior of Pu (and presumably other actinides) in “VVIPP-relevanti) brines. It is questionable, 
however, whether such work is actually necessary. DOE’S current strategy invoking analogous 
chemical behavior between Pu(1V) and Th(1V) appears to provide credible upper bounds on Pu 
solubilities. EEG contends, however, that this “acthide analogy argument” (ISSUE 2) may be 
invalid for certain, remotely possible, environmental conditions at W P .  If so, then 
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2. 

3 .  

experimental investigation of plutonium’s speciation-solubility behavior under these specific 
environmental conditions may be warranted. 

EEG’s proposal to use the NENOECD database raises the question whether this database is 
reliable and relevant for conditions at WIPP, and whether the database has been developed, and 
controlled, to applicable NQA standards. 

Although the SIT method is widely acknowledged to be easier to use than the Pitzer approach, 
it is also less accurate. This raises the question whether the SIT method is suitable for WIPP- 
relevant brines, and, if so, whether its ease of use justifies the associated losses in accuracy. 

The first issue is also addressed in Section 2.5. I, where it is noted that if chemical conditions at W P  
are moderately alkaline and strongly reducing, as expected, then the Th(IV) analogy for Pu(IV) is. 
appropriate. In such case, there would be no need to adopt the approach proposed by EEG. In other 
words, direct experimental investigation of Pu speciation-solubility behavior in “WIPP-relevant” 
brines is unnecessary as long as the brines are representative of environmental conditions expected 
at WIPP. As noted earlier (Section 2.5.1), however, the actinide analogy may not be valid if 
conditions are oxidizing or relatively acidic - conditions that are not representative of WIPP. EEG’s 
proposed approach may therefore have some limited use in providing a chemical model for Pu (and 
other actinides) that could be used to  evaluate associated effects on solubilities resulting from such 
unexpected, but remotely possible, conditions. Before committing the considerable resources in terms 
of time and costs to  carry out such work, however, it would seem prudent to  explore whether 
alternative approaches to  estimating defensible upper bounds on Pu solubilities under these specific 
conditions exist, or can be developed. Such approaches could be based on the existing 
thermochemical database for the actinides developed by the NENOECD. 

If necessary, the second issue could be addressed by a thorough review of the NENOECD database, 
focusing in particular on whether the database is reliable, and relevant with respect to WIPP disposal 
conditions. The issue of reliability entails consideration of the level of internal consistency of the 
database, as well as evaluation of the fhdamental approach and associated mathematical techniques 
used to retrieve values of thermodynamic properties from basic experimental data. The issue of 
relevance ofthe database addresses whether thermochemical data are available for all actinide-bearing 
solids and aqueous species that are expected to be important in WIPP brines. It is possible, if not 
highly likely, that such data may be unavailable in the NENOECD database for some important, 
WIPP-relevant aqueous species. If so, can such gaps in the database be filled without significant 
impact on the reliability (i.e. internal consistency) of the database? 

The third issue could also be addressed by thorough review of the SIT method, focusing on the 
relative strengths and limitations of this approach compared to the Pitzer approach. The basic 
difference between the approaches is that the former uses an extended Debye-Huckel expression for 
activity coefficients parameterized in terms of ionic charge and ionic strength, whereas the latter uses 
a medium-dependent expression parameterized in terms of empirically derived virial coefficients 
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appearing in the Pitzer equations, The Pitzer model can provide calculations of log Kvalues that are 
practically within experimental accuracy, but the large number of parameters in this model and their 
strong interrelations and correlations, makes it difficult to apply the model to systems where complex 
formation is important. The SIT model, on the other hand, uses a much smaller number ofregression 
parameters, resulting in less accurate calculation of log K values, but ion-pairing and complex 
formation are explicitly accounted for in this model. Ultimately, the question of whether the SIT 
method can be used in place of the Pitzer approach for actinide speciation-solubility calculations 
appropriate for WIPP brines may depend on the purpose of the calculation. If the calculations are 
for bounding purposes, or perhaps to  support performance assessment models, then the accuracy of 
the Pitzer approach may not be as important as the ability of the SIT method to  account for ion- 
pairing and complex formation, as long as the associated loss in accuracy is acceptable. 

In summary, EEG’s proposed approach involving direct experimental investigation of plutonium’s 
speciation-solubility behavior in WIOPP-relevant brines, adoption of the TJENOECD thermochemical 
database for the actinides, and consideration ofalternative techniques for calculation ofionic activities 
in concentrated brines, differs significantly from the approach used by DOE to support the WIPP 
CCA. EEG’s approach may have limited use in providing bounding estimates ofPu solubilities under 
W P  disposal conditions that are unexpected, though remotely possible. More generally, the 
approach could in principle be used to  calculate actinide solubilities directly, eliminating the present 
need to estimate upper bounds based on analogous chemical behavior. I t  should be emphasized, 
however, that there is no compelling reason to question the validity of the actinide analogy argument 
under expected disposal conditions at W P ,  and that associated upper-bound estimates of actinide 
solubilities are adequate for performance assessment purposes. If necessary, the merits of EEG’s 
proposed approach should be fbrther assessed on the basis of a thorough review of issues pertaining 
to the adoption of the NENOECD thermochemical database, and possible uses of alternative 
methods for calculation of ionic activities in WIPP brines. 
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