
Introduction: 

The U.S. Department of Energy (DOE) has committed to prepare a series of Process Model 
Reports (PMR) and supporting Analysis Models Reports (AMR) as the technical bases for the 
Total System Performance Assessment (TSPA) for the Site Recommendation (SR). The 
purpose of this deliverable is to update the Issue Resolution Status Report (IRSR) of the 
Evolution of the Near-Field Environment (ENFE) to reflect the resolution status of the subissue 
on radionuclide transport through engineered and natural barriers based on a review of the 
information presented in the PMRs and AMRs. The following AMRs have been identified in the 
DOE AMR/PMR schedule as being relevant to the ENFE subissue on radionuclide transport 
through engineered and natural barriers: E0050-AMR on the EBS Radionuclide Transport 
Model; E0095-AMR on the EBS Radionuclide Transport Abstraction; E01 20-AMR on the 
Description of the Near-Field Environment Basecase, and; U0060-AMR on the Radionuclide 
Transport Model. The relevant AMRs on features, events, and processes (FEPs) include: 
UOI 70-FEPs for Unsaturated Zone Flow and Transport; N0080-FEPs for the Near-Field 
Environment; EO01 5-EBS FEPs Degradation Modes Analysis; EO1 1 0-EBS Degradation 
Modes and FEPs Abstraction, and; S0075-FEPs for Saturated Zone Flow and Transport. 
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These AMRs and the relevant PMRs are not available for review as of this writing. In the I 
following sections, the resolution status is based on the Viability Assessment (VA) design and I 
TSPA-VA, and the review from Revision 2 of the ENFE IRSR (Nuclear Regulatory Commission, I 
1999a) is preserved. As appropriate, status based on information contained in the License I 
Application Design Selection (LADS) report (Civilian Radioactive Waste Management System, I 
Management and Operating Contractor, 1999a) and the TSPA-SR methods and assumptions I 
report (Civilian Radioactive Waste Management System, Management and Operating I 
Contractor, 1999b) has been included where the approaches differ from those used in TSPA-VA. I 
It is important to note that the TSPA-SR methods and assumptions report does not contain detail I 
on how the different modeling approaches will be implemented. It is anticipated that the I 
resolution status of this subissue will be further updated as the more detailed AMRs and PMRs I 
become available for review. In addition, information may become available during DOE quality I 
assurance (QA) audits planned from spring 2000 that will be incorporated as appropriate. I 

I 
4.4 THE EFFECTS OF COUPLED THERMAL-HYDROLOGIC-CHEMICAL PROCESSES 

ON RADIONUCLIDE TRANSPORT THROUGH ENGINEERED AND NATURAL 
BARRIERS 

4.4.1 Review Methods and Acceptance Criteria 

With this revision (Revision 3) and update of the ENFE IRSR, the acceptance criteria and review I 
I 

effects on radionuclide transport through engineered and natural barriers in a TSPA have been I 
migrated to the appropriate integrated subissue sections (ISI) of the Yucca Mountain Review I 

I 

methods for DOE’S approach to evaluate and abstract coupled thermal-hydrologic-chemical 

Plan (YMRP), Revision 0 (U.S. Nuclear Regulatory Commission, 2000a). 



4.4.2 Technical Bases for Review Methods and Acceptance Criteria for the Effects of 
Coupled Thermal-Hydrologic-Chemical Processes on Radionuclide Transport 
Through Engineered and Natural Barriers 

The bases are primarily focused on explaining why the results of different coupled processes 
may be important to radionuclide transport. As mentioned previously in section 3, the dearth of 
analysis in past performance assessments (PAS) on the effects of coupled geochemical 
processes on the potential radionuclide transport behavior has resulted in acceptance criteria 
that primarily focus on ensuring that some type of analysis of the effects is completed. The 
sophistication of the analysis of the effect of a coupled process on transport of radionuclides that 
could be conducted and found acceptable by the staff is dependent on the information available 
at present, any plans to obtain the additional information as part of the long-term testing 
program, and the ability of codes to model coupled processes and determine their impact on 
repository perform an ce . 

Previous versions of the ENFE IRSR (U.S. Nuclear Regulatory Commission, 1999a) have I 
documented the evaluation of the technical bases for earlier versions of the DOE TSPA analysis 1 
of Yucca Mountain. With this revision of the ENFE IRSR, the focus is on preserving the previous 1 
evaluations and updating the technical bases for the review methods and acceptance criteria I 

I 
design features on radionuclide transport through engineered and natural barriers. For example, I 
the Enhanced Design Alternative4 (EDA-11) selected by DOE during the LADS process (Civilian 1 
Radioactive Waste Management System, Management and Operating Contractor, 1999a) for 1 
TSPA-SR (Civilian Radioactive Waste Management System, Management and Operating I 
Contractor, 1999b) calls for the use of backfill, a Ti drip shield, a steel invert with granular ballast, I 
and steel ground support. Interaction of infiltrating fluid with corrosion products could I 
substantially affect the values assumed for retardation in the unsaturated zone. One acceptable I 
approach to evaluate the effect of this design would be to conduct sensitivity studies using I 
sorption coefficient (KJ values associated with iron corrosion products. If substantial negative I 
changes in the performance of the repository resulted from the use of these alternative k s ,  then I 
it would be expected that these alternative values be used to assess performance of the I 
repository, or methods employed to estimate realistic value of t(,s in the presence of corrosion I 
products. I 

(U.S. Nuclear Regulatory Commission, 2000a) to reflect the effects of the current repository 

4.4.2.1 Coupled Thermal-Hydrologic-Chemical Processes Affecting Radionuclide 
Transport Through Engineered and Natural Barriers 

A number of processes may operate in the near field to control the migration of radionuclides 
from the waste forms through the engineered barriers and into the geologic setting. The 
following is a brief summary of those processes that may be significant within the near-field 
environment. 

A major concern in PAS is the transport of radionuclides through the engineered barrier system 
and the geologic setting. Transport of radionuclides can occur as gaseous species, as species 
in colloidal form, or dissolved in aqueous solution. Each mechanism for radionuclide transport is 
influenced by several geochemical parameters. Thus, an assessment of the relative importance 
of each mechanism will depend on the specific geochemical and hydrologic characteristics of 
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the near-field environment. However, it is useful to qualitatively describe the effects of changing 
g eoc he mica I para meters on nea r-field radionuclide retard a ti on and transport processes. 

Precipitation and Cop reci pi ta ti on 

One mechanism for removing radionuclides from solution is the precipitation of stoichiometric 
radioelement compounds. Coprecipitation as an impurity in other minerals can also remove 
radionuclides from solution. Changes in system chemistry parameters, such as Eh, pH, and 
component concentration, influence the solubilities of radionuclide-bearing minerals. For 
example, reduction of UO;' to U4+ greatly reduces U in solution through precipitation of reduced 
U minerals, such as uraninite (e.g., Langmuir, 1987). Under oxidizing conditions, increases in 
dissolved silica and other species can stabilize minerals, such as soddyite and uranophane. 
These minerals will sequester not only U, but also other actinides through coprecipitation 
(Murphy and Prikryl, 1996). 

The porosity and permeability could be enhanced by dissolution of the primary minerals and 
reduced by precipitation of secondary minerals. Given the temperature-dependent solubilities of 
different minerals, it is possible that thermally convecting solutions will dissolve and redistribute 
minerals, such as opal and calcite. This process could affect transport of radionuclides in the 
unsaturated zone, and in the saturated zone beneath the repository. It is also possible that 
precipitation and dissolution of minerals in response to temperature increases will affect the 

I 
I 
1 porosity and permeability of the backfill placed above the Ti drip shield in the EDA-I1 design. In 

addition to its effect on radionuclide transport, changes in porosity and permeability of the 
uppermost portion of the saturated zone could affect the extent of vertical mixing of fluids leaving 
the unsaturated zone. Simulations by Travis and Nuttall ( I  987) suggest that reduced 
permeability due to quartz precipitation may enhance waste isolation. In contrast, Verma and 
Pruess (1988) determined that silica redistribution in a saturated fractured medium did not have 
a significant effect on near-field temperatures, pore pressures, or fluid flow. Matyskiela ( I  997) 
reports large changes in porosity and permeability in Paintbrush Tuff, where it has been intruded 
by a basaltic sill. He argued that the tuff was altered under conditions analogous to the proposed 
repository near field. The alteration is reported to have sealed the matrix from the fractures. If 
this type of alteration occurs at Yucca Mountain, it could lead to enhanced fracture flow and 
minimal matrix diffusion. 

The EDA-II design proposed by DOE is anticipated to lead to lower temperatures in the wall rock I 
I 
I 

anticipated to exceed 150 OC, and while temperatures may exceed boiling (96 "C) in the host I 
I 
I 

Management and Operating Contractor, 1999b). The effects of the new design temperatures on 1 
I 
I 

than previous repository designs (Civilian Radioactive Waste Management System, 
Management and Operating Contractor, 1999a,b). Temperatures at the drift wall are not 

rock, the boiling isotherms are not anticipated to coalesce in the drift pillars, enhancing the 
shedding of refluxed water between drifts (Civilian Radioactive Waste Management System, 

porosity and permeability have not been evaluated, but DOE proposes that the lower 
temperatures will reduce uncertainty in simulating the effects of temperature. 

Sorption 

The principal concern of radionuclide transport in the near field is the advective transport of 
radionuclides dissolved in aqueous solution through the engineered barrier system to the 
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geologic setting. Minerals in different components of the near-field environment may act to sorb 
radionuclides, removing them from solution and retarding the transport of radionuclides. 

Oxides and oxyhydroxides of metals, such as Fe, Mn, and Si, are common fracture lining 
minerals in the YM system (Carlos, et al., 1993). These minerals may also be created by 
oxidation of materials introduced during the construction and operation of the repository 
(e.g., steel containers and rock bolts). The oxidation state in the near field may affect sorption 
behavior. For example, under oxidizing conditions, technetium is principally present as 
pertechnetate (Tc04-) and does not sorb strongly. Under reducing conditions, Tc4+ is 
predominant species of TC and sorbs more strongly (Lieser and Bauscher, 1988). Electrostatic 
sorption is a function of surface charge. Titration experiments with oxyhydroxides indicate that 
surface charge is a function of system chemistry, particularly pH (Davis and Kent, 1990). 
Cations, such as UO,2', NpO,', and Am3', oxyhydroxides exhibit a sharp sorption edge. 
Depending on radionuclide concentration and the number of available sites, sorption of cations 
increases from zero to nearly 100 percent over a relatively narrow pH range. In the presence of 
complexing ligands, such as CO?-, cation sorption typically decreases to zero with further 
increases in pH (e.g., Kohler, Wieland, and Leckie, 1992; Pabalan and Turner, 1997). For 
anions and oxyanions, such as TcO, and SeOt-, the reverse is true. For these ions sorption 
typically decreases in a gradual fashion with increasing pH (Davis and Kent, 1990). Reactive 
surface areas can be high for the amorphous forms of oxyhydroxides. Thus these minerals are 
potentially important as a sorbant phase. In addition, the potential for forming a sorptive oxide 
coating on less sorptive particles, such as quartz or feldspar, suggests an additional role for 
these minerals in radionuclide sorption (Robert and Terce, 1989). 

Other sorptive phases, such as clays, occur at YM as secondary replacement products. In 
addition, clays may also develop in the near field as alteration products of vitrified waste and 
spent fuel. Clays have interlayer exchange sites and the large surface area resulting from their 
layered structure. These minerals can have a high cation exchange capacity. Smectite, 
vermiculite, and some kaolinite group clays expand upon interaction with water or organic fluids. 
This process can change the interlayer spacing and affect the degree to which radionuclides 
can penetrate the interlayer ion exchange sites and sorb onto clays (Goldberg, Forster, and 
Heick, 1991). Increasing ionic strength can reduce interlayer spacing. Under these conditions 
ion exchange on planar sites is likely to be less. The edge sites (perpendicular to the silicate 
layers) also exhibit a surface charge that varies as a function of pH. The pH variation is similar 
to that described previously for oxides and oxyhydroxides. Actinide sorption on clays is 
pH-dependent (Zachara and McKinley, 1993; Pabalan and Turner, 1997; Turner, Pabalan, and 
Bertetti, 1998). 

Zeolites, such as clinoptilolite, heulandite, and analcime, may also be important for retarding 
transport of radionuclides in the near field at YM. Zeolites exhibit a fixed charge developed by 
substitution of AI3' for Si4+ in the zeolite structure. The charge imbalance is compensated by 
Na', K+, Ca2+, and Mg2' in the intracrystalline exchange sites. Sorption is typically by way of ion 
exchange in the intracrystalline sites (Davis and Kent, 1990). This behavior occurs for the 
alkaline and alkaline earth elements, such as the short-lived radioisotopes of Cs' and Sr2+. 
There also appears to be a component of pH-dependent surface charge involved in sorption of 
these elements as well (Pabalan, et al., 1993; Pabalan and Turner, 1993). 
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At increasing temperature and pH, calcite may be stable in the near-field environment (Murphy 
and Pabalan, 1994). For radionuclide sorption, the surface charge of carbonate minerals is 
dominated by the balance between the dominant cation (Ca2+ or Mg2+) and the carbonate anion 
(Cot-) .  For this reason, sorption on carbonates is a complex function of pH, solution 
chemistry, and p(C0,). Recent modeling efforts have focused on adapting surface 
complexation models to describe sorption at the interface between water and carbonate 
minerals (van Cappellen, et al., 1993). 

Mineral precipitation and dissolution can also affect the retardation of radionuclide migration due 
to introduction or removal of sorptive minerals. Minerals such as zeolites, clays, and oxides can 
be dissolved and reprecipitated, depending on temperature and fluid chemistry (Bish, 1993; 
Murphy, et al., 1996). In addition, removal of radionuclides from solution by precipitation or 
coprecipitation is also affected by the temperature and chemistry of the solution (Murphy and 
Prikryl, 1996). Walton, Ross, and Juhnke ( I  985) demonstrated this reaction experimentally. 
They machined circular flow channels into granite blocks and constructed thermal-convection 
loops to study the effects of heat and mass transport on radionuclide migration. A 40 "C 
temperature difference was applied across the system. Several radionuclides (12%bl 6oCo, and 
54Mn) were concentrated at the hot side of the experiment. This was probably due to sorption on 
Fe oxyhydroxides. 144Ce and "Tc were present in elevated concentrations on the cold side of 
the apparatus. 

Most sorption experiments are run at room temperature (20 to 30 "C). The effects of elevated 
temperature on sorption are poorly understood. Machesky, Palmer, and Wesolowski (1 994) 
indicate that the zero-point-of-charge (pHZpc) of rutile decreases with increasing temperature. 
This change suggests that negative charge development is enhanced for oxyhydroxides with 
increasing temperature. This observation also suggests that the pH edge for cation sorption 
would move to lower pH values at higher temperatures. Limited batch data for temperatures up 
to 85 "C suggest that sorption coefficients for Am, Ba, Ce, Cs, Eu, Pu, Sr, and U on crushed tuff 
materials either remain constant or increase with increasing temperature (Meijer, 1990). This 
assumption is made in DOE TSPA transport models (TRW Environmental Safety Systems, Inc., 
1995). However, there is a lack of sample characterization before and after sorption, and large 
experimental uncertainties persist. These uncertainties and the limited sorption data make it 
difficult to extrapolate over ranges in physical and chemical conditions that are likely in the near 
field. The effects of temperature are likely to be greater for mineral precipitation and dissolution 
than sorption. Additional effort is necessary to constrain temperature effects on radionuclide 
transport through the near field. One of the criteria used in selecting EDA-II for TSPA-SR is to 
reduce uncertainty in PA calculations by maintaining lower temperatures than previous 
repository designs. By selection of blending, waste package spacing, drift spacing, and in-drift 
ventilation, temperatures over 10,000 y following permanent closure are estimated to not exceed 
150 "C at the drift wall, and the boiling isotherm (96 "C) is not predicted to coalesce in the pillars 
between drifts (Civilian Radioactive Waste Management System, Management and Operating 
Contractor, 1999a). 

Diffusion 

Diffusion is a retardation mechanism that is potentially important in the near field at YM. 
Diffusion is the migration of water from fractures, where transport may be relatively rapid, into 
the matrix where flow and transport are slow. Field studies at the Nopal I U deposit in the 
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Pefia Blanca mining district, Chihuahua, Mexico, suggest that diffusion into the matrix is of 
limited importance in U retardation (Pearcy, Prikryl, and Leslie, 1995). Instead, U transport in 
fractured tuff appears to be dominated by fracture flow. Uranium retardation appears to be 
limited to precipitation of a suite of secondary uranyl minerals. The suite of precipitated minerals 
progress with time from hydrated uranyl oxides to uranyl silicates. Finally, U appears to be 
coprecipitated with Fe oxyhydroxides and clays. Similar paragenesis have been observed in 
long-term drip experiments using water, related to that from the J-13 well at YM, and unirradiated 
UO, (Wronkiewicz, et al., 1992). 

In EDA-II that is being used in TSPA-SR (Civilian Radioactive Waste Management System, 
Management and Operating Contractor, 1999a, b), diffusion of radionuclides through the invert 
beneath the waste package is the primary mechanism of release. The potential for diffusion of 
radionuclides through the backfill is minimized by emplacement of the backfill on top of the Ti 
drip shield following permanent closure. As noted in Civilian Radioactive Waste Management 
System, Management and Operating Contractor (I 999a), testing is still necessary to determine 
the necessary diffusion coefficients for the invert material, and the compatibility among the 
different parts of the waste package support system (waste package, invert, supports, ballast). 

Gas Transport 

Vaporization would partition 14C0, into the gas phase, enhancing gaseous radionuclide transport 
in the near field. Increased pH, perhaps through interaction with human-introduced materials in 
the near field, could result in increased partitioning of 14C0, into the liquid phase. Codell and 
Murphy (I 992) performed 1 D simulations of 14C transport in unsaturated rock. The results 
indicated an early initial release of 14C to the gas phase. CO, was predicted then to dissolve into 
the aqueous phase and calcite precipitation served to sequester 14C at longer times. The 
amount of gas transport is also sensitive to the thermal load imposed by the repository. Higher 
thermal loads cause venting of gas at the surface in numerical simulations (Light, et al., 1989). 
Releases also depend on the travel time to the surface, which depends on the Darcy velocity 
and the partitioning coefficient between the gaseous and aqueous phases. 

DOE TSPA models do not explicitly include 14C0, gas transport (TRW Environmental Safety 
Systems, Inc., 1995; US.  Department of Energy, 1998). The decision by DOE to not include 
this mode of transport is consistent with recent recommendations of the National Academy of 
Sciences (National Research Council, 1995). The Academy considered that 14C0, release at 
the accessible environment will be sufficiently diluted through mixing in the atmosphere to pose 
negligible individual risk. Other potential gas phase species, such as and 36CI, are assumed 
in some TSPA-95 scenarios to be transported as gases without any retardation through the 
engineered barrier system, and then to be dissolved in the aqueous phase (TRW Environmental 
Safety Systems, Inc., 1995). 

Colloid Transport 

Colloids involving radionuclides are typically called radiocolloids and have been divided into two 
types (Maiti, Smith, and Laul, 1989; Manaktala, et al., 1995). “True” or “real” colloids are 
generally formed from hydrolysis, polymerization, condensation, or precipitation of radionuclide 
compounds in solution. True colloid stabilization is favored under alkaline conditions, such as 
might persist in the near field. This is especially true for highly charged, redox-sensitive, species 
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such as actinides (Maiti, Smith, and Laul, 1989; Choppin and Mathur, 1991). Olofsson, et al. 
(1 982a, b) indicated that the formation of colloids is favored for the actinides in lower (+3, +4) 
valence states. In the near field, where radionuclide concentrations can be relatively high, there 
is the potential for locally reducing conditions, and the formation of true colloids could be favored. 

Pseudocolloids are formed when the radioelements sorb on small particles already present in 
the groundwater. In the near field, these particles may be either natural or introduced by human 
activity. The particles could include organic C, calcite, silica, clay particles, and oxyhydroxide 
compounds of metals, such as Fe, Mn, and AI. The presence, stability, composition, and 
sorptive capacity of these particles depend on the chemistry of the groundwater system. 
Parameters including pH, Eh, ionic strength, and p(C0,) will affect colloid behavior. Further 
complicating the behavior of pseudocolloids is the possibility of non-sorptive particles being 
coated with sorptive materials (Robert and Terce, 1989). Experimental evidence has also 
demonstrated that colloids can be formed as secondary precipitates and clay alteration 
products. These mineral phases can be released from HLW forms (Bates, et al., 1992; 
Ebert and Bates, 1992; Finn, et al., 1994a). 

Col lo id S ta bi I i ty 

The stability of the particles in suspension is of critical importance in colloid-mediated transport 
of radionuclides in the near field. Human activity associated with a HLW repository is the most 
likely source of colloidal materials in the near field. Organics associated with dissolution of 
vitrified waste forms; secondary alteration products from spent fuel, glass, waste packages, and 
concrete; and organic matter used in drilling, construction, and repository operations (Travis and 
Nuttall, 1985) are all potential sources for colloids. 

For metal oxyhydroxides, particle stability is a function of pH, Eh, particle size, and the total 
concentration of the metal (e.g., Fe, Mn, AI, Ti, Si) in solution. The presence of other ligands, 
such as HC0,- and SO:-, can also affect the formation of oxides by consuming metal ions in 
the precipitation of carbonate and sulfate solids. Changes in solution chemistry can result in 
desorption of radioelements. These radionuclides are then free to sorb onto the immobile 
medium. In this case, colloid transport becomes less of an issue in PAS. 

The stability of the colloidal suspension of charged particles varies as a function of ionic 
strength, solution chemistry, and pH. Higher ionic strengths solutions may occur in the near 
field. The electrostatic double layer will collapse under these conditions. As a result, the 
charged particles will begin to flocculate (agglomerate) and come out of suspension due to 
gravity settling and filtration. Variations in solution chemistry and moisture content of the near 
field will influence the magnitude of the ionic strength effect. For example, at low pH, the positive 
surface charge of variably charged surfaces, such as clay edge sites and oxyhydroxides, is 
high. This results in increased bonding of positively charged crystallite edges to negatively 
charged planar sites. Positively charged oxides will also bond to negatively charged clay 
surfaces and organic macromolecules (Ryan and Gschwend, 1990). Under these conditions, 
dispersion is low, flocculation and agglomeration occurs, and the suspension is destabilized. As 
the pH increases towards the pHZPCl the positive surface charge of the oxides decreases and 
bonding to clays diminishes. At high pH, edge sites and oxyhydroxides exhibit a negative 
surface charge and actively repel the negatively charged clays. Thus dispersion is enhanced, 
and the colloids are kept in suspension (Suarez, et al., 1984). Localized reducing conditions 
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could be promoted by near-field hydrologic effects and phase variations. Local fluctuations of 
reducing and oxidizing conditions in the near field, due to an unstable hydrologic regime, could 
also induce secondary chemical effects such as the formation of colloids (Buddemeier and 
Hunt, 1988; McCarthy and Zachara, 1989). 

Colloid Fi I trat ion 

The effectiveness of colloids in enhancing or retarding radionuclide migration depends on the 
efficiency of particle transport through the groundwater system. Colloid migration may be 
enhanced relative to fluid flow due to volume exclusion effects and reduced interaction between 
the particle and medium. The presence of a gas phase may influence particle transport by 
particle attachment to the bubble surface (Wan and Wilson, 1994). Conversely, colloids may be 
retarded through various physical and chemical filtration mechanisms resulting from interaction 
between the different phases of the colloid-rock-water system. 

McDowell-Boyer, Hunt, and Sitar ( I  986) divided filtration processes into three basic classes: 
(i) surface (cake) filtration; (ii) straining; and (iii) physical-chemical filtration. Surface filtration 
involves building a barrier at the interface between the water and pore. This type of filtration 
occurs when the particles are too large to enter the pores of the medium. As the particles are 
stopped at the surface they are held in place by the fluid flow. A mat or cake of colloids is 
gradually formed. With time the filter cake thickens and its porosity and permeability decrease 
through compression. Fluid flow through the mat decreases, and there is a pressure drop 
across the cake. Filter-cake permeability is also a function of particle aggregation. Destabilized 
colloidal suspensions (e.g., high ionic strength) tend to form a more porous arrangement than 
those cakes formed from highly dispersed stable suspensions (McDowell-Boyer, Hunt, and 
Sitar, 1986). If the particles are small enough to enter the porous medium, the tortuous path 
they must follow may eventually lead to a constriction that is too small for them to pass through. 
This leads to a straining of the colloids from solution. 

Particles may also be removed from suspension by interaction with the pore walls. The 
interactions may be through physical processes or chemical processes. Once particles have 
been deposited, there is the possibility that they may be resuspended. The distances calculated 
for the energy attachment well (0.3-1 nm) are generally smaller than the diameter of the particle. 
London-van der Waals forces generally predominate at these distances. However, energy 
provided from Born repulsive forces, or thermal and hydrodynamic energy, can overcome the 
attraction energy well. This will lead to particle erosion and re-entrainment of colloids into 
solution. An additional possibility is that a decrease in the solution ionic strength may extend the 
electrostatic double layer. This would lead to particle release into solution (Kallay, Barouch, and 
Matijevic, 1987). Kallay, Barouch, and Matijevic (1 987) also indicate that sweeping the 
resuspended particle away from the surface is necessary to prevent reattachment. 

The size of colloids makes them vulnerable to several different filtration mechanisms. However, 
it is also possible that particle size (Bales, et al., 1989) will lead to volume exclusion and a less 
tortuous, more rapid path through the near field (Hunter, 1987). In pores and fractures, the water 
velocity distribution is such that the maximum velocity is along the centerline of the fracture. The 
minimum velocity occurs at the fracture wall. Because of their size, colloids can never 
“experience” the minimum water velocity. Thus, the average colloid velocity will be larger than 
that of the water. In general, this effect, called hydrodynamic chromatography (de Marsily, 
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1986), becomes more pronounced with increasing particle diameter. In addition, electrostatic 
repulsion associated with charged particles will tend to keep the particles away from the 
surfaces. This behavior further enhances the increased velocity effect. Hydrodynamic 
chromatography in a natural environment varies as a function of solution chemistry (de Marsily, 
1986) because the particle charge is a function of pH and ionic strength. 

4.4.2.2 Effects of Engineered Materials on Radionuclide Transport Through Engineered 
and Natural Barriers 

Earlier analyses of the effects of engineered and man-introduced materials on transport of 
radionuclides in the near field assumed the TSPA-VA reference case design for the proposed 
repository. This design assumed pre-cast concrete liners, rather than carbon steel ribbing, for 
drift support. The current EDA-II design eliminates the concrete liner, and calls for a Ti drip 
shield, covered with backfill. EDA-II also replaces the concrete invert of earlier TSPA designs 
with a steel invert with granular ballast and steel ground support. For these reasons, the effects 
of engineered and man-introduced materials other than cementitious material are likely to be 
important to radionuclide release in the current design. 

The principal organic components of natural soils and waters are humic materials (Choppin, 
1988). Other organics may be introduced into the near field during repository construction and 
operation (e.g., solvents, fuels, etc.). The anionic charge of organic molecules allows them to 
bind readily to cationic species in solution. Humic substances can complex ions in solution, 
principally through oxygen donor sites. These substances can bind relatively highly charged 
cations, such as heavy metals and transuranic radionuclides. This behavior would reduce 
sorption of radionuclides onto minerals. For example, studies of Kohler, Wieland, and Leckie 
(1 992) indicate that the presence of ethylenediaminetetraacetic acid (EDTA) in millimolar 
concentrations ( I  0-4 to 1 0-3 M) can significantly reduce the amount of Np(V) sorbed on kaolinite. 
EDTA concentrations of the order MI however, have only a slight effect on the sorption 
behavior. Thus the concentration of organic matter in the near field will determine whether 
complexation or sorption will control radionuclide transport behavior. Organic molecules may 
become bound as gels and coatings to the surface of inorganic particles, such as clays and 
oxides. The sorptive behavior of the inorganic particles changes to reflect the organic coating 
(Robert and Terce, 1989). 

The TSPA-VA design called for extensive use of concrete in constructing inverts, supports, and I 
I 

significantly reduces the amount of concrete in the proposed repository (Civilian Radioactive I 
Waste Management System, Management and Operating Contractor, 1999a,b). It is likely there I 

I 
cement rock bolts and roof supports, and there may be additional design changes prior to the I 
submittal of the license application. Therefore, the transport of radionuclides potentially still may I 

I 
proposed repository. Cement hydration products provide a multitude of sorption sites that could I 
aid in retarding the migration of radionuclides (Atkins, et al., 1990; Atkins, Glasser, and Kindness, 
1991) from the engineered barrier system to the host rock. In addition, the persistent alkaline pH 
(>IO) of pore fluids in contact with hydrated cement phases favor precipitation of a wide variety 
of radionuclides. Mineral alteration due to alkaline solutions and precipitation of secondary 
phases could reduce the sorptive and retardation ability of the geologic barrier. This alteration 

drift liners (U.S. Department of Energy, 1998). The current EDA-II design in TSPA-SR 

still will be cementitious materials in the near-field environment in the form of grout used to 

be affected by the presence of cementitious materials in the near-field environment of the 
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could also affect the hydraulic properties (porosity and permeabi1ity)of the tuff. Lichtner and 
Eikenberg ( I  995) used a geochemical transport model (MPATH) to predict that interaction 
between a hyperalkaline plume released from a cement-based low-level radioactive waste 
repository and a marl host rock would result in a rapid decrease in porosity of the host rock 
several meters from the repository. This decrease in porosity was due to precipitation of 
secondary phases. Their model predicted a porosity increased at the interface of the marl host 
rock and the cement due to mineral dissolution. 

Flow of a hyperalkaline fluid along fractures in the tuffaceous host rock of the proposed 
repository is a potentially adverse scenario. Dissolution of the tuff could lead to widening of the 
fractures and enhancement of groundwater flow and transport of radionuclides. Alternatively, 
precipitation of calcite and calcium-silica-hydrate (CSH) phases along the fracture and matrix 
interface could seal the fractures from the matrix. This would produce isolated channels throug 
which transport of radionuclides could occur relatively unimpeded by matrix diffusion. However 
if sufficient amounts of calcite and CSH phases are precipitated along fracture walls, reduction 
in fracture porosity and permeability, or fracture plugging, could result in diminished flow and 
radionuclide transport. Preliminary calculations by Lichtner, Pabalan, and Steefel ( I  997) 
suggest that strong alteration of the YM tuff host rock and of cement in contact with the tuff could 
result from interaction of cement and tuff pore waters and the respective minerals. 

Engineered materials affect the potential transport of colloidal radionuclides. Oxides and 
oxyhydroxides of metals, such as Fe, Mn, and Si, may be created by oxidation of materials 
introduced during the construction and operation of the repository (e.g., steel containers and 
rock bolts). These highly sorbant minerals may form pseudocolloids and facilitate radionuclide 
transport within the near field. Recent work suggests that colloids that could be formed within 
the waste package or from the spent fuel would most likely be agglomerated as a result of 
interaction with alkaline fluids associated with cementitious materials (Savage, 1997). Since a 
concrete invert is envisioned for the drifts, any colloids generated hydrologically up gradient 
(i.e., in the waste package) would be subject to alkaline pore fluids associated with the invert. 

4.4.2.3 Radiolysis Effects on Radionuclide Transport Through Engineered and Natural 
Ba rrie rs 

Experiments on spent fuel leaching without imposed irradiation (Finn, et al., 1994a,b) are 
representative of potential autoradiolytic effects from spent fuel alpha radiation. These 
experiments imply that nascent hydrogen, H', plays a role in reducing carbonate in solution to 
formate and oxalate. During transport of radionuclides, the coexisting reduced and oxidized 
species could become separated, leading either to a net reduction or net oxidation of the 
environment where radionuclides are concentrated. Furthermore, it is possible that reduced U4' 
may form mobile complexes with the formate and oxalate radiolysis products (Finn, et al., 
1994a, b). 

Organic material may be introduced into the near field during construction and operation of the 
repository. Naturally occurring U4' in sedimentary rocks is commonly correlated with organic 
matter (Pierce, Mytton, and Gott, 1955; Pierce, Gott, and Mytton, 1964; Nash, Granger, and 
Adams, 1981). The process by which the association arises is not fully understood. U is readily 
transported in the uranyl (UO;') state as carbonate complexes. Uranyl adsorption on organic 
material containing oxygen-bearing functional groups and as -COOH, -COO, and -OH is favored 
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and probably represeots the first step of U mineralization. Subsequent reduction of the 
adsorbed uranyl ion by the organic matter or other reducing species, and eventual precipitation 
of a U4+ mineral (e.g., uraninite or coffinite) follows. It appears, however, that the organic 
material hosting the U sometimes accumulates from solution in the form of asphaltite- or 
thucholite-type nodules, (e.g., Pierce, Mytton, and Gott, 1955). The growth of these nodules 
could be an indication of autogenous radiolysis, during which water-miscible hydrocarbons are 
scissioned by radiation and condense. Similar processes may occur in the near field with 
h u ma n-i n trod uced organic matter. 

Alternatively, this process might be inhibited by the reduction of bicarbonate to formate or 
acetate. The reactive H' could reduce adsorbed uranyl complexes to uraninite. As more UO, 
precipitates, a chemical potential gradient in UO;+ carbonate complexes would be set up that 
would diffuse toward the precipitated UO,, thereby, increasing the probability of U adsorption, 
reduction, and precipitation. Further study of U coprecipitation with organic material is required 
to establish the validity of these hypotheses. 

Both oxidizing and reducing radiolytic effects on waste forms can be hypothesized. However, 
the preponderance of evidence suggests that oxidation (and possibly acidification) will be 
dominant over reduction. Nevertheless, the potential for radiolytic reduction needs to be 
considered and its effect on mobility understood. Notably, DOE'S TSPA completed in 1995 
(TRW Environmental Safety Systems, Inc., 1995) does not consider potential radiolytic effects 
on the source term or radionculide transport. The preceding discussion demonstrates that 
quantification of radiolytic effects is fraught with uncertainty. Nevertheless, it should be possible 
to calculate, quantitatively, ranges of possible states. Once this is accomplished, perhaps 
radiolysis can be incorporated into PA models by ensuring that probability distribution functions 
for parameters, such as solubility, sorption coefficient, and release rate, cover the ranges of 
possible effects. 

4.4.2.4 Microbial Effects on Radionuclide Transport Through Engineered and Natural 
Ba rrie rs 

Microbial effects on the transport of radionuclides have been examined in foreign nuclear waste 
repository programs (Christofi and Philp, 1997; Brown and Sherrif, 1998; Lessart, et al., 1997). 
These effects have also been studied in crushed volcanic tuff systems (Brown, Bowman, and 
Kieft, 1994). Potential impacts on radionuclide transport caused by microbial processes involve 
sorption (Brown, Bowman, and Kieft, 1994; Stroes-Gascoyne, 1996; Christofi and Philp, 1997); 
cellular uptake and potential transport as colloids (Pedersen, 1996; Christofi and Philp, 1997); 
and chelation and complexation of radionuclides (Brown and Sherif, 1998). 

Biomass, such as biofilms that grow under oligotrophic conditions expected at YM, can increase 
sorption of some radionuclides (Brown and Sheriff, 1998; Stroes-Gascoyne, 1996). However, 
microbes can also decrease sorption of other radionuclides by changing the pH of the pore fluids 
(Brown, Bowman, and Kieft ,I 994). Irreversible cellular uptake of radionuclides by 
microorganisms can be treated as colloidal transport (McKinley, West, and Grogan, 1985; 
Pedersen and Karlsson, 1995). This process has been demonstrated to be negligible for the 
Swedish program. The ability of microorganisms to be transported as colloids in an unsaturated 
zone is strongly affected by irreversible sorption of the microbes onto the gas-water interface 
(Wan, Wilson, and Kieft, 1994). A series of experiments designed to study the gross effects of 
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microbial activity on repository geochemistry, radionuclide sorption and integrity of repository 
and host rock materials indicated that microbial effects were not important (West, et ai., 1998). 
Thus, it appears that microbial effects on radionuclide transport through engineered and natural 
barriers appears to be unimportant. 

However, the DOE program has argued that potentially deleterious impacts of microbial activity 
on the radioactive waste environment at YM include the increased rate of transport of 
radionuclides from breached waste packages (Horn and Meike, 1995; Hersman, 1996). Both 
chelation (Hersman, 1996) and colloidal transport of microbially sorbed radionuclides (Horn and 
Meike, 1995) are postulated to be potentially important to repository performance. Nevertheless, 
DOE did no address microbial effects on radionuclide transport in its TSPA-VA 
(U.S. Department of Energy, 1998). 

It will not be necessary for DOE to address microbial effects on radionuclide transport in their 
PAS if they demonstrate that microbial activity in the repository is unlikely to be of significance. 
This could be demonstrated through the use of a mass balance of nutrients and 
energy-producing reactions approach (McKinley, et ai., 1997). This approach has been 
discussed in detail in section 4.2.2.3 and a detailed discussion of the limitations for microbial 
activity has been presented in section 4.1.2.3 of this IRSR. 
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5.4.4 Subissue 4: Effects of Coupled Thermal-Hydrologic-Chemical Processes on 
Radionuclide Transport 

In the YMRP (U.S. Nuclear Regulatory Commission, 2000a), the DOE’s approach to assess the 1 
I 

engineered and natural barriers must meet the following generic acceptance criteria for each 1 
relevant ISI: (i) integration; (ii) data and model justification; (iii) data uncertainty and verification; I 
(iv) model uncertainty; (v) model verification. Quality assurance is handled in a separate section I 

I 
1 

Two model abstraction lSls are influenced by the evolution of the near-field environment within I 
I 
I 

(Nuclear Regulatory Commission, 2000a, section 4.2.1.3.4) and Radionuclide Transport in the I 
I 

Radionuclide Transport in the Unsaturated Zone is addressed in more detail in the Radionuclide I 
Transport IRSR (U.S. Nuclear Regulatory Commission, 1999b). The NRC’s TPA abstraction of I 
radionuclide transport requires input from the two abstractions in this subissue (U.S. Nuclear I 
Regulatory Commission, 2000a,b). The processes listed previously need to be considered in I 
the evaluation of each abstraction. As part of this evaluation, we will use the acceptance criteria I 
and review methods in the YMRP (U.S. Nuclear Regulatory Commission, 2000a) to review the I 
DOE’s PMRs and the supporting AMRs as they become available. This evaluation will also I 
include a review of the relevant FEPs included/excluded from the DOE TSPA. I 

I 
The following AMRs have been identified in the DOE AMR/PMR schedule as relevant to the I 
ENFE subissue on radionuclide transport through engineered and natural barriers: E0050-AMR I 
on the Engineered Barrier System Radionuclide Transport Model; E0095-AMR on the I 
Engineered Barrier System Radionuclide Transport Abstraction; E01 20-AMR on the I 
Description of the Near-Field Environment Basecase; and U0060-AMR on the Radionuclide I 
Transport Model. The relevant AMRs on FEPs include U0170-FEPs for Unsaturated Zone I 
Flow and Transport; N0080-FEPs for the Near-Field Environment; EO01 5-Engineered Barrier I 
System FEPs Degradation Modes Analysis; E01 1 0-Engineered Barrier System Degradation I 
Modes and FEPs Abstraction; and S0075-FEPs for Saturated Zone Flow and Transport. I 
These AMRs and the relevant PMRs are not available for review as of this writing. In the I 
following sections, the resolution status based on the TSPA-VA design and PA is considered I 
current. As appropriate, status based on information contained in the TSPA-SR methods and I 
assumptions report (Civilian Radioactive Waste Management System, Management and I 
Operating Contractor, 1999b) has been included where the approaches differ from that used in I 
the TSPA-VA. It is important to note that the TSPA-SR does not contain details on how the I 
different modeling approaches will be implemented. It is anticipated that this section will be I 
further updated as the AMRs and PMRs become available for review using the YMRP I 
acceptance criteria and review methods (U.S. Nuclear Regulatory Commission, 2000a). I 

I 
5.4.4.1 Integrated Sub Issue on Radionuclide Release Rates and Solubility Limits I 

I 
The following five acceptance criteria for the IS1 on radionuclide release rates and solubility limits I 
are from section 4.2.1.3.4.3 of the YMRP (U.S. Nuclear Regulatory Commission, 2000a). The I 

I 

effects of coupled thermal-hydrologic-chemical processes on radionuclide transport through 

of the YMRP (Nuclear Regulatory Commission, 2000a). 

the scope of the ENFE subissue on radionuclide transport through engineered and natural 
barriers. The abstractions are Radionuclide Release Rates and Solubility Limits 

Unsaturated Zone (U.S. Nuclear Regulatory Commission, 2000a, section 4.2. I .3.7). 

DOE’s approach to abstract coupled thermal-hydrologic-chemical effects on radionuclide 
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transport in a TSPA for the proposed repository at YM will be acceptable provided that each of I 
I 
I 
I 
I 

Important design features, physical phenomena and couplings, and consistent and I 
appropriate assumptions have been identified and described sufficiently for incorporation I 
into the abstraction of radionuclide release rates and solubility limits in the TSPA, and the I 
technical bases are provided. The features, phenomena and couplings, and I 
assumptions used to abstract release of radionuclides from WFs inside the I 
waste package and the transport and release of radionuclides from the engineered I 
barrier system should be provided. The TSPA abstraction is consistent with the I 
identification and description of those aspects of radionuclide release rates and solubility I 
limits that are important to waste isolation. The TSPA abstraction is also consistent with I 
the technical bases for these descriptions of barriers important to waste isolation. I 

the acceptance criteria is met. 

5.4.4.1 .I 

AC 1 

Integration for Evolution of the Near-Field Environment Subissue 4 

The approach that DOE used for the VA did not include a formal screening process for FEPs. 
As a result, many important design features, physical phenomena, and couplings were not 
evaluated in a PA framework. Recently, DOE has developed a more formal documentation of 
the FEPs identification and screening process for the TSPA-SR. The contents of the DOE 
FEPs database (Swift et al., 1999) have been screened and those related to the radionuclide 
release rates and solubility limits integrated subissue and the ENFE subissue on radionuclide 
transport in the near field have been identified (Pickett and Leslie, 1999; U.S. Nuclear Regulatory 1 
Commission, 2000b). The results of the screening are presented in table 5-1. I 

I 
Using the screening of the Swift et al. (1999) database provided in the TSPAI IRSR I 
(Nuclear Regulatory Commission, 2000b) and the audit review of Pickett and Leslie (1 999), I 
48 primary FEPs are identified as being related to both the radionuclide release rates and I 
solubility limits integrated subissue and this ENFE subissue. Of these 48, 16 are excluded by I 
the DOE screening process, and for two design related FEPs, deviations from design are I 
excluded. Review and evaluation of the technical bases for excluding these FEPs will focus on I 
the relevant AMRs, including: UO170-FEPs for Unsaturated Zone Flow and Transport; I 
N0080-FEPs for the Near-Field Environment; EO01 5-Engineered Barrier System FEPs I 
Degradation Modes Analysis; E01 1 0-Engineered Barrier System Degradation Modes and 1 
FEPs Abstraction, and; S0075-FEPs for Saturated Zone Flow and Transport. As of this I 
writing, these AMRs are not available for review. A preliminary evaluation of the resolution status I 
of these excluded FEPs, based on the preliminary DOE screening provided in the DOE FEPs I 
database (Swift et al., 1999), is provided in Pickett and Leslie (1999) and included here for I 
reference. It is important to note that the resolution status will be updated when the AMRs I 
become available. I 

I 
Undesirable materials left: As noted by Pickett and Leslie (1999), this should be taken care of by I 
NRC inspectors. Operational errors, however, can not be excluded without quality control I 
procedures. Review of the DOE QA program will be addressed in section 4.3.1 of the YMRP I 
(U.S. Nuclear Regulatory Commission, 2000a). Also, DOE states that thermal and radiolytic I 
degradation of decontamination solvents may reduce the consequence of these materials, but I 

I this will require a technical basis. DOE references this FEP with regard to the operational 
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V 

Prima+ t p  # I-tP d escription Screening 
1.1.02.03.00 Undesirable materials left Exclude 
1.1.07.00.00 Repository design Include 
1.1.08.00.00 Quality control Include 
1 .l. 12.01 .oo Exclude 
2.1.04.02.00 Physical and chemical properties of backfill Include 

Accidents and unplanned events during operation 

Table 5-1. List of features, events, and processes related to the radionuclide release 
rates and solubility limits integrated subissue and addressed by the ENFE KTI subissue 
on radionuclide transport through the engineered and natural barriers 

'2.1.09.13.00 
2.1.09.18.00 
.1.09.19.00 
.1.09.20.00 

2.1.09.21 .oo 
2.1.10.01.00 

Complexation by organics in waste and EBS 
Microbial colloid transport in the waste and EBS. 
Colloid transport and sorption in the waste and EBS. 
Colloid filtration in the waste and EBS 
Suspensions of particles larger than colloids 
Bioloaical activitv in waste and EBS 

Include 
Include 
Include 
Include 
Exclude 
Include 

2.1.09.07.00 Reaction kinetics in waste and EBS Exclude 
2.1.09.08.00 Include 
2.1.09.12.00 Include 

Chemical gradients / enhanced diffusion in waste and EBS 
Rind (altered zone) formation in waste, EBS, and adiacent rock 

Heat output I temperature in waste and EBS 
Nonuniform heat distribution / edge effects in repository 
Temperature effects / coupled processes in waste and EBS 
Thermal effects: chemical and microbiological changes in the waste and EBS 
Thermal effects on liquid or two-phase fluid flow in the waste and EBS 
Thermal effects on diffusion (Soret effect) in waste and EBS 

Gas generation (H2) from metal corrosion 
Gas aeneration C 0 2 .  CH4. H2S) from microbial deqradation 

2.1.1 1.04.00 
.1.11.08.00 
.1.11.09.00 
.1.11.10.00 
.l .12.01 .oo Gas generation 
.1.12.03.00 
.1.12.04.00 

Include II 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
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period; preclosure aspects of the proposed repository are reviewed under section 4.1 of the 
YMRP (U.S. Nuclear Regulatory Commission, 2000a) and not in the postclosure model 
abstraction section that includes this ISI. 

Repositow desian; Quality Control: These two FEPs are included in the DOE screening, but 
deviations from design and operational error are excluded. Knowledge of quality control 
procedures (section 4.3.1 of the YMRP) and operational procedures under normal and accident 
conditions are reviewed in sections 4.3.6 and 4.3.7 of the YMRP (U.S. Nuclear Regulatory 
Commission, 2000a). Also, DOE references these FEPs with regard to the operational period; 
preclosure aspects of the proposed repository are reviewed under section 4.1 of the YMRP and 
not in the postclosure model abstraction section that includes this IS1 (U.S. Nuclear Regulatory 
Commission , 2000a). 

Accidents and unplanned events during operation: Knowledge of quality control procedures 
(section 4.3.1 of the YMRP) and operational procedures under normal and accident conditions 
are reviewed in sections 4.3.6 and 4.3.7 of the YMRP (U.S. Nuclear Regulatory Commission, 
2000a). Also, DOE references these FEPs with regard to the operational period; preclosure 
aspects of the proposed repository are reviewed under section 4.1 of the YMRP and not in the 
postclosure model abstraction section that includes this IS1 (U.S. Nuclear Regulatory 
C o m m i ss i o n , 2 0 0 0 a). 

Erosion or dissolution of backfill: DOE indicates that backfill material will not be highly soluble 
and indicates that flow rates through the backfill will be too slow to cause erosion. Based on the 
information available at this time, the exclusion of this FEP is not acceptable. The DOE has not 
defined the backfill material as yet, and a stronger technical basis for low solubility is needed. In 
addition, backfill is a recent addition to the DOE design for the proposed repository. Review of 
this will depend on whether DOE keeps backfill as part of the design for the site 
recorn mend a ti on and I icense application. 

Flow through the liner: DOE excludes this FEP because the EDA-II design eliminates concrete 
liner that was included in the TSPA-VA design. At this time, acceptability of this exclusion 
remains uncertain. DOE does not provide a clear descriptive definition of the liner, however. 
Because support materials may be included as part of the liner, DOE will need to provide 
additional clarification to support exclusion. DOE will also need to make sure that the definition 
of the liner (liner, support materials, etc.) is consistent with the most current design. 

Interaction with corrosion products: With recent design changes, resolution of the exclusion of 
this FEP will require review of information in the DOE AMRs when they are available. 

Reaction kinetics in waste and enqineered barrier svstem: The DOE screening focuses on the 
effect of redox kinetics on &s, and excludes them on the basis of low consequence. Exclusion 
of this FEP is not acceptable. The effect of kinetics should be more generally applied to 
chemical processes affecting transport through the engineered and natural barriers, and should 
be included. 

Suspensions of Darticles larqer than colloids: DOE has excluded this FEP on the assumption 
that although particles may be transport through fractures in the unsaturated zone, low 
groundwater velocities through the saturated zone would lead to particle settling. Since particle 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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I 
I 
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I 
I 
I 
I 
I 
I 
I 
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transport through the unsaturated zone is plausible, exclusion of this FEP may be acceptable if 
DOE provides a more complete technical basis. 

Thermal effects: chemical and microbiological changes in the waste and engineered barrier 
system: In the DOE FEPs database, no rationale is provided for excluding this FEP. At this 
time, the exclusion of this FEP is not acceptable. The DOE should provide a clear relationship 
between thermal effects and other FEPs entries and provide a technical basis for exclusion. 

Thermal effects on diffusion (Soret effect) in waste and enqineered barrier svstem: The 
contribution of the Soret effect to radionuclide transport through the engineered and natural 
barriers is likely to be small in comparison to other chemical processes such as 
sorption/desorption and has been excluded by DOE. This is an appropriate screening 
argument, particularly given the relatively heavy radioelements and the lower thermal gradient 
attributed to the EDA-II design, and the staff has no further questions on this FEP. 

Gas qeneration: Gas qeneration (H,) from metal corrosion: and Gas qeneration (CO,, CH,, H7SJ 
from microbial degradation: The DOE excludes these three FEPs largely because the repository 
will be located in the unsaturated zone and well connected to the surface, minimizing the 
potential for postclosure gas buildup. The exclusion of these FEPs may be acceptable if DOE 
provides a technical basis for this screening argument, particularly since DOE acknowledges 
that the possibility exists for temporary confinement of generated gases, and these might still 
have a chemical impact on radionuclide transport through the engineered and natural barrier 
sys tems. 

Gas transport in waste and enqineered barrier svstem; Radioactive gases in waste and 
engineered barrier svstem: These two FEPs were excluded on the basis that radioactive gases 
are not a significant component of the future radionuclide inventory. There is no technical basis 
provided in the FEPs database, and there is a presupposition that the doses resulting from this 
transport are low. Earlier TSPA analyses by both the DOE (TRW Environmental Safety 
Systems, 1995) and NRC (U.S. Nuclear Regulatory Commission, 1995), and a report prepared 
by the National Academy of Sciences (National Research Council, 1995) all suggest that the 
calculated dose from gaseous radionuclide transport is low. The most recent revision of the 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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I 
I 
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I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

TSPAI IRSR (US. Nuclear Regulatory Commission, 2000b) has closed out gaseous transport of I 
14C0, as an open item. Based on these analyses and reports, exclusion of this FEP is I 
appropriate, and the staff has no further questions at this time. I 

I 
Gas explosions: The DOE excludes this FEPs largely because the repository will be located in I 
the unsaturated zone and well connected to the surface, minimizing the potential for postclosure I 
gas buildup, and due to the lack of an ignition source. Based on the information available at this I 

I 
argument, particularly since the possibility exists for temporary confinement of gas. Technical I 

I 
I 

Episodic / pulse release from repository: No screening criteria are provided for this primary FEP. I 
This is not an acceptable screening of this FEP. DOE will need to provide additional information, I 
including a clear statement of inclusion or exclusion of this FEP, and a technical basis for the I 
screening argument. I 

I 

time, this exclusion may be acceptable if DOE provides a technical basis for the screening 

support for the lack of an ignition source will be a key part of the basis for exclusion. 
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Radionuclide solubilitv limits in the aeosphere: The DOE screening argument assumes that 
radionuclide solubility limits in the geosphere may be different from those in the engineered 

I 
I 
I 
I 
I 
I 
1 
I 

documentation of the FEPs screening and identification process that will be used for DOE’S site I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 

Subissue 4 I 
I 

barrier system. Solubility limits in the geosphere will be determined by interaction between the 
contaminant plume and the host rock. This argument makes valid points, but does not provide 
an explicit case for exclusion. At this time, the exclusion of this FEP is uncertain, and DOE will 
need to provide a clear technical basis. 

The FEPs database developed by DOE (Swift, et al., 1999) provides a more formalized 

recommendation and license application. Pickett and Leslie (1 999) provides an early audit 
review of the DOE treatment of FEPs. Future DOE analysis of FEPs should meet the 
acceptance criteria for scenario analysis in the TSPAI IRSR and in the YMRP 
(Nuclear Regulatory Commission, 2000a, b). This FEPs analysis will an important action for 
DOE to take to facilitate resolution on this subissue. 

In the DOE TSPA abstractions, the FEPs are not dealt with on a one-by-one basis. For 
simplification, the included FEPs for this IS1 have been grouped into a number of categories 
based on the relationship among the FEPs descriptions provided by Swift et al. (1 999): 
(i) backfill; (ii) invert; (iii) hydrologic processes; (iv) chemical processes; (v) colloid transport; 
(vi) biological activity; (vii) thermal processes; (viii) radiolysis; (ix) radioactive decay. The 
evaluation of the acceptability of the DOE abstractions is presented using this categorization. 

5.4.4.1.2 Data and Model Justification for Evolution of the Near-Field Environment 

AC2 Sufficient data on design features (including Ti drip shield, backfill, waste packages, 
WFs, other engineered barrier system components, and thermal loading), geology, 

I 
I 

hydrology, and geochemistry of the unsaturated zone and drift environment (e.g., field, I 
laboratory, and natural analog) are available to adequately define relevant parameters 1 
and conceptual models necessary for developing the abstraction of radionuclide release I 
rates and solubility limits used in the TSPA. The data are also sufficient to assess the 1 

I 
I 

determine whether the technical bases provided for inclusion or exclusion of these FEPs I 
I 
I 

degree to which FEPs related to radionuclide release rates and solubility limits and 
which affect compliance with 10 CFR 63.11 3(b) have been characterized and to 

are adequate. Where adequate data do not exist, other information sources such as 
expert elicitation have been appropriately incorporated. 

I 
Unlike the EDA-II design, the TSPA-VA design did not identify backfill or a Ti drip shield as part of1 
the engineered barrier system. The EDA-II design calls for the drip shield to be installed after 1 
waste emplacement is complete, and backfill will be placed on top of the drip shield. DO€ has I 
provided a limited sensitivity analyses of the effects of backfill and a drip shield in the design I 
selection report (Civilian Radioactive Waste Management System, Management and Operating I 

I 
determined yet, however, and there is little, if any, laboratory or field information available on the I 
performance of the Ti drip shield. At the current time, the status of the data sufficiency for these I 
two engineered barrier components is very uncertain. DOE will need to provide additional data I 
on these design features and the technical bases for the inclusion of these features in the DOE I 

Contractor, 1999a). The materials to be used in constructing the backfill have not been 

TSPA abstraction. I 
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The current EDA-II design does not include a cement liner for the repository tunnels For this 
reason, DOE does not need to include this design feature in its TSPA abstraction, and no 
additional information is necessary. Should future design changes include a liner, however, 

used to evaluate its effect on repository performance. 

The DOE has made progress since TSPA-95 in abstracting detailed process models for 
radionuclide transport through the engineered and natural barriers in the near field 
(TRW Environmental Safety Systems, Inc., 1995). For the first time in the TSPA-VA, DOE 

I 
I 
I 

DOE would need to provide data on the liner material and laboratory or analog data that can be I 
I 
I 
I 
1 
I 

implemented retardation by invert material (U.S. Department of Energy, 1998). The conceptual I 
model outlined in the TSPA-SR Methods and Assumptions report (Civilian Radioactive Waste I 
Management System, Management and Operating Contractor, 1999b) is similar to that used for I 
the concrete invert in TSPA-VA, with radionuclide transport by one-dimensional diffusion and/or I 
advective transport. Degradation of the invert was not modeled in TSPA-VA, but the TSPA-SR I 
will provide for sorption to corrosion products using linear sorption isotherms. There is no I 
information available for invert transport properties based on the materials to be used in the I 
EDA-II design, and the acceptability of the DOE approach is uncertain. DOE will need to provide I 
data to support the transport parameters assigned to invert materials. The transport path I 
through the invert is short, and DOE may be able to use sensitivity analyses and bounding I 
calculations to constrain the effect of invert transport on repository performance. I 

I 
In the TSPA-VA, the DOE modeled radionuclide transport through the engineered barrier system I 
using a combination of diffusion and advection. Thermal-chemical-hydrologic processes were I 
decoupled in the TSPA-VA model, and input on hydrologic processes was provided by mountain I 
and drift-scale models. The EDA-II design calls for both backfill and a Ti drip shield that will have I 

I 
temperature on the hydrology of the in-drift system is considered as part of the TEF KTI. Given I 
the changes in the thermal-hydrologic regime of the near-field that are predicted to result from I 
the EDA-II design features, and the lack of data supporting the TSPA abstraction at this time, the I 
acceptability of the DOE approach is uncertain. DOE will need to provide data on hydrology that I 
reflect the EDA-II design. Sensitivity analysis and bounding calculations will be necessary to I 
evaluate the effects of the design change on radionuclide transport through the engineered I 
barrier system. I 

I 
The DOE TSPA-VA analyses assumed that fracture water chemistry entering the drift was I 
represented by J-13 water (U.S. Department of Energy, 1998). Much of the chemical evolution I 
of the groundwater was the result of interaction with the concrete components of the engineered I 
barrier system. There is general agreement that there is a lack of data to support assumptions I 
in the models of the in-drift geochemistry used In the TSPA-VA (US. Nuclear Regulatory I 
Commission, 1998, 1999~;  U.S. Nuclear Waste Technical Review Board, 1999; Whipple, et al., I 
1999). Concrete has been largely eliminated from the DOE design, and although this will reduce I 
some of the uncertainty in the effects of engineered materials on radionuclide transport, the I 
acceptability of the DOE models remains uncertain. Interaction of water with the backfill and the I 
Ti drip shield called for in EDA-II will affect in-drift geochemistry, and therefore radionuclide I 
transport through the near-field environment. We will expect the modified water case to be part I 
of the base case in the DOE PA analyses for any potential license application. Regardless of I 
the design, sufficient data are necessary to establish initial and boundary conditions for I 
conceptual models. I 

significant effects on the flow of water through the engineered barrier. The effects of 
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In the TSPA-VA, collgid transport of plutonium was modeled by calculating an effective sorption 
coefficient based on colloid concentration and the degree to which plutonium sorption on a 
colloid phase is enhanced relative to sorption on the rock matrix. Most plutonium attachment 
onto colloids was assumed to be fast and reversible, but a small fraction was assumed to sorb 
irreversibly to colloids. The partitioning between the aqueous and colloid phase was represented 
by a single lumped parameter referred to as the aqueous-colloid partitioning coefficient, 6. The 
mass of colloids in each of the waste package cell pathways was dependent on the volume of 
water in the cell and the colloid concentration per unit volume of water. Filtration was not 
incorporated into the model, and the only measure of colloid stability was an empirical 
relationship of colloid concentration to ionic strength. Four types of colloids were considered in 
the engineered barrier system: natural iron-oxide and clay and colloids derived from spent fuel 
and glass waste. Sorption on colloids was modeled using a linear sorption coefficient (KJ that 
ranges from I O2 to 1 O9 mug. The irreversible fraction was assumed to be defined by a log- 
uniform distribution. Due to its preliminary nature, most of the model was based on synthetic 
data rather than experimental or field data. Some ranges on K, were based on the field 
observations reported in Kersting, et al. (1999), and some laboratory information on the 
irreversibility of plutonium sorption was used to constrain the conceptual model (Lu, et al., 1998). 
There is no experimental or site characterization information on colloid concentrations in the 
near field, however, and only the empirical relationship to ionic strength is used for particle 
concentration. In addition, the colloid model is only applied to plutonium transport. For these 
reasons, a significant amount of uncertainty remains in colloid transport. The TSPA-SR 
methods and assumptions report indicates enhancements such as filtration and colloid transport 
of americium are being considered for the colloid transport model, but the DOE will need to 
provide additional data to provide the technical support for these data. 

A model for bounding the magnitude of microbial communities was developed for the TSPA-VA. 
The in-drift microbial communities model has been judged by others to be at a preliminary stage 
(Whipple, et al., 1999). The model was only used to provide first-order limits on potential 
microbial effects (Civilian Radioactive Waste Management System, Management and Operating 
Contractor, 1998). The model approach required by the acceptance criterion from previous 
ENFE IRSR (U.S. Nuclear Regulatory Commission, 1999a) was used by DOE. We have no 
further concerns regarding the nutrient and energy inventory calculations approach used by 
DOE to determine the potential for microbial activity that could impact the transport of 
radionuclides. 

The microbial activity model was not used in the TSPA-VA base case, but provided first-order 
limits on potential microbial effects (Civilian Radioactive Waste Management System, 
Management and Operating Contractor, 1998). DOE did not attempt to evaluate potential 
microbial effects on radionuclide transport. From the TSPA-SR methods and assumptions 
report (Civilian Radioactive Waste Management System, Management and Operating 
Contractor, 1999b), it is not clear that DOE will pursue any further work on microbial processes 
in the near-field geochemical environment. Neglecting the potential impact of microbial 
processes on radionuclide transport will require justification. DOE should use the time-history of 
temperature, humidity, and dripping (Civilian Radioactive Waste Management System, 
Management and Operating Contractor, 1997) to constrain the probability for microbial effects, 
such as production of organic by-products that act as complexing ligands for actinides 
(McKinley, West, and Grogan, 1985). 
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I 
I 
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I 
I 
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I 
I 
I 
I 
I 
I 
I 
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I 
I 
I 
I 
I 
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Radiolysis was not considered in the TSPA-VA analysis (U.S. Department of Energy, 1998), and I 
there is no indication that it will be considered in the TSPA-SR. Radiolysis to lower solution pH I 
is likely to be most effective in a thin water film adjacent to the waste package. Further from the I 
waste package, the effects on radionuclide transport will be reduced by dilution of the low pH 1 

I 
analyses and bounding calculations to support omitting radiolysis from its conceptual models of I 

I 
I 

We believe that the DOE will need to demonstrate that the approach of setting the K,s of the I 
actinides to zero for sensitivity studies is appropriately conservative, and concur with the DOE 1 
use of sensitivity analyses to evaluate the relative importance of sorption in the unsaturated zone 1 
to repository performance and to bound the potentially nonconsetvative interactions. I 
Nevertheless, placeholder K,s used in transport through the engineered barrier system should I 
be replaced by more realistic limits on sorption as additional experimental data become I 
available. This is especially true given the differences in the engineered barrier system I 
contained in the EDA-II design. DOE should use sensitivity and uncertainty analyses of their I 
abstracted model to determine whether additional new data are needed to support the I 
abstracted model. I 

I 
The DOE has continued to rely on expert elicitation where data are not readily available. The I 
DOE should conduct and document these expert elicitations in accordance with the guidance in 1 
Kotra et al. (1 996) or other acceptable methods. The review of the DOE expert elicitation I 
procedures is conducted under section 4.3.4 of the YMRP (U.S. Nuclear Regulatory 1 
C o m m is s i o n , 2 00 0 a). I 

I 
Data Uncertainty and Verification for Evolution of the Near-Field I 
Environment Subissue 4 I 

I 
Parameter values, assumed ranges, probability distributions, and bounding assumptions I 

I 
I 
I 
I 

The data used to support models and parameter values for the abstraction of the effects of EDA- 1 
I 

status cannot be determined with any certainty. Review of the relevant AMRs and PMRs will be I 
necessary to evaluate the acceptability of the DOE approaches. 

solution. Because of the short transport paths involved, DOE may be able to use sensitivity 

radionuclide transport through the engineered barriers. 

5.4.4.1.3 

AC3 
used in the TSPA abstraction of radionuclide release rates and solubility limits are 
consistent with site characterization, design data, laboratory experiments, field 
measurements, and natural analog data. 

II design features such as backfill and the Ti drip shield are not available, and the resolution 

In its TSPA-VA abstraction of transport of radionuclides through the engineered barrier system, 
DOE used a linear sorption isotherm (KJ to represent interaction with the invert. Sorption 
characteristics of the invert are poorly understood (U.S. Department of Energy, 1998, 
section 3.5.3.6), and the sorption coefficients used in the TSPA-VA are referred to as 
“placeholder K$ by DOE (Civilian Radioactive Waste Management System, Management and 
Operating Contractor, 1998, section 6.5.2). The ranges for all sorbing radionuclides (e.g., U, Np, 
Pa, and Pu) vary from a minimum value of zero to a maximum value that is typically greater than I 

I 
I 

values used in the TSPA-VA are not acceptable as presented. The TSPA-VA design was based I 

values used for unsaturated zone and saturated zone transport (U.S. Department of Energy, 
1998, section 4.1. IO). Although the DOE approach is appropriate, the synthetic parameter 
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on a concrete invert, however, and this design has been superseded by a steel invert with steel I 
ground support in EDA-II. DOE will need to continue to evaluate these parameters, especially in I 
consideration of the new conditions related to the selection of the EDA-II design. Because of the I 
short transport path lengths through the invert, the DOE may be able to use a combination of 1 
sensitivity analyses and bounding calculations to demonstrate the effect of transport through the I 

I 
I 

using the 5th and 95th percentile & values with all other parameters set at base case expected I 
values. Their results suggest no influence on dose out to 10,000 y, and little influence on total I 

I 
I 

greater than about 250,000 y. Although these are bounding analyses and may be appropriate for I 
the new design, DOE has not applied the results to the EDA-II repository system at this time. I 
The new invert materials and design features proposed with EDA-II do not include concrete, and I 
the DOE will need to provide additional support for transport through the invert. DOE should use I 
initial conditions, boundary conditions, and computational domains in their sensitivity analyses I 
involving coupled thermal-hydrologic-chemical effects on the transport of radionuclides that are I 

I 
I 

In the TSPA-VA analyses, some unrealistic model results from the thermal-chemical evaluations I 
I 

Andradite (a garnet mineral), diopside, and wollastonite are typically elevated temperature skarn I 
minerals. With reference to the appearance of garnet and tremolite in simulations it is noted that I 
"their presence in the simulations is likely due to limitations of the current thermodynamic data or I 

I 
(Hardin, 1998, 5-49). In addition, only local equilibrium models were developed for in-drift water I 
chemistry evaluations. DOE continues to identify these data as a source of uncertainty in the I 

I 
I 

challenges associated with compilation of an internally consistent and validated thermodynamic I 
and kinetic database for relevant mineral phases, but this leads to uncertainty with regard to the I 

I 
1 

Experimental and field evidence suggest that plutonium attachment to colloids can vary from I 
relatively fast and reversible to effectively irreversible (Civilian Radioactive Waste Management I 

I 
I 
I 

TSPA-VA abstracted models. For example, the plutonium &s used in modeling colloid transport I 
are based on experimental data reported by Lu et al. (1998) and cover a range of about seven I 
orders of magnitude ( I  00- I O9 mug). The geochemical processes and conditions that result in I 

I 
I 

DOE has not used reasonable or conservative range of parameters to determine the effects of I 
I 
I 

abstraction, are not well constrained and will require additional experiments or other analyses to I 

invert on repository performance. I 

In the TSPA-VA, DOE completed sensitivity analyses for transport through a concrete invert 

dose at longer times. Even the extreme case of zero retardation (& = 0) resulted only in a 
factor of two increase in dose starting at about 40,000 y, with the effect decreasing at times 

consistent with available data on the materials used in the EDA-II design. 

indicated that a review of the parameters used in the process-level models is warranted. 

to incompletely adequate solid-solution models, especially for clay minerals and zeolites" 

in-drift geochemical environment model forth TSPA-SR (Civilian Radioactive Waste 
Management System, Management and Operating Contractor, 1999b). We recognize the 

acceptability of DOE model results. 

System, Management and Operating Contractor, 1998, section 6.4.2.3). The DOE notes, 
however, that the parameters necessary to describe the processes controlling plutonium 
attachment are not all available. There is also uncertainty in the parameters used in the 

this parameter variability are not explicitly incorporated in the TSPA-VA calculations. 

coupled thermal-hydrologic-chemical processes on the transport of radionuclides. Model 
parameters, particularly Kc and the irreversibly sorbed fraction in the colloid transport 
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establish reasonable bounding limits. In addition, the modeling approach has been limited to 1 
plutonium. This approach should be applied to other strongly sorbing radionuclides that may be I 
subject to colloid transport such as americium and thorium, or DOE should clearly demonstrate I 
that colloidal transport of these radionuclides is not important to repository performance. I 
Although the TSPA-SR methods and assumptions report indicates that other radionuclides such I 
as americium might be simulated (Civilian Radioactive Waste Management System, I 
Management and Operating Contractor, 1999b), this enhancement may not be available forth I 
TSPA-SR Rev. 00. I 

I 
In the TSPA-VA, DOE did not consider uncertainty in data due to both temporal and spatial 
variations in conditions affecting coupled thermal-hydrologic-chemical effects on radionuclide 
transport. This is not acceptable for this acceptance criterion. DOE should consider 
contributions to data uncertainty from both temporal and spatial variability. These contributions 
to uncertainty should be implemented in their abstracted models of the effects of coupled 
thermal-hydrologic-chemical processes on the transport of radionuclides. The TSPA-SR 
methods and assumptions report (Civilian Radioactive Waste Management System, 
Management and Operating Contractor, 1999b) indicate that spatial and temporal variations in 
results from the drift scale heater test are now being considered in the process-level modeling 
studies, which may move towards meeting this acceptance criterion. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

DOE should demonstrate that reasonable or conservative ranges of parameters were used to I 
determine effects of coupled thermal-hydrologic-chemical processes on radionuclide transport 1 
in their abstracted models. This may be achieved using experimental, site, and natural analog I 
data to aid verification of abstracted models and data and parameters used in the process-level 1 
models. DOE should provide rationale for parameter values, assumed ranges, probability I 
distributions. If DOE uses bounding assumptions, they should be technically defensible and I 
reasonably account for uncertainties. DOE should collect and use data on the characteristics of I 
the natural system and engineered materials, such as the type, quantity, and reactivity of I 
material, to establish initial and boundary conditions for conceptual models and simulations of 1 
thermal-hydrologic-chemical coupled processes that are consistent with the EDA-II design I 
features. I 

I 
The DOE has continued to rely on expert elicitation to define parameter probability distribution I 
functions where data are not otherwise readily available. This approach is acceptable, but the I 
DOE should conduct and document these expert elicitations in accordance with the guidance in I 
Kotra et al. (1996) or other acceptable methods. The review of the DOE expert elicitation I 
procedures is conducted under section 4.3.4 of the YMRP (U.S. Nuclear Regulatory I 
Commission, 2000a). I 

I 
I 
I 
I 

understanding are investigated and results and limitations are appropriately factored into I 
the abstraction of radionuclide release rates and solubility limits. In its technical basis, I 
the DOE has provided sufficient evidence that alternative conceptual models of features I 
and processes have been considered, that the models are consistent with available data I 

I 

5.4.4.1.4 

AC4 Alternative modeling approaches consistent with available data and current scientific 

Model Uncertainty for Evolution of the Near-Field Environment Subissue 4 

(e.g., design features, field, laboratory, and natural analog) and current scientific 
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understanding, and that the effect of these alternative conceptual models on the TSPA I 
has been evaluated. I 

I 
I 

including sorption onto engineered barrier system materials was new to DOE'S TSPA-VA. Only 1 
I 

Energy, 1998, section 6.5.1). Consistent with the TSPA-VA design, the invert was assumed to I 
I 
I 

1998, section 6.5.1). Each invert cell was assumed to have a porosity of 10 percent, and both I 
advective and diffusive transport are assumed between adjacent invert cells. Advective flow I 

I 
I 
I 

away" as soon as the boundary was reached. Low solubility radionuclides were presumed to I 
precipitate at the engineered barrier system boundary and are removed slowly as a function of I 
seepage flux. The approach to modeling radionuclide transport through the engineered barrier I 

I 
system. DOE recognizes, however, that some modeling assumptions may not be conservative. I 

I 
I 

1999b), with a zero-concentration boundary condition imposed in the host rock rather than at the I 
edge of the engineered barrier system. The conceptual model will need to be modified further to I 
reflect the EDA-II design and refined to demonstrate the effects of changing chemical conditions I 
on transport. I 

I 
The DOE TSPA-VA base case evaluation included diffusion through and radionuclide retardation I 
in a concrete invert for neptunium, plutonium, uranium, and protactinium. The results indicated I 

I 
neptunium (600 mL/g for plutonium) makes travel time in the dry climate slow (on the order of I 
100,000 y through the 1 m of invert), whereas in the long-term average climate the travel time is I 
about 7,500 y. The TSPA-VA analysis omits the potential effect of degradation of the invert in its I 
calculations of radionuclide transport through the engineered barrier system and assumes that I 
its effect on overall system performance is insignificant because of the small transport length I 

I 
sensitivity analyses indicating that retardation in the invert has little significance to total dose. I 
We agree that the short transport length through the invert relative to the total transport length I 
suggests that retardation in the invert is likely to have little effect on overall system performance I 
in terms of the magnitude of the dose. However, the delay caused by transport through the I 
invert is a substantial portion of a 10,000 year regulatory period. Thus, the model will need to I 
provide technical support to omitting transport through the invert In the TSPA-SR and be I 
consistent with expected engineered materials, particularly given the recent change in the invert I 
materials with EDA-I I. I 

I 
The approach developed by DOE is appropriate for abstracting the effects of colloids on I 

I 
transport was developed as an auxiliary analysis for colloid transport in the saturated zone I 
(Civilian Radioactive Waste Management System, Management and Operating Contractor, I 

Transport of radionuclide through the engineered barrier system and near-field environment, 

sorption onto the invert supporting the waste package was considered (U.S. Department of 

be intact concrete, an assumption that DOE recognized as possibly nonconservative 
(Civilian Radioactive Waste Management System, Management and Operating Contractor, 

was set equal to the seepage through the drift. A maximum (conservative) concentration 
gradient driving diffusion was modeled for high solubility radionuclides by assuming zero 
concentration at the edge of the engineered barrier system, where radionuclides are "swept 

system was consistent with models used to simulate transport through the natural barrier 

The TSPA-SR methods and assumptions report proposes a similar modeling approach 
(Civilian Radioactive Waste Management System, Management and Operating Contractor, 

that there is a transport delay of neptunium-237 in the invert. A & value of 100 mug  for 

involved relative to the total transport length. DOE supported this conclusion with results of 

radionuclide transport through the engineered barriers. A more detailed simulation of colloidal 
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1998, section 8.5.2.5). This model includes sorption and desorption rates, colloid filtration, and 
effective porosities. DOE recommends this type of approach be used for the in-drift colloid 
model, but it requires additional laboratory, field, and site-scale observations to develop the 
necessary model parameters and it does not appear that it will be included In the TSPA-SR 
Rev. 00 (Civilian Radioactive Waste Management System, Management and Operating 
Contractor, 1999b). Additional potential refinements noted by DOE forth TSPA-SR include 
extending the colloid transport abstraction to other strongly sorbing radionuclides 
(e.g. , americium) and adding filtration capability. These enhancements of the colloid transport 
model are appropriate, but the DOE acknowledges that these improvements are not likely to be 
completed in time forth TSPA-SR (Civilian Radioactive Waste Management System, 
Management and Operating Contractor, 1999b). The DOE will need to implement these 
enhancements before the staff can evaluate the acceptability of these conceptual models. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

In the Near- FieldIAltered-Zone Models Report (Hardin, 1998), numerous explicit statements of I 
thermal-hydrologic-chemical model inadequacy are noted. For example, in the description of the I 
limitations of J-13 well water as a starting composition, and in noting effects of condensation, I 
water-rock interactions, nonisothermal chemistry, and engineered materials, Hardin states "the 1 
models described here represent only a part of the whole-system processes, but they are I 
representative of the kind of thermodynamic modeling that can be applied to additional parts of I 
the system" (Hardin, 1998, 5-48). We concur with this observation. Present models are I 
recognized to be inadequate. I 

The major limitation recognized by both the NRC and DOE staffs is that although conceptually I 
the complexity of coupled thermal-hydrologic-chemical processes is recognized, many aspects I 
of these processes are greatly simplified or omitted in the TSPA-VA analyses. Effects of the I 

I 
I 

justification is not acceptable. DOE should use appropriate models, tests, and analyses that are I 
sensitive to the thermal-hydrologic-chemical couplings under consideration for both natural and I 
engineering systems. Information provided in the TSPA-SR methods and assumptions report I 
(Civilian Radioactive Waste Management System, Management and Operating Contractor, I 
1999b) indicate that DOE is attempting to address this acceptance criterion for site I 
recommendation, but that many of the thermal-hydrologic-chemical processes will continue to I 
be uncoupled. I 

I 
5.4.4.1.5 Model Verification for Evolution of the Near-Field Environment Subissue 4 I 

I 
AC5 Outputs from the TSPA abstraction of radionuclide release rates and solubility limits is I 

1 
empirical observations (e.g., laboratory testing, field measurements, natural analogs). I 

I 
The general lack of data to support and test critical assumptions in mathematical models used I 
In the TSPA-VA has been noted by others (U.S. Nuclear Regulatory Commission, 1998, 1999~;  I 
Nuclear Waste Technical Review Board, 1999; Whipple, et ai., 1999). The TSPA-SR methods I 
and assumptions report (Civilian Radioactive Waste Management System, Management and I 
Operating Contractor, 1999b) indicates that natural analog information will be used to support I 

I 
I 

coupled thermal-hydrologic-chemical processes on radionuclide transport were omitted. 
Neglect of these processes contributes to model uncertainty without proper support and 

justified through comparison with output from detailed process-level models and 

the PA analyses. The staff will need to review how DOE uses analog data to verify the 
TSPA-SR conceptual models and model results. DOE should conduct additional exercises 
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using experimental, site, and natural analog data to aid verification of their models. Additional 
discussion of the model validation process is provided in Eisenberg, et al., (1999). DOE should 
use the results from both their laboratory and field heater test program to test their abstracted 
models for consistency with observations. Models used should produce results reasonably 
representative of the systems modeled. 

Detailed models and experimental study of uranium sorption on waste package corrosion 
products (iron oxides) and cementitious materials have been described in the near-field models 
report of Hardin (1998), but the results were not included in the TSPA-VA analysis. It is 
anticipated that these results, and additional experimental and modeling data, will be developed 
as part of the preparation for the TSPA-SR, particularly with the new materials introduced in the 
EDA-I1 design. The proposed work described in Hardin (1 998) includes site-specific studies and 
laboratory and modeling work for other waste package materials, concretes, and cementitious 
materials. Given the EDA-II design changes, the work on concrete and cementitious materials 
should be de-emphasized. These tests, if conducted and properly documented, are likely to 
meet the acceptance criteria presented in this subissue. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Should DOE continue to take credit for retardation in the engineered barrier system adequate I 
justification for sorption parameters should be provided. This may be done by investigating more I 

I 
system materials. These models should consider not only J-I3 water, but also evolved water I 
and gas phases that are the output of coupled thermal-hydrologic-chemical calculations. The 1 
potential effects of design changes on radionuclide transport should also be reflected in the DOE I 
model abstractions. I 

I 
Data from the DOE field heater tests and natural analog studies was not available forth I 
TSPA-VA, and information is not yet available on the specific details of how they will be I 
incorporated in the TSPA-SR. DOE made a qualitative comparison to experimental and field I 
observations in developing the TSPA-VA models and providing parameter estimates for I 
near-field transport (e.g. , Civilian Radioactive Waste Management System, Management and I 
Operating Contractor, 1998, section 6.4.2.3). The resulting abstracted models are preliminary in I 
nature, however, and in general have not been verified quantitatively against natural analog or I 
experimental data. Parameter values have been determined for a limited range in chemical I 
conditions. Thus, model results have not been tested against laboratory experiments or field I 
data and model verification for the effects of coupled thermal-hydrologic-chemical processes on I 
the transport of radionuclides remains uncertain. As part of DOE'S effort to verify their I 
abstracted model of the effects of coupled thermal-hydrologic-chemical effects on radionuclide I 
transport, DOE should use well-documented procedures to construct and test the numerical I 
models. DOE should also use the results from their laboratory experiments, field heater test I 
program, and their natural analog program to test their abstracted models for consistency with I 
observations. DOE should conduct exercises using experimental, site, and natural analog data I 

I 
I 
I 
I 
I 
I 
I 

detailed process models of colloid transport and radionuclide sorption on engineered barrier 

to aid verification of their models. Models used should produce results reasonably 
representative of the systems modeled. 

5.4.4.2 Integrated Sub Issue on Radionuclide Transport Through the Unsaturated Zone 

The following five acceptance criteria for the IS1 on radionuclide transport through the 
unsaturated zone are from section 4.2.1.3.7.3 of the YMRP (U.S. Nuclear Regulatory 
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Commission, 2000a). This IS1 will be considered in more detail as part of the Radionuclide 

YM will be acceptable provided that each of the acceptance criteria are met. 

I 
Transport IRSR. The DOE’S approach to abstract coupled thermal-hydrologic-chemical effects I 
on radionuclide transport through the unsaturated zone in a TSPA for the proposed repository at 1 

I 
I 
I 
I 
I 

appropriate assumptions have been identified and described sufficiently for incorporation I 
into the abstraction of radionuclide transport in the unsaturated zone and other related I 
abstractions in the TSPA, and the technical bases are provided. The TSPA abstraction I 
in the DOE license application identifies and describes aspects of radionuclide transport I 
in the unsaturated zone that are important to waste isolation and includes the technical I 
bases for these descriptions. I 

I 
As noted in section 5.4.4.1 .I , the approach that DOE used for the VA did not include a formal I 
screening process for FEPs. As a result many important design features, physical phenomena, I 
and couplings were not evaluated in a PA framework. The contents of the DOE FEPs database I 
(Swift, et al., 1999) have been screened and those related to the radionuclide transport in the I 
unsaturated zone integrated subissue and the ENFE subissue on radionuclide transport in the I 
near-field have been identified (Pickett and Leslie, 1999). The results of the screening are I 
presented in table 5-2. I 

I 
Using the screening of the Swift et al. (1999) database provided in the TSPAI IRSR I 
(Nuclear Regulatory Commission, 2000b) and the audit review of Pickett and Leslie (1999), I 
28 primary FEPs are identified as being related to both the radionuclide transport through the I 
unsaturated integrated subissue and this ENFE subissue. Of these 28, eight are excluded by I 
the DOE screening process. Of the eight excluded FEPs, three overlap with the radionuclide I 

1 
section 5.4.4.1.1. Review and evaluation of the technical bases for excluding the remaining five I 
FEPs will focus on the relevant AMRs, including: U0170-FEPs for Unsaturated Zone Flow and I 
Transport; N0080-FEPs for the Near-Field Environment; EO01 5-Engineered Barrier System 1 
FEPs Degradation Modes Analysis; E01 1 0-Engineered Barrier System Degradation Modes I 
and FEPs Abstraction, and; S0075-FEPs for Saturated Zone Flow and Transport. As of this 1 
writing, these AMRs are not available for review. A preliminary evaluation of the resolution status 1 

I 
I 

1999), is provided in Pickett and Leslie (1999) and provided here for reference. It is important to I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

5.4.4.2.1 

ACI 

Integration for Evolution of the Near-Field Environment Subissue 4 

Important design features, physical phenomena and couplings, and consistent and 

release rates and solubility limits integrated subissue and are discussed previously in 

of the five excluded FEPs (not including the three discussed previously in section 5.4.4.1. I ) ,  
based on the preliminary DOE screening provided in the DOE FEPs database (Swift et al., 

note that the resolution status will be updated when the AMRs become available. 

Undesirable materials left: (see section 5.4.4.1.1) 

Diagenesis: The screening argument used by DOE to exclude this FEP is based on the 

this exclusion is appropriate, and the staff has no additional questions at this time. 

definition of diagenesis as natural diagenesis, and does not include those processes related to 
the emplacement of waste in the proposed repository. As long as this distinction is maintained, 
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Primary F t P  # I-tP d escription NRC Review 
Exclude 1 .1.02.03.00 Undesirable materials left 

Table 5-2. List of features, events, and processes related to the radionuclide transport 
in the unsaturated zone integrated subissue and addressed by the ENFE KTI subissue 

I 
I 

b.2.01.02.00 Thermal and other waste and EBS-related changes in the adjacent host rock Include 
2.2.01.05.00 Radionuclide transport in excavation disturbed zone Include 

Include 2.2.08.01 .OO Groundwater chemistry / composition in UZ and SZ 
2.2.08.02.00 Radionuclide transport occurs in a carrier plume in geosphere Include 
2.2.08.03.00 Geochemical interactions in geosphere (dissolution, precipitation, weathering) and effects Include 

on radionuclide transport 
Exclude 2.2.08.05.00 Osmotic processes 
Include 2.2.08.06.00 Complexation in geosphere 
Exclude .2.08.07.00 Radionuclide solubility limits in the geosphere 

on radionuclide transport through the engineered and natural barriers 

.2.08.08.00 

.2.08.09.00 

.2.08.10.00 

.2.09.01 .OO 

.2.10.01 .OO 

.2.10.06.00 

.2.10.07.00 

.2.10.09.00 

.2.11.01 .OO 

.2.11.03.00 

Matrix diffusion in geosphere Include 
Include Sorption in UZ and SZ 

Colloidal transport in geosphere Include 
Include Microbial activity in geosphere 
Include Repository-induced thermal effects in geosphere 

Thermo-chemical alteration (solubility, speciation, phase changes, precipitation/dissolution) Include 

Thermo-chemical alteration of the Calico Hills unit Include 
Include Thermo-chemical alteration of the Topopah Spring basal vitrophyre 

Naturally-occurring gases in geosphere Exclude 
Exclude Gas transport in geosphere 

Suspensions of particles larqer than colloids: (see section 5.4.4.1. I) 

I 
I 

I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 

Gas generation from concrete: In the FEPs database, no screening argument is provided for the I 
exclusion of this FEP, and the TSPA will neglect this FEP until the significance of gas generation I 
can be identified. Because the recent EDA-I1 design (Civilian Radioactive Waste Management I 
System, Management and Operating Contractor, 1999a, b) eliminates most of the concrete from I 
the TSPA-VA design, the exclusion of this FEP may be acceptable. DOE will need to provide a I 
technical basis for the exclusion. I 

I 
I 
I 
I 

Osmotic processes: Like the Soret effect, the contributions of osmotic processes to 
radionuclide transport through the engineered and natural barriers are likely to be small in 
comparison to other chemical processes such as sorption/desorption and has been excluded 
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by DOE. This is an appropriate screening argument, particularly in the absence of a credible I 
I 
I 
I 
I 

Naturallv-occurring gases in the qeosphere; Gas transport in the qeosphere: Similar to other I 
FEPs related to gas generation (see section 5.4.4.1 .I), the DOE screening arguments for these I 

I 
connected unsaturated zone, preventing buildup in the repository. Chemical changes due to gas I 
generation are expected to be small relative to the controls exerted by other components of the I 

I 
technical bases to demonstrate that potential chemical effects are limited and will not adversely I 
affect performance. The second FEP (Gas transport in the geosphere) also includes potential I 

I 
(TRW Environmental Safety Systems, 1995; U.S. Nuclear Regulatory Commission, 1995) and I 
other analyses (National Research Council, 1995; U.S. Nuclear Regulatory Commission, 2000b) I 

I 
Exclusion of this aspect of the FEP on Gas transport in the geosphere is appropriate, and the I 

I 
I 

bounding assumptions. An important step in this direction is the FEPs database with its more I 
formal documentation of excluding/including FEPs from the DOE TSPA analyses (Swift, et al., I 

I 
I 

Regulatory Commission, 2000a,b). This FEPs analysis will an important action for DOE to take I 
to facilitate resolution on this subissue. I 

semipermeable membrane, and the staff has no further questions on this FEP. 

Radionuclide solubilitv limits in the qeosphere: (see section 5.4.4.1.1) 

two FEPs expect naturally-occurring gases to escape to the atmosphere through a well 

repository system. Exclusion of these FEPs may be acceptable if DOE provides additional 

radionuclide transport. As discussed in section 5.4.4.1.1 , preliminary TSPA analyses 

have indicated that gaseous radionuclide transport is not a significant contributor to dose. 

staff has no further questions. DOE should provide a technical basis for omitting these 
processes or include these effects in the performance analyses via abstracted models or 

1999). The DOE should continue to develop its FEPs analysis methodology to meet the 
acceptance criteria for scenario analysis in the TSPAI IRSR and the YMRP (U.S. Nuclear 

As noted previously in section 5.4.4.1.1 , DOE TSPA abstractions do not deal with FEPs on a 
one-by-one basis. Similar to the approach used in section 5.4.4.1.1 , the included FEPs for this 
IS1 have been grouped into a number of categories based on the relationship among the FEPs 
descriptions provided by Swift et at. (1999): (i) Igneous effects on rock properties; 
(ii) Degradation of engineered barrier system components; (iii) Properties/Geochemistry of 
groundwater; (iv) Geochemical transport processes; (v) Colloid transport; (vi) Biological activity; 
(vii) Thermal and thermo-chemical effects on engineered barrier system and geosphere. The 
evaluation of the acceptability of the DOE abstractions is presented using this categorization. 

5.4.4.2.2 Data and Model Justification for Evolution of the Near-Field Environment 
Subissue 4 

I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 

AC2 
I 
I 

(e.g., field, laboratory, and natural analog data) are available to adequately define relevant I 
I 

radionuclide transport in the unsaturated zone used in the TSPA. These data support I 
I 

conceptual models are evaluated in the TSPA. The data are also sufficient to assess the 1 
I 
I 

Sufficient data on the geology, hydrology, and geochemistry of the unsaturated zone 

parameters and conceptual models necessary for developing the abstraction of 

alternative conceptual models of unsaturated zone retardation, and these alternative 

degree to which FEPs related to radionuclide transport in the unsaturated zone and 
which affect compliance with 10 CFR 63.1 13(b) have been characterized and to 
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determine whether the technical bases provided for inclusion or exclusion of these FEPs 1 
are adequate. I 

The TSPA-VA abstraction for transport through the engineered barrier system did not address 
the impact of igneous activity. The probability and consequences of igneous activity and 
reviewed under sections 4.2.1.2, 4.2. I .3.10 and 4.2.3.1 1 of the YMRP (U.S. Nuclear Regulatory 
Commission, 2000a). The inclusion of the FEP on the effect of igneous activity on rock 
properties is intended to focus on changes through the geosphere. Radionuclide transport 
through the unsaturated zone is reviewed under as part of the RT KTI (U.S. Nuclear Regulatory 
Commission, 1999b). Given that the igneous activity is reviewed elsewhere in the YMRP, the 
omission of the effects of igneous activity on radionuclide transport through the engineered 
barrier system is appropriate, and there are no further questions at this time. 

I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 

Two of the FEPs on degradation of engineered barrier system materials are focused on 
cementitious materials in drift and the drift liner. These features of the TSPA-VA design are 

cementitious materials such as rock bolts and grout are likely to be used in constructing the 

addressed by DOE. The TSPA-VA did not assume degradation of the concrete invert. The 
inverts to be used in TSPA-SR will be made of steel, with granular ballast and steel ground 

and Operating Contractor, 1999b) indicates that degradation of this invert will be included in 

I 
I 

either greatly reduced (cementitious materials) or not present in the EDA-II design (liner). Some I 
I 

repository. The quantity and effects of these materials under the EDA-II design will need to be I 
I 
I 

supports. The DOE indicates (Civilian Radioactive Waste Management System, Management I 
I 

TSPA-SR, with sorption to corrosion products using linear sorption isotherms, but at this time, 1 
there are no supporting data available and the acceptability of the DOE approach is uncertain. In I 
its AMRs and PMRs, DOE will need to provide information on the design of the invert and the I 
ground support, and the composition and properties of the granular ballast to support its I 
TS PA-SR abstraction. I 

I 
Interaction of water with other new features of the engineered barrier system such as the I 
backfill, Ti drip shield, ground support structures, and steel inverts will potentially affect the water I 
chemistry and radionuclide transport through the unsaturated zone. Because they are located I 
above the waste packages, the Ti drip shield and backfill are not likely to contribute directly to I 

I 
control seepage and in-drift geochemistry. Regardless of the design, DOE will need to provide I 

I 
I 

In the TSPA-VA, the DOE near-field geochemical environment model focused on the central part I 
I 

processes effects is likely to be largest there (Civilian Radioactive Waste Management System, I 
I 

coupled thermal-hydrologic-chemical processes may be most important on the margins of the I 
emplacement zone. Despite the wider drift spacing in EDA-II to allow water flow through the I 
pillars, refluxing water may be shed to the margins of the emplacement. Neglecting processes I 
at the edges of the emplacement zone may not be conservative. DOE should justify neglecting I 
processes at the margin of the emplacement area. 1 

1 
In the TSPA-VA, the DOE modeled radionuclide transport through the engineered barrier system I 
using a combination of diffusion and advection. Thermal-chemical-hydrologic processes were I 

radionuclide transport in the unsaturated zone, but they may contribute through coupling to 

sufficient data to establish initial and boundary conditions for conceptual models. 

of the repository. This focus was rationalized on the basis that the magnitude of coupled 

Management and Operating Contractor, 1998; section 4.4.2. I ) .  However, effects of certain 
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decoupled in the TSPA-VA model, and input on hydrologic processes was provided by mountain I 
and drift-scale models. The EDA-II design calls for both backfill and a Ti drip shield that will have I 

I 
temperature on the hydrology of €he in-drift system is considered as part of the TEF KTI. Given 1 
the changes in the thermal-hydrologic regime of the near-field that are predicted to result from 1 
the EDA-II design features, and the lack of data supporting the TSPA abstraction at this time, the I 

significant effects on the flow of water through the engineered barrier. The effects of 

sufficiency of the data used to support DOE model'abstraction remains uncertain. In its AMRs 
and PMRs, the DOE will need to provide data on hydrology that reflect the EDA-II design. 
Sensitivity analysis and bounding calculations will be necessary to evaluate the effects of the 
design change on radionuclide transport through the engineered barrier system. 

As noted previously, the DOE TSPA-VA analyses assumed that fracture water chemistry 
entering the drift was represented by J-13 water (U.S. Department of Energy, 1998), and its 
chemical evolution was controlled by interaction with the concrete components of the 
engineered barrier system. There is general agreement that there is a lack of data to support 
assumptions in the models of the in-drift geochemistry used in the TSPA-VA 
(Nuclear Regulatory Commission, 1998, 1999c; U.S. Nuclear Waste Technical Review Board, 
1999; Whipple, et al., 1999). Concrete has been largely eliminated from the DOE design, and 
although this will reduce some of the uncertainty in the effects of engineered materials on 
radionuclide transport, the sufficiency of the data used to support DOE model abstraction 
remains uncertain. We will expect the modified water case to be part of the base case in the 
DOE PA analyses for any potential license. Regardless of the design, sufficient data are 
necessary to establish initial and boundary conditions for conceptual models. 

As discussed previously, colloid transport of plutonium was modeled in the TSPA-VA by 
calculating an effective sorption coefficient based on colloid concentration and the degree to 
which plutonium sorption on a colloid phase is enhanced relative to sorption on the rock matrix 
(CRWMS M&O, 1998; U.S. Department of Energy, 1998). Most plutonium attachment onto 
colloids was assumed to be fast and reversible, but a small fraction was assumed to sorb 
irreversibly to colloids. Filtration was not incorporated into the model, and the only measure of 
colloid stability was an empirical relationship of colloid concentration to ionic strength. The 
irreversible fraction was assumed to be defined by a log-uniform distribution. Due to its 
preliminary nature, most of the model was based on synthetic data rather than experimental or 
field data. Some ranges on K, were based on the saturated zone field observations reported in 
Kersting, et al. (I 999), and some laboratory information on the irreversibility of plutonium 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

sorption was used to constrain the conceptual model (Lu, et al., 1998). There is no experimental I 
or site characterization information on colloid concentrations in the near field, however, and only I 
the empirical relationship to ionic strength is used for particle concentration. In addition, the I 
colloid model is only applied to plutonium transport. For these reasons, a significant amount of I 
uncertainty remains in colloid transport. The TSPA-SR methods and assumptions report I 
indicates enhancements such as filtration and colloid transport of americium are being I 
considered for the colloid transport model, but the DOE will need to provide additional data to I 
provide the technical support for these data. I 

I 
The microbial activity model was not used in the TSPA-VA base case, but provided first-order I 
limits on potential microbial effects (Civilian Radioactive Waste Management System, I 
Management and Operating Contractor, 1998). DOE did not attempt to evaluate potential I 
microbial effects on radionuclide transport. From the TSPA-SR methods and assumptions I 
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report (Civilian Radioactive Waste Management System, Management and Operating I 
Contractor, 1999b), it is not clear that DOE will pursue any further work on microbial processes I 
in the near-field geochemical environment. Neglecting the potential impact of microbial I 
processes on radionuclide transport will require justification. DOE should use the time-history of I 
temperature, humidity, and dripping (Civilian Radioactive Waste Management System, I 
Management and Operating Contractor, 1997) to constrain the probability for microbial effects, I 
such as production of organic by-products that act as complexing ligands for actinides I 
(McKinley, West, and Grogan, 1985). I 

I 
Ongoing work described in Hardin (1998) is designed to evaluate the effects of system I 
chemistry and mineralogy on transport through the near field, but results were not included in the I 
VA analyses, and were not specific to EDA-II. Assuming that the work described in Hardin I 
(1998) has continued, the AMRs and PMRs will need to be evaluated to ensure that these have I 
been used to constrain sorption parameters and provide a theoretical basis for abstractions for I 
the TSPA-SR. I 

I 
The DOE has continued to rely on expert elicitation where data are not readily available. The I 
DOE should conduct and document these expert elicitations in accordance with the guidance in I 
Kotra et al. (1 996) or other acceptable methods. The review of the DOE expert elicitation I 
procedures is conducted under section 4.3.4 of the YMRP (US. Nuclear Regulatory I 
Commission, 2000a). I 

I 
5.4.4.2.3 Data Uncertainty and Verification for Evolution of the Near-Field 

Environment Subissue 4 

AC3 Parameter values, assumed ranges, probability distributions, and bounding assumptions 
used in the TSPA abstraction of radionuclide transport in the unsaturated zone are 
consistent with site characterization data, are technically defensible, and reasonably 
account for uncertainties and variabilities. The technical bases for the parameter values 
used in the TSPA abstraction are provided. If no retardation is assumed in the 
unsaturated zone, then DOE has demonstrated through its TSPA and accompanying 
sensitivity analyses that this is a conservative assumption. 

In their TSPA model abstraction, DOE should use reasonable or conservative ranges of 
parameters to determine effects of coupled thermal-hydrologic-chemical processes on 
radionuclide transport in the unsaturated zone. DOE should provide information from exercises 
using experimental, site, and natural analog data to aid verification of abstracted models and 
data and parameters used in the process-level models. Parameters used in process-level 
models should produce results reasonably representative of these systems. DOE should use 
technically defensible parameter values, assumed ranges, probability distributions. If DOE uses 
bounding assumptions, they should be technically defensible and reasonably account for 
uncertainties. 

In the TSPA-VA, DOE did not consider uncertainty in data due to both temporal and spatial 
variations in conditions affecting coupled thermal-hydrologic-chemical effects on radionuclide 
transport. DOE should consider contributions to data uncertainty from both temporal and spatial 
variability. One approach adopted by DOE to reduce this uncertainty is the lower temperatures 
proposed for EDA-II. The contributions of these design changes to uncertainty should be 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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I 
I 
I 
I 
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implemented in their abstracted models of the effects of coupled thermal-hydrologic-chemical 
processes on the transport of radionuclides. Presentations at the In-drift Geochemical 
Environment workshop, and information provided in the TSPA-SR methods and assumptions 
report (Civilian Radioactive Waste Management System, Management and Operating 
Contractor, 1999b) indicate that spatial and temporal variations in results from the drift scale 
heater test are now being considered in the process-level modeling studies. 

Experimental and field evidence suggest that plutonium attachment to colloids can vary from 
relatively fast and reversible to effectively irreversible (Civilian Radioactive Waste Management 
System, Management and Operating Contractor, 1998, section 6.4.2.3; Lu et al., 1998). The 
DOE notes, however, that the parameters necessary to describe the processes controlling 
plutonium attachment are not all available. There is also uncertainty in the parameters used in 
the TSPA-VA abstracted models. For example, the plutonium &s used in modeling colloid 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

transport are based on experimental data reported by Lu et al. (1998) and cover a range of about I 
seven orders of magnitude ( I  00- I O9 mL/g). The geochemical processes and conditions that I 
result in this parameter variability are not explicitly incorporated in the TSPA-VA calculations, so I 
the relevance to YM conditions is not clear. Also, the connection among the different parts of the I 
DOE colloid transport abstraction (engineered barrier system, unsaturated zone, saturated I 
zone) is not clear. For these reasons, the acceptability of the DOE approach to colloid transport I 
in the TSPA-SR is uncertain. The DOE AMRs and PMRs will need to provide a clear link I 
between the different DOE transport models, and will need establish the relationship between I 
parameter value ranges and conditions at YM. I 

I 
Some mineral phases, anticipated on the basis of alteration in the vicinity of YM (e.g., smectite, I 
illite, and zeolites), are absent from the models of coupled thermal-chemical effects. These I 
limitations are generally recognized by DOE. The lower temperatures of EDA-II may contribute I 
to reduced uncertainty for mineral precipitation and dissolution, but regardless of the repository I 
design, DOE should consider uncertainties in the characteristics of the natural and engineered I 
materials in their abstraction of the effects of coupled thermal-hydrologic-chemical processes on I 
the transport of radionuclides. Both NRC and DOE continue to recognize the challenges I 
associated with compilation of an internally consistent and validated thermodynamic and kinetic I 
database for relevant mineral phases (Civilian Radioactive Waste Management System, I 
Management and Operating Contractor, 1999b). DOE has attempted to reduce some of this I 
uncertainty by reducing the maximum repository temperature in EDA-II (Civilian Radioactive 1 
Waste Management System, Management and Operating Contractor, 1999a). This is an I 
appropriate approach, but temperatures are still above 25 "C and the temperature effects on I 
geochemical processes affecting radionuclide transport are still uncertain. DOE will need to I 
provide technical bases for the consistency of the thermodynamic and kinetic data used in its I 
TSPA abstraction, or demonstrate through sensitivity analyses that the uncertainty can be I 
bounded. I 

I 
The DOE has continued to rely on expert elicitation to define parameter probability distribution I 
functions where data are not otherwise readily available. This approach is acceptable, but the I 
DOE should conduct and document these expert elicitations in accordance with the guidance in I 

I 
I 

I 

Kotra et at. (1996) or other acceptable methods. The review of the DOE expert elicitation 
procedures is conducted under section 4.3.4 of the YMRP (U.S. Nuclear Regulatory 
Commission , 2000a). I 

33 



5.4.4.2.4 

AC4 

Model Uncertainty for Evolution of the Near-Field Environment Subissue 4 I 
I 
I 

understanding are investigated and results and limitations are appropriately factored into I 
the abstraction of radionuclide transport in the unsaturated zone. The TSPA abstraction I 

I 
t 

(e.g., field, laboratory, and natural analog) and current scientific understanding, and that I 
I 
I 
I 
I 
I 
I 
I 

1999b) where the thermohydrology model will provide input to the in-drift seepage model. DOE I 
will need to demonstrate that it is taking into account the thermal effects in a way that reflects the I 

I 
I 

In the DOE TSPA-VA, a maximum (conservative) concentration gradient driving diffusion was I 
I 

engineered barrier system, where radionuclides are "swept away" as soon as the boundary is I 
I 
I 

concentration boundary into the host rock where the engineered barrier system transport model I 
I 
I 

radionuclides are presumed to precipitate at the engineered barrier system boundary and are I 
I 
I 

conservative. The DOE will need to demonstrate that the approach to modeling radionuclide I 
I 
I 
I 
1 
1 
I 
I 
I 

performance, but there remains significant uncertainty with regard to site specific conditions and I 
the potential for colloidal transport of other strongly sorbing radionuclides. DOE has identified I 

I 
enhancements to the TSPA-SR colloid transport abstraction, but it indicates that they may not I 

I 
transport model, will require additional laboratory, field, and site-scale observations to define the I 
uncertainty in the necessary model parameters, or additional sensitivity analyses to demonstrate I 

I 
I 

Alternative modeling approaches consistent with available data and current scientific 

provides sufficient evidence that alternative conceptual models of features and 
processes have been considered, that the models are consistent with available data 

the effect of these alternative conceptual models on the TSPA has been evaluated. 

Potential episodic seepage events during the thermal period cannot be excluded (see Large 

program to establish initial and boundary conditions for their conceptual models in their 
abstractions. This approach is supported in the TSPA-SR methods and assumptions report 
(Civilian Radioactive Waste Management System, Management and Operating Contractor, 

lower temperatures of the EDA-II repository design. 

modeled for high solubility radionuclides by assuming zero concentration at the edge of the 

reached (Civilian Radioactive Waste Management System, Management and Operating 
Contractor, 1998, section 6.5. I ) .  For the TSPA-SR, DOE proposes to move the zero 

is coupled to the unsaturated zone flow and transport model (Civilian Radioactive Waste 
Management System, Management and Operating Contractor, 1999b). Low solubility 

removed slowly as a function of seepage flux. This approach is an appropriate abstraction, 
however, DOE recognized in the TSPA-VA that some modeling assumptions may not be 

transport through the engineered barrier system is conservative and consistent with models 
used to simulate transport through the natural barrier system. 

auxiliary analysis for colloid transport in the saturated zone (Civilian Radioactive Waste 
Management System, Management and Operating Contractor, 1998, section 8.5.2.5). This 
model includes sorption and desorption rates, colloid filtration, and effective porosities. The 
model is an appropriate means of evaluating the effect of colloid transport on repository 

colloid transport of other radionuclides (e.g. , americium) and colloid filtration as potential 

be ready in time for TSPA-SR Rev. 00. Whichever type of approach be used for the colloid 

the bounding conservativism of the current model parameters. The DOE will also need to 
demonstrate that the model is applicable to colloid transport through the unsaturated zone. 

Block Test results in Hardin, 1998). Thus, DOE should use results from their thermal testing 

For the TSPA-VA, the DOE developed a more detailed simulation of colloidal transport as an 

34 



In the Near-FieldIAltered-Zone Models Report (Hardin, 1998), numerous explicit statements of I 
model inadequacy are noted. For example, in the description of the limitations of J-13 well water I 

I 
nonisothermal chemistry, and engineered materials, Hardin states "the models described here I 
represent only a part of the whole-system processes, but they are representative of the kind of I 
thermodynamic modeling that can be applied to additional parts of the system" (Hardin, 1998, 1 

I 
Nevertheless, DOE will need to demonstrate that thermodynamic models have been integrated I 
into the TSPA-SR. The thermodynamic modeling will need to be consistent with available site 
characterization data and design data. The DOE may also use sensitivity analyses and 
bounding calculations to demonstrate that the effect of the remaining uncertainty on repository 
performance can be constrained. 

as a starting composition, and in noting effects of condensation, water-rock interactions, 

5-48). We concur with this observation. Present models are recognized to be inadequate. 

In the TSPA-VA, DOE did not assess the effects of coupled thermal-hydrologic-chemical 
processes on radionuclide transport in the unsaturated zone. Thus, they did not provide a 

I 
thermal-hydrologic-chemical effects on the transport of radionuclides. This does not meet this I 
acceptance criterion. To a large extent, the TSPA-SR (Civilian Radioactive Waste Management I 

reasonable description of the mathematical models included in its analyses of coupled 

System, Management and Operating Contractor, 1999b) will continue to decouple 
thermal-hydrological-chemical processes. Additional data and sensitivity analyses will be 
necessary to demonstrate that the decoupled approach used by DOE is appropriate and 
conservative for radionuclide transport through the engineered barrier system into the 
unsaturated zone. 

5.4.4.2.5 Model Verification for Evolution of the Near-Field Environment Subissue 4 

AC5 Output from the TSPA abstraction of radionuclide transport in the unsaturated zone is 
justified through comparison with output from detailed process-level models and/or 
empirical observations (e.g., laboratory testing, field measurements, natural analogs). 

As noted in previously in section 5.4.4.1 5, there is a general lack of data to support and test 
critical assumptions in mathematical models used by DOE in the TSPA-VA. Additional 
exercises using experimental, site, and natural analog data are necessary to aid verification of 
the DOE models and abstractions. DOE should use the results from both their laboratory and 
field heater test program to test their abstracted models for consistency with observations. 
Models used should produce results reasonably representative of the systems modeled. 

I 
I 
I 
I 
I 
I 
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I 
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I 
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1 
I 
I 
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To the extent that models are generally regarded as preliminary, model verification for the effects I 
I 

premature. As part of DOE'S continuing effort to verify their abstracted model of the effects of I 
coupled thermal-hydrologic-chemical effects on radionuclide transport in the unsaturated zone, I 

I 
I 

DOE made a qualitative comparison to experimental and field observations in developing the I 
I 

(e.g., Civilian Radioactive Waste Management System, Management and Operating Contractor, I 
1998, section 6.4.2.3). The resulting abstracted models are preliminary in nature, however, and I 

I 

of coupled thermal-hydrologic-chemical processes on the transport of radionuclides is 

DOE should use well-documented procedures to construct and test the numerical models. 

TSPA-VA models and providing parameter estimates for near-field transport 

in general have not been verified quantitatively against natural analog or experimental data. 
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Parameter values have been determined for a limited range in chemical conditions. Thus, 
model results have not been tested against laboratory experiments or field data, and this 

consistency with observations. DOE should provide information from exercises using 
experimental, site, and natural analog data to aid verification of their models. Models used 

I 
I 
1 
I 
I 
I 

acceptance criterion is not met. DOE should use the results from their laboratory experiments, 
field heater test program, and their natural analog program to test their abstracted models for 

should produce results reasonably representative of the systems modeled. It is anticipated that 
these results, and additional experimental and modeling data that reflect the EDA-II design, will 
be developed as part of the preparation for the TSPA-SR. These tests, if conducted and 
properly documented, are likely to meet this acceptance criterion. 

The TSPA-VA sensitivity analyses indicated that retardation in the unsaturated zone only 
provided a small contribution to repository performance. Much of this insensitivity is due to I 
conservative assumptions used in the unsaturated zone and to the long waste package life. In 1 
addition, retardation in the saturated zone alluvium has been identified in the TSPA-VA I 
(US. Department of Energy, 1998) and the NRC TPA (McCartin and Mohanty, 1998) as a I 
significant contributor to repository performance. The proposed 10 CFR Part 63 and the YMRP I 
(U.S. Nuclear Regulatory Commission, 2000a) provide for a demonstration of multiple barriers, I 
so the DOE will need to demonstrate the role of the natural barriers in repository performance. I 

I 
I 

transport may take on additional significance in future TSPA analyses. DOE should continue its 1 
work investigating more detailed process models of colloid transport and radionuclide sorption in I 

I 
water and gas phases that are the output of coupled thermal-hydrologic-chemical calculations I 

I 
I 

In addition, a great deal of uncertainty remains with regard to the alluvium south of YM. As 
uncertainty is reduced in the saturated zone flow and transport, unsaturated zone flow and 

the unsaturated zone. These models should consider not only J-13 water, but also evolved 

and consistent with the EDA-II design. 
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