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EXECUTIVE SUMMARY 

The Spent Fuel and Waste Science and Technology (SFWST) Campaign of the U.S. Department 

of Energy Office of Nuclear Energy, Office of Spent Fuel and Waste Disposition (SFWD), has 

been conducting research and development on generic deep geologic disposal systems (i.e., 

geologic repositories).  This report describes specific activities in fiscal year (FY) 2019 associated 

with FY19 Geologic Disposal Safety Assessment (GDSA) Repository Systems Analysis (RSA) 

work package within the SFWST Campaign.  The overall objective of the GDSA RSA work 

package is to develop generic deep geologic repository concepts and system performance 

assessment (PA) models in several host-rock environments, and to simulate and analyze these 

generic repository concepts and models using the GDSA Framework toolkit, and other tools as 

needed.  The specific objectives in FY2019 are to  

 Develop and/or augment generic repository reference cases for three liquid-saturated host 

rock environments: crystalline (e.g., granite), argillaceous (e.g., typical shale or clay), and 

bedded salt host rocks; and a host rock environment in the unsaturated zone, such as 

alluvial valley fill. 

 Ensure that reference cases include repository concepts and layouts for the disposal of 

DPC-canisterized pressurized water reactor (PWR) assemblies, including 37-PWR and 

24-PWR waste packages, including the possible effects of criticality events on repository 

performance. 

 Perform PA simulations (deterministic and probabilistic) with GDSA Framework for the 

foregoing reference case concepts and models. Analyze and plot the PA simulation results, 

including uncertainty and sensitivity analyses. 

This report describes specific GDSA RSA accomplishments midway through FY 2019, with more 

comprehensive reference-case updates and PA simulation results to be reported at the end of the 

FY in a subsequent Level 3 milestone M3SF-19SN010304052, GDSA Repository Systems Analysis 

FY19 Update. 

Section 1 of this deliverable is a brief introduction.  Section discusses the relationship of reference 

case models to the overall generic safety case(s).  Section 3 discusses improvements to the 

numerical solvers in PFLOTRAN, needed for modeling the high heat output from dual purpose 

canister (DPC) waste packages, particularly during two-phase flow, such as might occur in an 

unsaturated host-rock environment. Multiphase (liquid and gas) flow and transport capabilities in 

PFLOTRAN (under the “General” flow mode) have been augmented to more efficiently simulate 

physically complex processes that could occur in unsaturated repositories and/or under conditions 

of extreme waste package heat production (as could be the case with a 37 PWR configuration). 

The most significant of these changes involved refactoring of convergence criteria used during 

each iteration of the Newton-Raphson nonlinear solution search algorithm.  

Section 4 develops a technical basis and conceptual model for a reference case repository located 

in unsaturated alluvial sediments, including initial simulations for a small-scale “sector” model 

(four disposal drifts each with four waste packages), as well as a “field-scale” repository model 

(27 drifts with 24 waste packages each). This section presents an update of the unsaturated zone 

alluvium reference case introduced in Mariner et al. (2018), primarily related to the inclusion of 

DPC waste packages and their representative higher heat output per package, which results in more 

severe coupled process effects at early times after repository closure.  Preliminary results indicate 
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that even using a more coarsely discretized numerical grid with simplified two-phase flow 

parameters, computation time for flow and temperature in the field-scale simulation remains 

prohibitively long, perhaps due to numerical difficulties of the coupled thermal and fluid flow 

problem in unsaturated rock.  Several avenues will be explored during the remainder of the FY to 

investigate the long numerical simulation times: 

 Have the development team assess whether any changes can be made to GENERAL mode 

to speed up simulations 

 Divide the simulation workflow up into two separate areal-cale simulation models. In this 

concept:   

o The first model will be a finely gridded domain focusing on the smaller scale 

(“sector”), and will accurately capture heat, flow, and radionuclide transport near the 

waste packages. This model would not address issues of far-field flow and transport 

of radionuclides.  

o The second model will have a relatively coarse and uniform mesh covering the full 

domain of interest for radionuclide transport.  It will be used to assess transport in the 

subsurface but cannot accurately capture heat and fluid flow in and around the waste 

packages.  Heat and fluid behavior near the repository would have to be checked to 

be sure that the coarse model captures the same essential features as the fine scale 

model.  

 Divide the simulation workflow up into two separate time-scale simulation models.  In this 

concept the two modeling stages would be on the same mesh, the extent and discretization 

of which would be suitable for modeling both near repository heat and fluid flow and far 

field transport of radionuclides. In this concept: 

o The first model would run GENERAL flow mode to compute flow and temperature 

for the first several hundred years or until the waste packages are relatively cool. This 

model would likely be very slow and should not be run many times.  

o The second model will restart at the end of the first and be used for radionuclide 

transport.  After the waste packages are relatively cool it should be possible to 

simulate in RICHARDS mode without incurring much error.  This will speed up the 

longer-term simulations enormously.  

Section 5 is an update and adaptation of the bedded salt reference case documented in Sevougian 

et al. (2016) and other past bedded-salt reference-case simulations between 2012 and 2016, 

including some early simulation results for disposal of DPC waste packages.  This update changes 

the repository design to accept 24- and 37-PWR DPC’s, in a 50/50 split by weight of heavy metal 

for each canister size. This report details the preliminary simulations of a near-field repository 

model simulation that have been conducted in anticipation of a full-scale PA simulation that will 

be documented in a September 27, 2019 M3 deliverable (M3SF-19SN010304052).  The work 

presented here is preliminary and meant to be a precursor to the full-scale salt reference case to be 

reported in the September 2019 M3 deliverable. The near-field repository model provides expected 

results for its 50,000-year simulation and provides confidence that the repository conceptual model 

and numerical design will be suitable for the full-scale PA simulations. However, several important 

steps need to take place before those simulations can occur, including updates to parameter values 

and boundary conditions. 
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Section 6 is an update to the generic shale reference case (Mariner et al. 2017).  Section 6.1 

describes the methods used to develop a new Geologic Framework Model (GFM) for a 

representative shale environment and briefly describes the geologic and hydrogeologic features 

represented in the GFM.  A full discussion of the geology and hydrogeology of the region 

represented by the GFM and the implications for the shale conceptual model is left to a later report.  

Construction of the GFM is the first step in developing a workflow that consists of constructing 

the GFM, exporting the relevant features of the GFM for meshing, and using the mesh for flow 

and transport modeling in PFLOTRAN. This discussion focuses on the mechanics of creating the 

GFM as the first step of the workflow. The shale GFM described here represents a relatively simple 

geologic environment of a horizontally layered sedimentary rock sequence consisting 

predominantly of shale formations interbedded with limestone and sandstone formations. A second 

goal of the GFM development is to determine the extent to which a generic GFM can be developed 

using publicly available data. This would be relevant for a future site screening and site evaluation 

process where existing geologic and hydrogeologic information would be integrated for assessing 

and screening alternative candidate sites. At the site characterization stage, new data would be 

collected and incorporated into the GFM.  

Section 6.2 documents some near-field simulations with a highly discretized grid in the shale 

reference case, as a precursor to coupling more detailed process models into GDSA Framework.  

The objective of this study is to investigate the near-field thermal-hydrologic behavior of pore 

fluids in a geologic repository located in a shale host rock. The focus is on the impact of 

hydrogeological properties of the engineered buffer and disturbed rock zone (DRZ) on the near-

field performance of a typical bentonite back-filled shale repository.  Near-field thermal-

hydrologic modeling of a geologic repository at finer discretization than comparable site-scale 

models suggests more localization of thermal effects within the EBS in the high-resolution model 

as compared to a site-scale model. Furthermore, when sampling on a range of permeabilities and 

porosities, local pressure buildup that is observed in the reference case is able to dissipate in 

scenarios with a higher permeability buffer and DRZ. Work will continue on this near-field model 

for the remainder of FY2019, with a goal of using this domain in a PA-GDSA model (i.e., GDSA 

Framework) to represent near-field thermal-hydrologic-mechanical coupled process effects. 

Surrogate modeling will be used to couple a mechanical response to thermal loading by linking 

permeability and porosity with the pressure and temperature distribution in the near-field.  

Finally, Section 6.3 describes some very early considerations for a site-scale shale-host-rock 

reference case that includes DPC disposal.  This section presents status on the FY2019 proposed 

update to the GDSA Shale Reference Case described in Section 4 of Mariner et. al. (2017).  This 

work has only recently begun, so only a very preliminary update is provided here. The 

comprehensive report on the update will be reported in the September 27, 2019 Level 3 milestone 

for the FY19 GDSA Repository Systems Analysis work package (SF-18SN01030405), entitled 

GDSA Repository Systems Analysis FY19 Update (M3SF-19SN010304052).  The main tasks that 

will be undertaken in FY2019 are: 

(1) Inclusion of 24-PWR and 37-PWR DPC waste packages in the reference case 

simulations. 

(2) An update to the stratigraphic model for a representative shale domain (Perry et al. 2014; 

Perry and Kelley, 2017)—see Section 6.1. 

(3) An update to the numerical model grids and formation properties to incorporate changes 
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to stratigraphy and repository design needed for DPC waste. 

This report fulfills the FY19 GDSA Repository Systems Analysis work package (SF-

18SN01030405) Level 2 milestone GDSA Repository Systems Analysis Progress Report (M2SF-

19SN010304051). 
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1 INTRODUCTION 

The Spent Fuel and Waste Science and Technology (SFWST) Campaign of the U.S. Department 

of Energy (DOE) Office of Nuclear Energy, Office of Fuel Cycle Technology is conducting 

research and development (R&D) on geologic disposal of spent nuclear fuel (SNF) and high level 

nuclear waste (HLW). Two of the highest priorities for SFWST disposal R&D are design concept 

development and disposal system performance assessment (PA) modeling (DOE 2012, Table 6). 

These priorities are directly addressed in the SFWST Geologic Disposal Safety Assessment 

(GDSA) Repository Systems Analysis work package, which is charged with developing a 

modeling and analysis capability for evaluating disposal system performance for nuclear waste in 

geologic media. Current disposal options being considered for SNF and HLW include mined 

repository concepts in bedded salt, argillite (shale), and crystalline rock.  An additional option 

begun last fiscal year (FY) was a potential mined repository in unsaturated alluvium.  The generic 

disposal concepts and associated reference cases that have been developed since 2012 have mostly 

focused on commercial spent nuclear fuel (CSNF) inventory packaged in smaller waste packages, 

such as 4-PWR and/or 12-PWR waste packages.  However, a greater emphasis is given this year 

to simulating direct disposal of much hotter waste packages containing dual purpose canisters 

(DPCs) with 37 pressurized water reactor (PWR) assemblies, as well as 24 PWR assemblies, which 

now represents a significant fraction of the spent fuel inventory currently being stored at U.S. 

reactor sites.   

This report describes accomplishments for the first half of Fiscal Year 2019 in the development of 

generic repository reference cases and PA modeling and analysis.  Prior development and 

accomplishments are documented in Mariner et al. (2018), Mariner et al. (2017), Mariner et al. 

(2016), Mariner et al. (2015), Sevougian et al. (2016), Sevougian et al. (2014), Sevougian et al. 

(2013), Sevougian et al. (2012), Freeze et al. (2013b), and Vaughn et al. (2013).  

The overall objective of the GDSA Repository Systems Analysis work package is to develop 

generic deep geologic repository concepts and system Performance Assessment (PA) models in 

several host-rock environments, and to simulate and analyze these generic repository concepts and 

models using the GDSA Framework toolkit, and other tools as needed.  The goals in FY19 are to  

 Develop and/or augment generic repository reference cases for three liquid-saturated host 

rock environments: crystalline (e.g., granite), argillaceous (e.g., typical shale or clay), and 

bedded salt host rocks; and a host rock environment in the unsaturated zone (UZ), such as 

alluvial valley fill. 

 Ensure that reference cases include repository concepts and layouts for the disposal of 

DPC-canisterized PWR assemblies, including 37-PWR and 24-PWR waste packages, 

including the possible effects of criticality events on repository performance 

 Perform PA simulations (deterministic and probabilistic) with GDSA Framework for the 

foregoing reference case concepts and models. Analyze and plot the PA simulation results, 

including uncertainty and sensitivity analyses 

This report fulfills the FY19 GDSA Repository Systems Analysis work package (SF-

18SN01030405) Level 2 milestone GDSA Repository Systems Analysis Progress Report (M2SF-

19SN010304051).  
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Section 2 sets the context for this analysis work within the framework of the safety case and with 

respect to a multi-decade project.  Section 3 discusses improvements to the numerical solvers in 

PFLOTRAN, needed for modeling the high heat output from DPC waste packages, particularly 

during two-phase flow, such as might occur in an unsaturated host-rock environment. Section 4 

develops a technical basis and conceptual model for a reference case repository located in 

unsaturated alluvial sediments, first introduced in Mariner et al. (2018), including initial 

simulations for a small-scale, finely gridded, “sector” model, as well as a more coarsely gridded, 

“field-scale” repository model.  Section 5 is an update of the bedded-salt reference case 

documented in Sevougian et al. (2016), including some early simulation results for disposal of 

DPC waste packages.  Section 6 is an update to the generic shale reference case presented in 

Mariner et al. (2017).  Section 6.1 documents initial work on developing geologic framework 

models (GFMs) for the various reference cases, beginning with the shale reference case.  Section 

6.2 also documents some near-field simulations with a highly discretized grid in the shale reference 

case, as a precursor to coupling more detailed thermal-hydrologic-mechanical process models into 

the PA system model GDSA Framework.  Finally, Section 6.3 describes some very early 

considerations for a full-scale shale-host-rock reference case that includes DPC disposal.   
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2 SAFETY CASE AND REFERENCE CASE METHODOLOGY 

During the development of a deep geologic repository, the post-closure Performance Assessment 

or Safety Assessment is a primary component of the post-closure Safety Case (see IAEA 2012, 

Sec. 4.4), along with the underlying Technical Bases (engineering and scientific knowledge).  

Figure 2-1 is an illustration of the main components of a safety (or licensing) case. The red-dash 

boxes highlight the current generic program’s emphasis on R&D activities related to the post-

closure technical bases (FEPs) and the safety assessment (DOE 2012).   

 
Figure 2-1. Typical components of a deep geologic repository safety case. 

Figure 2-2 is a schematic illustration of the progression of these main components of a safety case 

(the PA and the technical bases) from a generic evaluation phase to a site-specific phase during 

the typical stages of any geologic disposal project.  The maturation of the safety case through these 

various stages is driven by research, development and demonstration (RD&D) decisions made at 

key decision points (e.g., Critical Decision (CD) points, as described in DOE 2010), via a formal 

decision-making process involving major project stakeholders.  As of this writing, the U.S. 

program is at the indicated location on the timeline in Figure 2-2, which corresponds to generic 

(non-site-specific) RD&D only. 
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Figure 2-2. Evolution and iteration of the technical bases and performance assessment via RD&D through 

multiple stages of repository development. 

Figure 2-3 shows the information flow during a single stage of a repository program and how the 

PA model (in the U.S., GDSA Framework) is intended to fill a key role in guiding the directed 

RD&D program.  The generic reference cases for potential host-rock geologic environments 

(argillite, crystalline, bedded salt, and unsaturated alluvium for the current work in the DOE 

SFWST Campaign) address the key elements of Figure 2-3 outlined by the blue dotted lines, with 

results of the reference case PA simulations being part of the Safety Assessment Models and Safety 

Evaluation boxes.  This deliverable discusses progress on developing and simulating generic 

reference case repositories with GDSA Framework, updated for direct disposal of DPC inventory 

and waste packages. The specific reference cases updated here are the argillite (shale), bedded salt, 

and unsaturated alluvium reference cases (Mariner et al. 2017; Sevougian et al. 2016; Mariner et 

al. 2018).   

 

U.S. Program

single stage
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Figure 2-3. Information flow and the role of performance assessment for RD&D prioritization during a 
single stage of repository development. 

 

  

Reference Case Components
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3 GDSA FRAMEWORK AND PFLOTRAN UPDATES 

3.1 PFLOTRAN Updates 

Multiphase (liquid and gas) flow and transport capabilities in PFLOTRAN (under the “General” 

flow mode) have been augmented to more efficiently simulate physically complex processes that 

could occur in unsaturated repositories and/or under conditions of extreme waste package heat 

production (as could be the case with a 37 PWR configuration). The most significant of these 

changes involved refactoring of convergence criteria used during each iteration of the Newton-

Raphson nonlinear solution search algorithm. Additionally, the water equation of state has been 

updated from International Association for the Properties of Water and Steam (IAPWS) standard 

IFC67 to standard IF97, which is computationally more efficient and is considered a robust 

successor to IFC67. Furthermore, additional user-specified options have been added to improve 

performance and functionality of simulations run in General mode, including implementation of 

user-prescribed solution dampening, user-imposed state change restrictions, more robust 

anisotropic permeability scaling, and user-defined heat sources/sinks. 

3.1.1 Updated Newton-Raphson Convergence Criteria in General Mode 

A Newton-Raphson solution search algorithm addresses the nonlinearities in the system of mass 

and energy conservation equations that a simulator is trying to solve. The method is said to have 

converged when mass and energy are considered to have been conserved to an acceptable degree 

of accuracy. Convergence is approached as the residuals to the governing equations approach zero. 

The residuals represent the difference between the accumulation/flux terms (LHS) and any 

sources/sinks (RHS) for each conservation equation at a given iteration of the Newton-Raphson 

search scheme. The Newton-Raphson search algorithm is kicked off with an initial guess, and the 

method can be shown to converge quadratically if this initial guess is sufficiently close to the 

converged solution (Isaacson and Keller 2012). The criteria for what constitute acceptable degrees 

of convergence can depend on parameter units in the governing equations, as well as on grid 

discretization.  

One criterion for declaring Newton-Raphson convergence is to check whether the Euclidean norm 

of the residuals and relative changes to the primary variables are both beneath a certain threshold 

value. For a system of N grid blocks, this would appear as follows: 

Residual Euclidean norm: 

‖𝑹‖2 = √∑(𝑅𝑖
𝑘+1)2

𝑁

𝑖=1

  (3-1) 

Primary variable increment Euclidean norm: 

‖
𝒙𝑛𝑒𝑤 − 𝒙𝑜𝑙𝑑

𝒙𝑜𝑙𝑑
‖

2

= √∑ (
𝑥𝑖

𝑘+1 − 𝑥𝑖
𝑘

𝑥𝑖
𝑘 )

2𝑁

𝑖=1

 (3-2) 
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where R is the vector containing a conservation equation residual for each grid block, k is the 

Newton-Raphson iteration number, and x is the vector of solution values for a given primary 

variable. Convergence will be considered achieved at the current time step if:  

‖𝑹‖2 < 𝜖1 (3-3) 

 

and ‖
𝒙𝑛𝑒𝑤 − 𝒙𝑜𝑙𝑑

𝑥𝑜𝑙𝑑
‖

2

< 𝜖2 (3-4) 

where 𝜖1 and 𝜖2 are small, pre-determined constants. These criteria must hold true for each 

governing equation (water mass, air mass, and energy in General mode) and each primary variable 

(a combination of three of the following: liquid pressure, gas pressure, air partial pressure, aqueous 

air mole fraction, gas saturation, and temperature).  A limitation of this convergence criterion is 

that the Euclidean norm of the residuals is grid-size dependent. Instead, one could constrain the 

maximum absolute value of either the residual or the relative update vectors, which is sensitive to 

large outliers. 

PFLOTRAN by default implements Euclidean norm criteria for determining Newton-Raphson 

convergence. The option to declare convergence on infinity norms has been added as an alternate 

convergence approach. The infinity norm is used to evaluate the largest absolute value of either a 

primary variable increment or residual of a given conservation equation. When evaluating the 

infinity norm on the residual, the residual is normalized by the accumulation term when the 

accumulation term is greater than 1. 

Residual infinity norm: 

‖
𝑹

𝑨
‖

∞
= max (

𝑹𝑘+1

𝑨𝒌+𝟏
) (3-5) 

Primary variable relative update infinity norm: 

‖
𝒙𝑛𝑒𝑤 − 𝒙𝑜𝑙𝑑

𝒙𝑜𝑙𝑑
 ‖

∞

= max (
𝒙𝑘+1 − 𝒙𝑘

𝒙𝑘
) (3-6) 

where A is the vector of accumulation terms at every grid block for a given conservation equation. 

Although the size of the residual will approach zero as the Newton-Raphson iteration converges 

toward the true solution, a small residual does not necessarily mean the method has reached the 

true solution. The change in the primary variable increment should approach zero as the method 

converges, and it will estimate the solution error when the Newton-Raphson method converges 

quadratically. Convergence is considered achieved when the infinity norms on both the scaled 

residual and the relative update of the primary variables are reduced below a prescribed tolerance: 

‖
𝑹

𝑨
‖

∞
< 𝜖3 (3-7) 
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and ‖
𝒙𝑛𝑒𝑤 − 𝒙𝑜𝑙𝑑

𝒙𝑜𝑙𝑑
 ‖

∞

< 𝜖4 (3-8) 

where 𝜖3 is set to a default value of 1105 and 𝜖4 is set to a default value of 1103. 

3.1.2 Updated Water Equation of State 

The default equation of state for water and superheated steam in PFLOTRAN follows the 

International Association for the Properties of Water and Steam (IAPWS) standard IFC67. This 

set of equations of state is now considered obsolete by IAPWS, and currently IF97 is considered 

an acceptable standard. The IF97 equations (Wagner et al. 2000), as shown in Figure 3-1, for 

saturation pressure (Region 4), specific volume and specific enthalpy for liquid water (Region 1), 

and specific volume and specific enthalpy for superheated steam have been implemented (Region 

2). This equation of state is valid for temperatures ranging from 273.15 K to 623.15 K when 

pressures are between 0 Pa and 100 MPa, as well as from 623.15 K to 1073.15 K when pressures 

are below the boundary between Regions 2 and 3. This range of pressures and temperatures is 

suitable for most subsurface applications.  

 

Figure 3-1. Phase diagram regions of IAPWS-IF97 (Wagner et al. 2000). 

Analytical derivatives for saturation pressure, specific enthalpy and volume were also calculated 

for use in PFLOTRAN’s analytical Jacobian calculation option, which has been demonstrated to 

speed up computation time for a wide variety of problems.  

3.1.3 Anisotropic Permeability and Unstructured Grids 

Laminar porous medium flow is simulated by employing Darcy’s Equation, which relates the 

gradient in pressure potential to fluid flow velocity by a linear transformation using the intrinsic 
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permeability of the medium, the viscosity of the fluid, and the relative permeability of the fluid in 

multiphase systems. In a structured grid oriented orthogonal to the principal axes of anisotropy, 

the component of flow across a grid cell face can be calculated directly because the pressure 

gradient and permeability orthogonal to the grid face are known. With an unstructured grid, 

however, a grid cell face is not necessarily orthogonal to the principal axes of anisotropy (Figure 

3-2), so the component of flow across the grid cell face must be calculated using a directional 

permeability in the direction of the unit outward normal to the grid cell face.  

 

Figure 3-2. A layered medium where the direction of the pressure gradient is not aligned with the direction 
of flow and grid cell faces are not orthogonal to the principal axes of anisotropy. 

When grid block faces are not aligned with the principal axes of anisotropy, rotation of the diagonal 

principal permeability tensor by the angle of inclination with the principal axes results in a full 

permeability tensor (off diagonal elements are non-zero). However, to preserve computational 

efficiency, PFLOTRAN calculates a scalar permeability from the principal components of 

permeability instead. Two new options for this calculation were added in FY 19:  scalar 

calculations of both the permeability in the direction of flow and permeability in the direction of 

the potential gradient are now offered as options (Freeze and Cherry 1979; Peters 2012): 

Permeability in the direction of flow: 𝑘𝑒𝑓𝑓 = 𝑘𝑥𝑢𝑥
2 + 𝑘𝑦𝑢𝑦

2 + 𝑘𝑧𝑢𝑧
2 (3-9) 

Permeability in the direction of the potential gradient: 𝑘𝑒𝑓𝑓 =
1

𝑢𝑥
2

𝑘𝑥
+

𝑢𝑦
2

𝑘𝑦
+

𝑢𝑧
2

𝑘𝑧

 (3-10) 

where ux, uy, and uz are the components of the unit outward normal vector along the grid block 

face of interest in principal axes of anisotropy; kx, ky, and kz are the permeabilities along each 

principal axis; and keff is the effective permeability across a face that is in general not orthogonal 

to the principal axes (Freeze and Cherry 1979). As one can see, under either of these formulations 

grid orientation will not affect the ultimate value of keff in an isotropic medium.  Selection of one 

of these permeability options should take into account the orientation of the grid in an anisotropic 

medium with respect to both the potential gradient and the flow field. If grid faces are arranged 

perpendicular to flow (such as when the edge of a grid follows the edge of a bedding plane along 
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which permeability is discontinuous), then the permeability in the direction of flow is likely the 

most accurate option. If grid block faces are oriented perpendicular to the potential gradient (such 

as if grid block faces are mostly lined up with the boundaries and flow is driven by differences in 

boundary conditions), then the permeability in the direction of the potential gradient is likely a 

more accurate option. 

The effective directional permeability of the medium in the direction of the unit outward normal 

will therefore always lie on the ellipse defined by the permeabilities along each principal 

component axis. Figure 3-3 illustrates an example permeability ellipse in the direction of flow for 

a 2D medium. A permeability ellipse in the direction of the potential gradient would be constructed 

similarly. 

 

Figure 3-3. 2-D permeability ellipse for calculation of directional permeability in the direction of flow. 

3.1.4 Updated General Mode Options 

A suite of new options has been implemented in general mode to allow for more user-defined 

customizability for computational speedup and accuracy on a problem-by-problem basis. These 

new options encompass the following: 

RESTRICT_STATE_CHANGE: This option restricts changes of state to only occur once per grid 

block per time step. This option reduces unnecessary instances of primary variable switching 

within a Newton-Raphson solution search that would otherwise result in time step cuts at the 

expense of greater computation time. 

DAMPING_FACTOR applies a universal scaling to the solution update between each iteration of 

the Newton-Raphson solution search, effectively slowing the progression of the method and 

preventing significant overshooting. 

PHASE_CHANGE_EPSILON applies a fixed initial phase saturation upon a state change from 

single-phase to two-phase. This requires the system to be slightly past a thermodynamic boundary 
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before being allowed to change state, which can help limit oscillatory state change behavior that 

increases computation time. 

LOGGING_VERBOSITY enables more verbose logging of Newton-Raphson convergence metrics 

for simulation diagnostic purposes. 

USE_INFINITY_NORM_CONVERGENCE employs the infinity norm convergence metrics as 

described above. 

Additionally, users can now specify their own convergence criteria on any combination of absolute 

and relative updates on all primary variables when using infinity norm convergence. The same is 

true for absolute and scaled residual convergence criteria for all governing equations. 

3.2 VoroCrust Meshing 

A new project has been initiated to test the viability of using the internal Sandia VoroCrust meshing 

software to generate meshes for use in PFLOTRAN simulations.  If this project is successful, the 

longer-term goal is to develop a meshing software tool that is open-source, more flexible, and 

better-suited to geological problems than the meshing software currently used by GDSA.  

VoroCrust is a software tool that generates Voronoi meshes of arbitrary volumes (Abdelkader et 

al. 2018).  In this project, the focus will be on generating meshes with appropriate refinement for 

relatively simple models that include waste packages, drifts and large-scale geological features. 

PFLOTRAN simulations on Voronoi meshes will be more accurate than typical unstructured 

meshes because on a Voronoi mesh flux between cell centers is always perpendicular to cell faces, 

which means there is no mass balance error in the flux approximation.  

This project will develop the tools within VoroCrust for meshing to highly anisotropic geological 

features and to export the resulting meshes in a format suitable for PFLOTRAN.  Simulations on 

the resultant meshes will be benchmarked against simulations on structured and unstructured 

PFLOTRAN meshes with identical geometry. 
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4 UNSATURATED ZONE REFERENCE CASE 

This section presents an update of the UZ alluvium reference case introduced in Mariner et al. 

(2018), primarily related to the inclusion of DPC waste packages and their representative higher 

heat output per package, which results in more severe coupled process effects at early times after 

repository closure.  Also, the conceptualization of the natural barrier system has been simplified 

from Mariner et al. (2018). The current conceptual model places the repository in coarser-grained 

upper basin alluvial fill rather than finer-grained playa deposits. This modification has been made, 

because the higher permeability material has the advantage of allowing thermal overpressures 

associated with the high heat output of 37-PWR waste packages to dissipate more quickly (Section 

4.4.1.2). 

4.1 Engineered Barriers 

Specific post-closure basis information related to the engineered barriers includes 

 Characteristics of the repository (Section 5.1.1) 

 Inventory characterization (Section 5.1.2) 

 Waste form characterization (Section 5.1.3) 

 Waste package characterization (Section 5.1.4) 

 Characteristics of the backfill (Section 5.1.5) 

 Thermal loading basis for the repository layout (Section 6) 

4.1.1 Engineered Barrier Characteristics 

The unsaturated alluvium reference case assumes a mined repository located approximately 250 

m below land surface and 300 m above the water table. The reference case repository contains 

70,000 metric tons heavy metal (MTHM) of commercial SNF, which is the maximum allowed by 

the Nuclear Waste Policy Act of 1982 and about half of the total commercial SNF inventory 

predicted by 2055 in the “no replacement scenario” (Carter et al. 2013). It is assumed that half of 

the inventory (35,000 MTHM) is packaged in 3103 24-PWRs and half in 2013 37-PWRs. Waste 

packages are emplaced axially on the floor of a disposal drift, which would be immediately 

backfilled with crushed alluvium (Figure 4-1). 

Preliminary drift and waste package spacings (chosen on the basis of thermal analyses described 

in Section 4.1.6 and the sector analysis described in Section 4.4.1) are 40 m center-to-center drift 

spacing, 20 m center-to-center 24-PWR spacing, and 40 m center-to-center 37-PWR spacing. 

Assuming a drift length of 1000 m, 62 drifts would hold 3100 24-PWR waste packages and an 

additional 80 drifts would hold 2000 37-PWR waste packages. The resulting repository footprint 

would be approximately 5.68 km2.  However, drift and waste package spacings may be modified 

in the future on the basis of preliminary sector and field-scale model results (Section 4.4.1.6). 

Because the model domain for PA simulations has not yet been finalized, the as-gridded 

dimensions of repository features in the complete half-symmetry model domain are not included 

in Table 4-1. 



GDSA Repository Systems Analysis Progress Report 
April 2019  13 

 

 

 

Figure 4-1. Schematic cross-section view of drift for disposal of waste packages in an unsaturated alluvial 

repository. 

Table 4-1. Dimensions and counts for the unsaturated alluvium repository layout. 

Parameters 
Reference 
Case Value 

Waste Package (WP)  

WP length (m) [24-PWRs and 37-
PWRs] 

5.6 a 

WP outer diameter (m) [24-PWRs and 
37-PWR’] 

2.0 a 

WP center-to-center (m) [24-PWRs] 20.0 

WP center-to-center (m) [37-PWRs] 40.0 

Number of 24-PWR WPs 3100 

Number of 37-PWR WPs 2000 

Emplacement Drift  

Drift diameter (m) 4.5 a 

Drift center-to-center spacing (m)  40 

Number of WPs per drift [24-PWRs] 50 

Number of WPs per drift [37-PWRs] 25 

Drift length (m) 1000 

Repository  

Repository Depth (m) 250 

Number of drifts [24-PWRs] 62 

Number of drifts [37-PWRs] 80 

Emplacement footprint (km2) 5.68 
a Hardin and Kalinina (2016, Section 3) 
b half-symmetry domain / with reflection 
c Hardin et al. (2013, Table 4-2) 

  

 

4.1.2 Radionuclide Inventory 

For simplicity, PA simulations assume that the inventory consists entirely of PWR SNF 

assemblies, each containing 0.435 MTHM (Sevougian et al. 2013). The reference case PWR 

inventory considers two fuel burn-ups: 40 GWd/MTHM at 100 years out of the reactor (OoR) and 

60 GWd/MTHM at 150 years OoR. Initial radionuclide inventories and heat of decay curves were 
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calculated by performing decay and ingrowth calculations starting from the 5-year OoR 

inventories in Carter et al. (2013, Table C-1), which assume initial enrichments of 3.72 wt% 235U 

and 4.73 wt% 235U for 40 GWd/MTHM burn-up and 60 GWd/MTHM burn-up fuels, respectively. 

Because the average burn-up of SNF under the “no replacement scenario” is predicted to be only 

54 GWd/MTHM (Carter et al. 2013), the assumption of 60 GWd/MTHM results in a 

conservatively high heat load.  

The entire PWR SNF inventory includes approximately 450 isotopes with a total mass of 1.44×106 

g/MTHM. The total mass of the PWR inventory includes actinides (dominated by 238U), oxygen 

from the UO2, zirconium from cladding, and other fission and activation products. The mass 

inventory of the radionuclides selected for simulation in the unsaturated alluvium reference case 

is listed in Tables 4-2 and 4-3. These are the same radionuclides that have been simulated in 

previous crystalline and shale reference cases, which assume a saturated repository and reducing 

conditions (Mariner et al. 2016; Mariner et al. 2017; Sevougian et al. 2016). In future, the list will 

be updated to ensure that radionuclides of importance to the unsaturated zone safety case, in which 

non-reducing conditions and gas transport may influence radionuclide mobility, are included. 

PA simulations assume 0.435 MTHM per PWR assembly and a UO2 density of 10970 kg/m3, 

resulting in 10.4 MTHM or 1370 m3 of fuel in a 24-PWR waste package and 16.1 MTHM or 2113 

m3 of fuel in a 37-PWR waste package. Given the differences in enrichment and burn-up, 

corresponding heat outputs for the 24-PWR waste package at 100 years OoR and the 37-PWR 

waste package at 150 years OoR are 3881 W per waste package and 5817 W per waste package, 

respectively. 

Table 4-2. 24-PWR SNF inventory (40 GWd/MTHM burnup, 100-year OoR) of selected radionuclides 

for the unsaturated alluvium reference case. 

Isotope 
Inventory 

(g/MTIHM)1 
Inventory 

(g/g waste)2 

Atomic 
weight 
(g/mol)3 

Approximate 
Decay 

Constant 
(1/s)4 

241Am 1.35E+03 9.36E-04 241.06 5.08E-11 
243Am 1.38E+02 9.61E-05 243.06 2.98E-12 
238Pu 1.79E+02 1.24E-04 238.05 2.56E-10 
239Pu 6.38E+03 4.43E-03 239.05 9.01E-13 
240Pu 2.57E+03 1.79E-03 240.05 3.34E-12 
242Pu 5.65E+02 3.92E-04 242.06 5.80E-14 
237Np 7.60E+02 5.28E-04 237.05 1.03E-14 
233U 1.32E-02 9.18E-09 233.04 1.38E-13 
234U 2.66E+02 1.85E-04 234.04 8.90E-14 
236U 4.72E+03 3.28E-03 236.05 9.20E-16 
238U 9.33E+05 6.48E-01 238.05 4.87E-18 

229Th 2.90E-06 2.01E-12 229.03 2.78E-12 
230Th 3.34E-02 2.32E-08 230.03 2.75E-13 
226Ra 

7.34E-06 5.1E-12 226.03 1.37E-11 
36Cl 3.52E-01 2.44E-07 35.97 7.30E-14 
99Tc 9.16E+02 6.36E-04 98.91 1.04E-13 
129I 2.16E+02 1.5E-04 128.9 1.29E-15 

135Cs 4.86E+02 3.37E-04 134.91 9.55E-15 
1Carter et al. (2013, Table C-2) 
2(g isotope/g waste) = (g isotope/MTIHM)/(g waste/MTIHM), where g waste = g all isotopes 
3Weast and Astle (1981) 
4Decay constants from ORIGEN (Croff 1983) 
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Table 4-3. 37-PWR SNF inventory (60 GWd/MTHM burn-up, 150-year OoR) for the unsaturated 

alluvium reference case. 

Isotope 
Inventory 

(g/MTIHM)1 
Inventory 

(g/g waste)2 

Atomic 
weight 
(g/mol)3 

Approximate 
Decay 

Constant 
(1/s)4 

241Am 1.36E+03 9.42E-04 241.06 5.08E-11 
243Am 2.67E+02 1.86E-04 243.06 2.98E-12 
238Pu 1.91E+02 1.33E-04 238.05 2.56E-10 
239Pu 7.39E+03 5.14E-03 239.05 9.01E-13 
240Pu 4.09E+03 2.84E-03 240.05 3.34E-12 
242Pu 8.17E+02 5.67E-04 242.06 5.80E-14 
237Np 1.51E+03 1.05E-03 237.05 1.03E-14 
233U 6.64E-02 4.61E-08 233.04 1.38E-13 
234U 6.02E+02 4.18E-04 234.04 8.90E-14 
236U 6.29E+03 4.37E-03 236.05 9.20E-16 
238U 9.10E+05 6.32E-01 238.05 4.87E-18 

229Th 2.65E-05 1.84E-11 229.03 2.78E-12 
230Th 1.82E-01 1.26E-07 230.03 2.75E-13 
226Ra 

1.01E-04 7.04E-11 226.03 1.37E-11 
36Cl 5.01E-01 3.48E-07 35.97 7.30E-14 
99Tc 1.28E+03 8.89E-04 98.91 1.04E-13 
129I 3.13E+02 2.17E-04 128.9 1.29E-15 

135Cs 7.72E+02 5.36E-04 134.91 9.55E-15 
1Carter et al. (2013, Table C-2) 
2(g isotope/g waste) = (g isotope/MTIHM)/(g waste/MTIHM), where g waste = g all isotopes 
3Weast and Astle (1981) 
4Decay constants from ORIGEN (Croff 1983) 

4.1.3 Waste Form 

Freeze et al. (2013b, Section 3.4.1.1) provides a description of commercial SNF, including the 

following characteristics. Spent uranium oxide (UO2) fuel is a polycrystalline ceramic material 

with stable to high temperatures and the potential for slow degradation in the disposal environment. 

Cladding protects the fuel from degradation in the reactor and can continue to protect the fuel from 

degradation in the repository. Cladding from commercial light-water reactors (i.e., boiling water 

reactors and pressurized water reactors) is generally made from Zircaloy, a zirconium alloy that is 

chemically stable and resistant to corrosion. In the reactor, fuel undergoes physical changes due to 

heating, radiation damage, and the build-up of fission products. Lighter elements (fission products) 

become concentrated in voids and the outer margins of the UO2 matrix.  

Concentration of fission products in voids of the waste form results in the waste form releasing 

radionuclides in two fractions (Sassani et al. 2012): instant-release (upon waste package breach) 

and slow-release (according to the UO2 matrix dissolution rate). Models describing the 

mobilization of the gap and grain-boundary inventories (instant release fraction) and UO2 

dissolution models appropriate for oxidizing, partially saturated conditions are under development 

for use in the unsaturated zone reference case. (The two-phase flow simulations presented below 

do not yet consider radionuclide transport.) 

4.1.4 Waste Package 

The unsaturated alluvium reference case considers two waste package configurations: a 24-PWR 

waste package and a 37-PWR waste package. Both are assumed to consist of a stainless-steel dual 

purpose canister (DPC) similar to the Magnastor TSC (Price et al. 2019; Greene et al. 2013) and a 



 GDSA Repository Systems Analysis Progress Report 
16 April 2019 

 

 

stainless-steel overpack with a 5-cm thick wall, an outer diameter of 2 m and a length of 5.6 m 

(Hardin et al. 2013).  

Due to the method of gridding typically used to represent commercial SNF waste packages in 

reference case simulations (e.g. Mariner et al. 2016; 2017), simulated waste packages have 

dimensions of 1.67  1.67  5.0 m and a volume of 13.94 m3, as compared to the actual volume of 

17.59 m3.  

Waste package porosity is assumed to be 50%, consistent with the waste package description in 

Sevougian et al. (2016). Permeability is set several orders of magnitude higher than that of the 

surrounding materials, so that flow through waste packages is uninhibited. The waste package is 

given the thermal properties of stainless steel (Shelton 1934). These properties may be modified 

in the future for consistency with the DPC criticality consequence analysis modeling proposed by 

Price et al. 2019. 

Waste package degradation models appropriate for oxidizing, partially saturated conditions are 

under development for use in the unsaturated zone reference case.  

4.1.5 Backfill 

The unsaturated alluvium reference case assumes disposal drifts are backfilled with crushed 

alluvium amended to increase thermal conductivity. The primary purpose of the backfill is to 

prevent collapse of the drift walls, the strength of which may be adversely affected by coupled 

thermal, hydrological, mechanical, and chemical processes driven by the heat generated from the 

waste. The thermal conductivity of alluvium, whether measured in situ or in recompacted samples 

(1 to 1.2 W/m/K and 0.3 to 0.5 W/m/K, respectively, Hardin et al. 2012, Appendix B) is low. Semi-

analytical thermal analyses to be reported by Matteo et al. (2019) show that given the assumed 

characteristics of the 37-PWR waste packages, amending the backfill to increase the thermal 

conductivity is likely to be necessary to maintain waste package temperatures below about 300 C, 

and preliminary numerical simulations agree (Section 4.4.1.4). Thermal conductivity of the 

crushed alluvium backfill could be increased by adding a high thermal conductivity admixture 

such as quartz sand, silica flour, and/or graphite (e.g., Jobmann and Buntebarth 2009).  

Thermal, hydrological and mechanical properties for alluvium and for sand-gravel aggregate 

material are listed in Tables 4-4 and 4-5, respectively, to indicate proxy values for backfill in 

reference case simulations. The mineralogy and radionuclide sorption behavior of an amended 

alluvium backfill would be similar to that of the surrounding host rock. These characteristics are 

described in Mariner et al. (2018, Section 4). 

4.1.6 Thermal Loading Basis for Repository Layout 

Hadgu et al. (2015) report a parametric study for drift and waste package spacings for sedimentary 

open repository concepts with 37-PWR size waste packages with a burnup of 60 GW-d/MT and 

150 years of ventilation in addition to 50 years decay storage. The analysis compares 70 m and 90 

m drift spacings and waste package spacings from 16 m to 40 m. Hadgu et al. (2015) found that 

the peak host rock target of 100°C was exceeded in all cases. To further evaluate the interplay 

between drift spacing, waste package spacing, and potential backfill materials for thermal 

management of a 37-PWR 60 GW-d/MT 150-year OoR sedimentary closed repository concept, a 

thermal parametric analysis was completed following the workflow described in Hardin et al. 

(2013) and will be reported in detail in an upcoming report by Matteo et al. (2019).  
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Table 4-4. Thermal, hydrological and mechanical parameters for alluvium that could be used to simulate 

backfill in the unsaturated alluvial repository concept. 

Parameter Value Reference 

Porosity (unitless) 0.3 - 0.5 Smyth et al. (1979, Table 1); Kwicklis 
et al. (2006, Table 1) 

Thermal conductivity (W/m-K) 0.5 – 1.5 Hardin et al. (2012, Table D-1 and 
Appendix B) 

Saturated hydraulic conductivity 
(m/d) 

0.54 - 3.5 Cochran et al. (2001, Table 6-15) 

Residual moisture content (unitless) 0.057 - 0.084 Cochran et al. (2001, Table 6-15) 

Saturated moisture content 
(unitless) 

0.33 - 0.41 Cochran et al. (2001, Table 6-15) 

van Genuchten,1982  (cm-1) 0.033 - 0.124 Cochran et al. (2001, Table 6-15) 

van Genuchten, 1982 m (unitless) 1.4 - 2.36 Cochran et al. (2001, Table 6-15) 

Compressibility (1/Pa) 5.3E-11 Kilroy (1992, Table 7) 

 

Table 4-5. Thermal, hydrological and mechanical parameters for sand-gravel aggregate that could be used 

to simulate backfill in the unsaturated alluvial repository concept. 

Parameter Value Earth material Information Source 

Porosity (unitless) 0.155 - 0.323 
sand-gravel aggregate 
mixture 

Gupta et al. (2009), 
Table A2 

Thermal conductivity 
(W/m-K) 

2.1 - 2.6 
poorly graded sand - gravel 
mixture 

Drefke et al. (2015), 
Figure 4 

Saturated hydraulic 
conductivity (m/d) 

0.0226 - 3.03, 
0.76 mean 

sand-gravel aggregate 
mixture 

Gupta et al. (2009), 
Table 3.2 

Residual moisture 
content (unitless) 

0.06 - 0.17 
sand-gravel aggregate 
mixture 

Gupta et al. (2009), 
Table 3.2 

Saturated moisture 
content (unitless) 

0.16 - 0.32 
sand-gravel aggregate 
mixture 

Gupta et al. (2009), 
Table 3.2 

van Genuchten, 1982 

 (cm-1) 
0.03. - 0.13 

sand-gravel aggregate 
mixture 

Gupta et al. (2009), 
Table 3.2 

van Genuchten, 1982 
m (unitless) 

0.10 - 0.79 
sand-gravel aggregate 
mixture 

Gupta et al. (2009), 
Table 3.2 

 

This analysis is an extension of previous work (Hardin et al. 2011, 2012, 2013; Hardin and Vogele 

2013). The calculations assumed no ventilation, waste package dimensions of 5.6 m long and 2.0 

m diameter, a drift diameter of 4.5 m, and a host rock thermal conductivity of 1.2 W/m-C°. Waste 

package spacings of 20 and 30 m, drift spacings of 30, 40, 50, 60, and 75 m, and backfill thermal 

conductivities of 0.6, 1.0, 1.5, and 2.0 W/m-C° were evaluated in the analysis (Figures 4-2 and 

4-3). Backfill thermal conductivities of 1.0 W/m-C° and higher are taken as proxies for backfill 

that is engineered to have high thermal conductivity, and that of 0.6 W/m-C° is taken as a proxy 

for unsaturated or crushed alluvium backfill.  

Outcomes where the peak waste package outer surface is ≤ 300°C and the temperature history 

there is not over 200°C after the first 500 years, and drift wall and backfill temperatures are 

between 100 and 200°C, considered to be candidates for the reference-case repository layout 

(Figures 4-2 and 4-3). The analysis indicates that backfill thermal conductivity has a great effect 

on the waste package surface temperature compared to drift and waste package spacing. Drift 

spacing can be reduced from 60 to 50 or 40 m, to limit repository footprint, by changing the 

properties of the backfill.  

  



 GDSA Repository Systems Analysis Progress Report 
18 April 2019 

 

 

 

 (A) (B) 

  
Figure 4-2. Results of thermal parametric calculations that will be reported by Matteo et al. (2019) which 
shows (A) the effect of drift spacing and backfill thermal conductivity [Kb] on waste package temperature 

through time and (B) the effect of backfill thermal conductivity on waste package temperature through time.  

 (A) (B) 

  
Figure 4-3. Results of thermal parametric calculations that will be reported by Matteo et al. (2019) which 

shows the effect of drift spacing on (A) drift wall temperature and (B) waste package surface temperature 

through time. [The calculations are for engineered high thermal conductivity backfill.]  

4.2 Geosphere/Natural Barriers 

The technical bases and a general description of the natural barrier system for the unsaturated 

alluvium reference case are given in Mariner et al. (2018), and specific parameter values used in 

the preliminary simulations in this report are given in Section 4.3. 
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4.3 Post-Closure Performance Assessment for UZ Reference Case 

This section summarizes the progress to date on models and simulation results for post-closure 

assessment of the UZ reference case. This summary focuses on simulation results for the 

unsaturated thermal flow field.  Transport of radionuclides will be presented in a future report.  For 

the present report two models are considered: 

 Simulation of the 37-PWR waste package (WP) array at the drift scale.  The purpose of 

this study is to establish drift spacing and near-field properties in a smaller model that can 

be simulated in 1 to 1.5 hours on a Linux workstation. 

 Using drift spacing and near-field properties from the smaller model model, simulate a 

field-scale half-symmetry model.   

4.3.1 Conceptual Model  

The conceptual framework for this preliminary generic post-closure PA includes components of 

the engineered barrier (Section 4.1) and the natural barrier (Section 4.2; Mariner et al. 2018). Key 

characteristics and processes to be represented in these components are summarized in Table 4-6.  

Table 4-6. Conceptual representation of the engineered and natural barriers in PA. [For future work, not 

in current report.] 

Region Component Key characteristics Key processes included in PA 

Engineered 
Barrier 

Waste Form* SNF (UO2) 
Radionuclide decay, instant 
release fraction, 
waste form dissolution 

Waste Package* Stainless steel Degradation and breach 

Engineered high thermal 
conductivity alluvium backfill 

High thermal conductivity 
Distribute heat flux to a larger area 
toward drift wall 

Natural Barrier 
Alluvium Host Rock 

Unsaturated, little water 
flux in undisturbed 
sediment 

Multiphase flow, thermal 
processes, radionuclide 
advection*, diffusion*, sorption*, 
decay* 

Alluvium Aquifer Saturated, potable water 
Fluid flow, radionuclide advection*, 
diffusion*, sorption*, decay* 

Simulations assume: (1) a mined repository at 255 m depth; (2) a head gradient of 0.005 m/m 

from west to east (Mariner et al. 2018); (3) a regional heat flux of 105 mW/m2 and a mean annual 

surface temperature of 25°C (Mariner et al. 2018); and (4) a variably unsaturated/saturated model 

domain.  Processes accounted for in the initial conceptual models documented herein are coupled 

heat and multiphase fluid flow.  

4.3.2 Numerical Implementation  

Two types of simulations have been conducted using GDSA Framework (Section 4.5) and are 

described next. These simulations include: (1) a limited parameter uncertainty analysis for 37-

PWR WP arrays in a “sector” model representing 4 disposal drifts each with 4 WPs, and (2) a 

single deterministic PA simulation for 24-PWR WPs in a larger field-scale model with 27 drifts 

and 24 WPs per drift  The field-scale PA unstructured mesh was gridded with Cubit (Blacker et 

al. 2016). Simulations of two-phase flow and temperature were run with PFLOTRAN (Hammond 

et al. 2014).  
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4.3.2.1 37-PWR WP Sector Model Domain and Discretization  

The first simulation domain is a sector model of a full field-scale domain.  The small subproblem 

was put to a variety of uses for situations where running the full-scale PA simulation was both 

time-prohibitive and unnecessary: 

 As a test problem in updating the general mode options and default convergence-criteria 

(see Section 3.1.4) 

 Study spacing of the 37-PWR WPs along the drift and spacing between drifts to prevent 

undesirably high temperatures and pressures near the waste packages. 

 It was also used to study the impact of drift backfill properties to prevent undesirable 

high temperatures and pressures near the waste packages. 

The mesh for the sector model is shown in Figures 4-4 and 4-5.  It is a structured mesh with variable 

grid spacing with 303539 = 40,950 grid cells.  A one-million-year simulation of flow takes 1 to 

1.5 hours on 8 nodes of a Linux workstation.  

 

Figure 4-4. Side view of the base case simulation domain in a slice through the second drift at y = 205.5 m 
colored by material and showing the refinement of the simulation mesh around the repository. Left: full 

domain. Right: detail of the repository region showing waste packages in the drift.  Red indicates waste 

packages, orange indicates drift areas, salmon indicates high permeability channel-fill rock type, light blue 
indicates confining layers above the water table, medium blue indicates high permeability layers at/below 

the water table and dark blue is confining layers below the water table. [Drifts are 40 m apart and the center-

to-center distance between waste packages along the drift is also 40 m. Dimensions of the domain are (x, 
z) = (511 m, 1005 m). The repository is in a high-permeability channel-facies of the formation that has 

thickness 60 m.]   
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Figure 4-5. Top view of the drifts and waste packages colored by material and showing the refinement of 

the simulation mesh around the repository. Left: full domain at a depth of 750 m. Right: detail of the area 
surrounding the repository.  Red indicates waste packages, orange indicates drift areas and salmon indicates 

high permeability channel-fill rock type. [Drifts are 40m apart and the center-to-center distance between 

waste packages along the drift is also 40 m. Dimensions of the domain are (x, y) = (511 m, 515 m).] 

The dimensions of the sector model are (515m511m1005m). The domain is a small section 

taken from the proposed full UZ PA simulation scenario.  The boundary conditions, infiltration 

and static rock properties are all identical to the field-scale model described below in sections 

4.4.2.2 – 4.4.2.6. 

The grid is refined so that each waste package is in a single 51.671.67 m grid cell.  This mesh 

should adequately resolve the temperature near each waste package.  The drift cells are scaled so 

that the drift extends 5 m, one grid cell, in every direction from the waste packages. The center-

to-center distance between the waste packages is 40 m, both along and between the drifts for the 

base case. In the rest of the simulation domain, cells are gradually coarsened outward from the 

array.  This refinement near the drifts allows for adequate resolution of saturation, temperature and 

pressure near the drifts without an excessively large number of grid cells. The vertical grid spacing 

in this model becomes extremely coarse at the bottom of the simulation domain and would not be 

suitable for modelling transport in the saturated zone. 

Only one set of relative permeabilities, representative of the coarser alluvial sediment is used in 

this simulation.  Furthermore, in the interest of simplicity there is no disturbed rock zone (DRZ) 

in this model.  The 37-PWR 150-year out-of-reactor SNF are used as heat source to study the 

maximum heat output scenario.  
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4.3.2.2 24-PWR WP Field-Scale Model Domain and Discretization  

The coupled thermal and multiphase flow problem was also simulated on a field-scale model 

domain with 24 waste packages per drift and 27 drifts.  The drift properties and spacing were 

strongly informed by the results of the small-scale simulation models. 

The model domain proposed by Mariner et al. (2018) for field-scale simulations of the UZ 

reference case is shown on the left of Figure 4-6 and the top of Figure 4-7. This mesh would fully 

resolve the heat and fluid flow as well as transport of radionuclides on a domain with dimensions 

(3915m, 1065m, 1005m). The resulting mesh had 2.4 million grid cells. A test simulation on the 

mesh on 256 nodes of a parallel HPC cluster was only able to simulate the first 292 years in a pre-

allocated 2-hour simulation time.  This simulation mesh was abandoned, and a coarser-scale 

simulation mesh was developed.   

 

Figure 4-6. Side view of the south west corner of the mesh for the field-scale PA model. Left: Mariner et 

al. (2018) 2.4-million-grid-cell mesh.  Right: 214,000-grid-cell model developed for initial flow 

simulations. Grey represents the channel fill deposits above the water table, light blue are the confining 

regions above the water table, medium blue is high-permeability rock at the water table and dark blue is 
low permeability rock below the water table. [Both meshes are highly refined around the repository and 

coarser away from the repository.] 

The new PA mesh has 214,000 grid cells, an order of magnitude fewer than the fine mesh.  The 

waste packages and drifts have the same dimensions as the fine scale PA simulation, as can be 

seen in Figure 4-11. Each drift is 5 m wide in the x-direction and 5 m tall, with the waste packages 

in the center of the drift. The mesh has a single 51.671.67m cell for each waste package with 

three grid cells between each package along the drift.  The depth of geological layers of the 

formation are adjusted to account for the extremely coarse vertical meshing away from the 

repository, as shown on the right of Figure 4-10. 
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Outside of the drifts, the mesh coarsens rapidly in all directions.  There are only three grid cells 

between drifts and so the damage zone is omitted, like the sector model (bottom of Figure 4-11).  

Due to the coarsening of the model away from the drifts, the long hall is 10 m longer on each side 

than the original model. The short halls are a single grid cell wide and have larger volume than the 

original model. They are truncated at the intersection with the long hall to avoid extremely wide 

halls at the south end.  The vertical shafts are also omitted from the model, as the coarseness of 

the model made it impossible to mesh shafts with realistic dimensions.   

These simplifications are unlikely to have much impact on the flow field near the repository in the 

simulation.  Like the sector model, this mesh would not be suitable for transport of radionuclides 

due to the coarseness of the mesh away from the repository and the omission of the vertical shafts. 

 

Figure 4-7. Horizontal cross-section of the southwest corner of the mesh through the repository at depth 

z=255 m for the field-scale PA model. Top: Original 2.4-million-grid-cell mesh.  Bottom: 214,000-grid-
cell model developed for initial flow simulations. Grey represents the channel fill rock surrounding the 

repository, orange is DRZ (not in coarse model), salmon is drifts and red is individual waste packages. 

4.3.2.3 Initial Conditions  

For both simulation models the initial fluid and water infiltration conditions are water infiltration 

of 1.0 mm/yr and a water table depth of 550 m in the east to 565 m in the west. The initial pressure 

is atmospheric at the top of the domain.  The initial temperature conditions are a surface 

temperature of 25C and a natural geothermal temperature gradient of 0.025C/m. The east and 

west boundary conditions are based on equilibrated one-dimensional simulations corresponding to 

these constraints.  The full model domain temperature, pressure and saturation are simulated 
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without drifts, waste packages or damage zone until a convergence tolerance is reached.  This 

guarantees quasi-steady-state initial condition for the simulations with infiltration and a horizontal 

pressure gradient that drives flow from west to east.  

4.3.2.4 Boundary Conditions  

Boundary conditions must also be set for the north and south faces of the model domain. Fluxes 

of heat, fluid, and solute are set to zero at the north and south face of the model domain, creating 

a reflection boundary and virtually doubling the volume of the model domain.  In the sector model 

the boundaries are far from the drifts, so it is assumed that the zero boundary conditions have 

negligible impact on the temperature, pressure and saturation near the array.  For the field-scale 

model the boundary on the north of the domain is far from the array of waste packages, so again it 

is assumed that the zero boundary conditions have negligible impact on the temperature, pressure 

and saturation near the array.   

The zero flux boundary conditions the south side of the field-scale model will act as a reflection 

boundary, thus effectively doubling the size of the simulation.  For the current study this will have 

a minor impact on the flow field, however the impact on radionuclide transport in future 

simulations may be much larger.  

4.3.2.5 Waste Package Heat Sources  

Each waste package is modeled as a transient heat source. The energy (watts per waste package) 

entering the model domain is updated periodically according to values in a lookup table. The initial 

value is that for 37-PWR SNF 150 years OoR; the initial value is 5817 W. For 24-PWR waste 

packages 100 years OoR, the initial value is 3881 W. Between times specified in the lookup table, 

the energy input is linearly interpolated.  

4.3.2.6 Material Properties  

Material properties are discussed in Sections 4.1 and 4.2.  Values used in the sector model and in 

the field-scale simulations are summarized in Table 4-7 and the parameters varied in the sector 

model are in Table 4-8.  

Table 4-7. Base case parameter values used in simulations. 

Model Region 
Permeability 

(m2) 

Porosity 
𝝓 

Tortuosity 
exponent1 

𝝉 

Saturated 
Thermal 

Conductivit
y (W/m/K) 

Unsaturated 
Thermal 

Conductivity 
(W/m/K) 

Heat 

Capacity 
(J/kg/K) 

Grain 

Density 
(kg/m3) 

Upper basin fill 1 × 10-12 0.40 1.4 2.0 1.0 830 2700 

Upper confining 

zone 
1 × 10-14 0.40 1.4 2.0 1.0 830 2700 

Basin fill below water 

table 
1 × 10-11 0.40 1.4 2.0 1.0 830 2700 

Confining zone 
below water table  

1 × 10-13 0.40 1.4 2.0 1.0 830 2700 

Backfill 1 × 10-13 0.40 1.4 2.0 2.0 830 2700 

Waste Package 1 × 10-13 0.50 1 16.7 16.7 488 5000 

1 𝜏 = 𝜙1.4 (Van Loon and Mibus 2015) 
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Table 4-8. Variable design constraints and their values for sector model. 

Parameter Range Units 

Rock type used for disposal Upper basin fill, upper confining zone - 

WP spacing within drift 20, 40 m 

Spacing between drifts  40, 50 m 

Dry thermal conductivity of backfill 1.0, 1.5, 2.0 (W/m/K) 

Wet thermal conductivity of backfill 2.0, 2.5, 3.0 (W/m/K) 

Drift/backfill permeability 1 × 10-11, 1 × 10-12, 1 × 10-13, 1 × 10-14 m2 

4.4 Simulation Results for UZ Reference Case  

For both models the pressure, temperature and water saturation profiles are presented at key points 

within and between the waste packages.  Distributions are also presented for the sector model base 

case and field-scale model.  The results of the analysis on the sector model are used to define 

appropriate waste package spacing and drift properties for the field-scale simulation.   

4.4.1 Sector Model Results  

The sector model will be used to study the impact of several design criteria, as outlined in Table 

4-8, on fluid and temperature in and between the waste packages.  The mesh is shown in Figures 

4-8 and 4-9. The screening criteria are based on three desirable outcomes: 

1) The increase in pressure in and around the waste packages is modest.  For the purposes of 

screening, more than a 50% increase in pressure is considered unacceptable.  

2) Temperature around the waste packages does not get extremely high.  For the purposes of 

screening the critical temperature of water (374C) is used as the maximum allowable 

temperature. 

3) The formation should not completely dry out in the space between the drifts. 

4.4.1.1 Base Case  

The base case model has the repository located in the higher-permeability basin fill zone, with 

40 m spacing between drifts and 40 m spacing between waste packages within a drift.  It also has 

a well-compacted engineered backfill with permeability of 11013m2, which is two orders of 

magnitude lower than the surrounding formation. The wet and dry thermal conductivity are both 

2.0 W/m/K. This was chosen as the base case because it represents a feasible combination of 

parameters (see Table 4-8) that results in a scenario that fulfills the three design criteria outlined 

above.   

Figures 4-8 and 4-9 show the temperature and water saturation in the array in a slice through the 

repository as viewed from above at a series of snapshots in time.  As can be seen in Figure 4-8, the 

temperature increases near the waste packages extremely quickly and as a result the backfill 

adjacent to the waste packages is dry within less than one year of simulation time (Figure 4-9), 

and the backfilled-drift surrounding the waste packages has dried out before 10 years.  

The low dry thermal conductivity of the basin fill material surrounding the drifts means that the 

heat is not easily transported away from the repository, and the waste package cells are still over 
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100C and completely dry after 1000 years. The rock formation between the drifts does not dry 

out and temperature outside of the drifts remains well below 100C at all times. 

The two locations within the sector model simulation that need to be monitored are at the hottest 

waste package and at the midpoint of the array.  In the base case simulation the hottest waste 

package is WP(2,2); the second waste package from the left in the second drift from the bottom 

(or equivalently WP(3,2) in the third drift from the bottom, due to symmetry).  The midpoint in 

the array, mid(2,2), is located in the center of the array, at the midpoint between drifts 2 and 3 and 

between the second and third WP in the drift. This location is representative of the conditions that 

will be observed between central waste packages in central drifts in a much larger disposal array.  

   
 

   

Figure 4-8. Temperature in a z-slice at depth z=255m through the center of the repository for the base case.  

Times are 1 year (upper left), 10 years (upper right), 100 years (lower left), 1000 years (lower right). 
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Figure 4-9. Water saturation z-slice at depth z = 255 m through the center of the repository for the base 

case.  Times are 1 year (upper left), 10 years (upper right), 100 years (lower left), 1000 years (lower right). 

Figures 4-10 and 4-11 show the gas pressure, temperature and water saturation as a function of log 

time at WP(2,2) and mid(2,2) for the base case simulation, along with another simulation to be 

discussed in the next section. The behavior of the system at the waste packages as a function of 

time can be split up into four distinct time stages.   

A) For the first three days the waste package warms up to the boiling temperature of water. 

This will be termed the initiation stage.  

B) For approximately 6 months the water at the waste package surface boils off.  This will be 

termed the boil off stage.   
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C) Over the course of the next 2500 years the formation is dry near the waste packages as the 

temperature increases to over 300C and then gradually drops back down to 100C.  This 

is the heat up stage.   

D) Finally, after 2500 years the temperature drops below 100C and the area quickly 

resaturates with water, gradually returning to near the initial water pressure by the end of 

the million-year simulation. This is the resaturation to initial condition time stage.   

All simulations in the sector model show this behavior at all the waste packages, but the time 

interval between the stages changes with the input parameters. 

As can be seen in Figure 4-10, the gas pressure at WP(2,2) increases rapidly at the start of the boil-

off stage.  This is because the water turning to steam creates a substantial increase in volume of 

the fluid phase.  The steam must be allowed to escape into the drifts and formation during this 

stage or pressure will increase very quickly to unacceptable levels at the waste packages. In the 

base case the pressure only increases by a few kPa because the parameters chosen are relatively 

high permeability of the drift and very high permeability of the surrounding basin fill formation 

(See Table 4-7).   The high permeability of the surrounding basin fill also results in a near-residual 

initial water saturation of around 16%, which also contributes to lower pressure during the boil off 

stage because there is little water to evaporate into steam. 

 
Figure 4-10. Pressure (top), Temperature (middle) and Water Saturation (bottom) at the center most waste 

package as a function of log time for the base case simulation with the repository located in the channel 

facies (channel in blue) and the original design with the formation in the confining zone (confining in red).  

[Black dashed lines denote the four time stages of the base case simulation: (a) initiation, (b) boil-off of 

water, (c) heat up, and (d) resaturation to initial condition.] 
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Figure 4-11 shows the gas pressure, temperature and water saturation in the center most point of 

the disposal array. As can be seen, the pressure and saturation hardly change in the formation 

between the drifts.  This is because of the high permeability of the formation and the low mobility 

of the near-residual water that is initially present.  The temperature has a modest increase to around 

70 degrees due to the low dry thermal conductivity of the UZ formation rocks. The region of 

temperatures above 100C is confined to the drifts. 

 
Figure 4-11. Pressure (top), Temperature (middle) and Water Saturation (bottom) at the center most point 

of the disposal array as a function of log time for the base case simulation with the repository located in the 

channel facies (channel in blue) and the original design with the formation in the confining zone (confining 

in red).  [Black dashed lines denote the four time stages of the base case simulation: (a) initiation, (b) boil-

off of water, (c) heat up, and (d) resaturation to initial condition.] 

4.4.1.2 Repository in the Confining Layer 

The original design for the UZ simulation had the drifts located in the lower-permeability 

confining layer of the formation.  These simulations resulted in large increases in pressure in the 

confining host rock.  The base case simulation with the area surrounding the drift changed from 

channel fill to confining layers with permeability of 11014m2 is shown in Figure 4-10 and 4-11 

alongside the base case.  

When the model is equilibrated with the repository in the confining layers, the initial water 

saturation increases from 16% to around 30%, even though the relative permeability model 

implemented for both rock types is the same.  This is because the initial model has a continual 
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vertical and lateral flux of water due to infiltration and the east/west pressure gradient.  Water flux 

is governed by the relation: qw ∝ kSwP.  Thus, if qw and P stay the same across the equilibrated 

model, a decrease in permeability, k, must result in an increase in water saturation, Sw. 

The lower surrounding permeability and higher water saturation in the drifts at the initial condition 

have a compounding effect on the pressure near the waste repository when steam is generated 

during the boil off stage.  At 30% initial water saturation, there is a significant increase in steam 

that needs to escape from the drift as compared to the base case, but the surrounding rock has only 

1% of the permeability thus preventing the the steam from easily escaping.  Figure 4-10 shows 

that the pressure at the waste package increases nearly 50% above the initial pressure during the 

boil-off stage. In the base case the drift permeability is 11013m2.  If the permeability in the drift 

is lowered from this value, as might be necessary with high thermal-conductivity engineered 

backfill, the pressure at the waste packages may be unreasonably high (not shown). 

Figure 4-11 shows that the pressure and saturation in the center of the array is not significantly 

impacted by large changes in pressure and saturation at the waste packages, though there is a small 

increase in pressure during the boil off stage and a small decrease in saturation at the start of the 

resaturation stage.  The change in temperature in the midpoint of the array is similar to the base 

case and stays well within the acceptable range.   

Due to concerns about high pressure near the waste packages in many of the scenarios considered 

when the waste is stored in the confining layer, and the limited advantage of disposal in the 

confining layer, it is recommended that the full-scale simulation have the repository located in a 

channel fill region. 

4.4.1.3 Waste Package Spacing in the Repository 

In this section the impact of waste package spacing is considered.  As discussed in Section 4.1.1, 

an important design criterion is that the rock area between the drifts should not dry out. In the base 

case the drifts are 40 m apart and the center-to-center distance between waste packages along the 

drift is 40 m (40/40 case), as shown in Table 4-13. Two additional scenarios for waste package 

spacing are considered: 

1) Drifts 40 m apart with the center-to-center distance between waste packages 20 m 

along the drift. (40/20m case) 

2) Drifts 50 m apart with the center-to-center distance between waste packages 20 m 

along the drift. (50/20m case) 

The simulation results at the hottest waste package are similar to the base case described above 

and are not shown.  Figure 4-12 shows the pressure, temperature and water saturation at the 

midpoint of the drift array.  As can be seen, the change in pressure is extremely small.  The 

temperature for both cases with 20 m spacing along the drift is much higher than the base case, 

though 100oC is never reached in either case.  This is because of the smaller footprint of the waste 

packages in both alternate cases, sixteen waste packages in 160m2, vs 80m2 or 100m2. 
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Figure 4-12. Pressure (top), Temperature (middle) and Water Saturation (bottom) at the centermost point 

of the disposal array as a function of log time for the base case (black), 20 m waste package spacing along 

the drift (blue) and 50m spacing between the drift (red).  [The time domain has been divided up by vertical 
dashed lines into four segments: (a) initiation, (b) boil-off of water, (c) heat up, and (d) resaturation to initial 

condition.]  

 

Figure 4-13. Top view of water saturation in the 40/20 m simulation at the time of maximum dry-out at 300 

years. Slice is at z=255 m, through the center of the repository. 

In the 40/20 m case the formation completely dries out between the drifts and so this case does not 

meet the desired disposal criteria (Figure 4-12).  It is interesting to note that the temperature of the 

midpoint is around 80C, well below the boiling point of water, when it is dry from 250 to 500 
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years.  The mechanism behind this result is under investigation. Figure 4-13 shows a top view of 

the dry-out region in the 50/20 m simulation. The drifts are almost completely dry at this time. 

The 50/20 m case does not dry out or experience high temperatures or pressures at any point in the 

simulation.  As the 50/20 m case allows for more disposal per m2 than the 40/40 m case, it is 

recommended that this drift and waste package spacing be used for the full-scale repository 

simulation. 

4.4.1.4 Engineered Backfill  

The base case scenario has an engineered backfill with both wet and dry thermal conductivity set 

equal to 2.0 W/m/K.  The temperature at the drift wall is very sensitive to the dry thermal 

conductivity.  

Figure 4-14 shows the temperature at the hottest waste package for a variety of dry (top) and wet 

(bottom) thermal conductivities as outlined in Table 4-8.  The saturation and pressure are not very 

sensitive to thermal conductivity and are not shown. All simulations stop when they reach the 

critical temperature of water (as shown in the top figure of Figure 4–14).  This is an artificial cutoff 

coded into the water equation of state in PFLOTRAN and has been remedied in a newly 

implemented water equation of state.  However, any simulation that stops because the temperature 

reaches 374C is too hot and does not meet design criteria. 

 

Figure 4-14. Temperature at WP(2,1), the hottest waste package for a series of dry (top) and wet (bottom) 
thermal conductivities as a function of log time. Simulations stop if the critical temperature of water (374oC) 

is reached. [The time domain has been divided up by vertical dashed lines into four segments: (a) initiation, 

(b) boil-off of water, (c) heat up, and (d) resaturation to initial condition.]  
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In many of the simulations the hottest waste package was not in the center of the array, as in the 

base case.  The packages at the ends of the central two drifts get hottest.  This is because they are 

5 m from the surrounding rock material with dry thermal conductivity 1.0 W/m/K on either the 

east or west side, while the waste packages in the middle of the drifts have higher-conductivity 

engineered backfill on both the east and west sides. On Figure 4-8 it can be seen that the 5 m of 

drift immediately to the east and west of the array is hotter than the drift between the waste 

packages from 1 to 100 years. In the cases with low dry thermal conductivity in the backfill, this 

thermal barrier makes the edge waste packages get hotter than the central waste packages, even 

though they are surrounded by other heat sources. 

All the simulations with dry thermal conductivity less than 2.0 W/m/K reach the critical 

temperature and stop during the heat up stage of the simulations, as shown on Figure 4-14. Even 

the scenario with very high wet thermal conductivity of 2.5 W/m/K is unable to run to completion.  

Figure 4-14 also shows that the simulations are not very sensitive to the wet thermal conductivity.  

This is because of the low initial water saturation of 16%.  For increased wet or dry thermal 

conductivity, it takes longer for the water to boil off near the waste packages, but once the 

immediate surrounding is dry, only the dry thermal conductivity matters during the heat-up stage.   

Based on these simulation results it will be necessary to engineer a backfill with thermal 

conductivity of at least 2.0 W/m/K. It is recommended that the full-scale PA simulation have both 

wet and dry thermal conductivity of at least 2.0 W/m/K. 

4.4.1.5 Drift Permeability  

A variety of simulations exploring the impact of drift permeability were also conducted (see Table 

4-8). It was determined that if the repository is in the higher-permeability basin fill part of the 

formation, with the corresponding low initial water saturation, drift permeability as low as 11014 

m2 was no longer a limiting factor causing pressure build-up near the waste packages during the 

boil off stage. If the repository is located in the lower-permeability confining region with the 

resultant higher initial water saturation, then it is necessary to have relatively high permeability in 

the drift to prevent pressure build up, as shown in Figure 4-10.  

4.4.1.6 Recommendations for Field-Scale Simulation 

Based on the above simulation analyses the recommended parameters for the field-scale simulation 

are to have the repository in the channel-fill part of the UZ formation with the base case parameters 

outlined in Table 4-7.  These parameters should ensure a PA simulation that fulfills the three design 

criteria of modest temperature and pressure increases at the waste packages, and no dry out off the 

formation between the drifts. 

The only exception is that the waste package and drift spacing in the field-scale simulation should 

be 50 m between drifts and 20 m between waste packages within a drift.  This drift spacing is more 

space-efficient than the base case 40/40 m spacing and should give a PA simulation that satisfies 

the design criteria considered for the flow field. 

4.4.2 Field-Scale PA Simulation Results  

The design parameters recommended in Section 4.5.1.6 above and shown in the base-case Table 

4-7 are used here.  In this scenario the 24-PWR assemblies that are 100y OoR are used as heat 

sources. They are considerably cooler than the 37-PWR assemblies used in the previous section.  
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The simulation (wall-clock) time for the coarse-scale model is very long at present (and is being 

investigated), so only the first 250 years of the simulation are presented in this deliverable. 

4.4.2.1 Field Scale Results 

Figures 4-15 and 4-16 show the temperature and saturation in the repository after 1, 10, and 100 

years of disposal.  As can be seen, the temperature reaches a maximum of nearly 200C in the 

waste packages after around 10 years of disposal. The regions of high temperature are in the 

immediate vicinity of the drifts, with little or no change in temperature outside the array. 

The backfill adjacent to the waste packages dries out very quickly, as can be seen in Figure 4-16.  

The region around the waste packages continues to dry out for the first 100 years, though the area 

between the drifts remains above residual for this time period. Water saturation around the array 

increases slightly after 100 years.  This is because the water that has turned to steam in and around 

the waste packages flows outward and condenses in the cooler temperatures away from the array.  

The water saturation increases the most in the long and short halls because these are filled with 

high-permeability backfill (see Figure 4-16), creating preferential flow paths. 

Figure 4-17 shows the pressure, temperature and water saturation as a function of log time at 5 

points near the center of the array.  WP1 is a waste package in the middle of the central drift.  The 

other points are in the drift next to WP1, just outside of the drift, in what would be the damage 

zone, and midway between the drift containing WP1 and the next drift.  This final point should 

represent the coolest and wettest spot in the interior of the array.  The initiation time for the full-

scale array lasts 23 days before the water in WP1 begins to boil off.   It takes 102 days for all the 

water to boil off, and the maximum temperature at the waste package is reached after 20 years and 

then begins to cool while the area around the drift continues to heat up.  Water will begin to 

resaturate the waste package after centuries. 

The thermal front and resultant dried out region propagate relatively quickly in the drift, with the 

temperature reaching the monitoring point in the drift after about 70 days, and then moves very 

slowly into the formation rock.  The temperature in the nearby monitoring point reaches boiling 

after nearly 60 years, the temperature never reaches the boiling the midpoint between the two drifts 

during the 250 years of simulation. 

A large number of other monitoring points in and around the array were also considered for 

completeness but are not shown.  A summary of those results is as follows: 

(1) The centermost waste package location has remarkably similar pressure, temperature and 

water saturation profiles to the waste package locations in the center of the edge drifts, and 

the four waste package locations at the corners of the array.  The main difference is that 

the corner waste packages do not reach as high a peak temperature and start to cool faster 

than the others;  

(2) At monitoring points 60 m away from the array in each cardinal direction, very little 

happens during the simulation.  There is a small increase in pressure from 1-10 years, while 

temperature increases and saturation decreases starting after around 50 years and 

continuing until the end of the simulation; and  
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Figure 4-15. Top view of temperature in the PA-scale array in a slice through the center of the repository 

at z=255m at several snapshots in time.  Top: 1 year. Middle: 10 years. Bottom: 100 years. 
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Figure 4-16. Top view of water saturation in the PA-scale array in a slice through the center of the repository 

at z=255m at several snapshots in time.  Top: 1 year. Middle: 10 years. Bottom: 100 years. 
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Figure 4-17. Pressure (top), Temperature (middle) and Water Saturation (bottom) near the centermost waste 

package in the full-scale disposal array as a function of log time.  Values in the waste package are shown 
in black, in the drift next to the waste package is blue, just outside the drift is red, and the midpoint between 

the drift and the next drift east is cyan.  [The time domain has been divided up by vertical dashed lines into 

three segments:  (a) initiation, (b) boil-off of water, and (c) heat up. Resaturation to initial condition is never 

achieved in this 250-year simulation.] 

(3) At monitoring points between the two drifts on the east and west side of the array the results 

are very similar to the monitoring point between the two most central drifts. The 

temperature is slightly lower for the corner monitoring points, and the water saturation 

remains near the initial water saturation for longer. 

4.4.2.2 Comparison of Field-Scale Results with the Sector Model 

In the field-scale model the initiation time it takes to reach 100C is nearly an order of magnitude 

longer than the sector model (23 days instead of 3 days), likely due to the lower energy source in 

24-PWR 100 years OoR as compared with 37-PWR 150 years OoR.  On the other hand, the time 

to dry-out is 0.28 years for the field scale model instead of 0.5 years.  The shorter time to dry-out 

is likely because in the sector model the drifts extended for a larger region around the waste 

packages due to mesh coarseness. In the sector model the drift surrounded each waste package for 

5 m on each side, while in the field-scale model the entire drift is 5m wide.  Thus only 1.67 m of 

high thermal conductivity drift material is between the waste package and the formation in the x 

and z directions. This doesn’t seem to have much impact on the initiation time because the time 
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scale is too short for the temperature to have moved far into the drift before the water starts to boil 

at the waste package.  

4.5 Observations and Recommendations for Future Work 

Even using the coarser model with simplified two-phase flow parameters, computation time for 

flow and temperature in the field-scale simulation remains prohibitively long. There is the distinct 

possibility that the computations in GENERAL mode are not slow because of any issues in the 

simulator per se, but rather due to the numerical difficulty of the coupled thermal and fluid flow 

problem.   

As can be seen in Figures 4-10 and 4-17 temperature increases extremely quickly at and near the 

waste packages at early times in the simulation.  There are also two abrupt changes in the water 

saturation that propagate outward into the formation from each waste package.  The first is the 

dry-out front as water boils off and the second is the resaturation front as water infiltrates back into 

the drifts when they cool off. All three of these features require very small timesteps to resolve 

numerically.  

The following steps should be explored: 

 Have the development team assess whether any changes can be made to GENERAL mode 

to speed up simulations 

 Divide the simulation workflow up into two separate areal-cale simulation models. In this 

concept:   

o The first model will be a finely gridded domain focusing on the smaller scale 

(“sector”), and will accurately capture heat, flow, and radionuclide transport near the 

waste packages. This model would not address issues of far field flow and transport 

of radionuclides. 

o The second model will have a relatively coarse and uniform mesh covering the full 

domain of interest for radionuclide transport.  It will be used to assess transport in the 

subsurface but cannot accurately capture heat and fluid flow in and around the waste 

packages. Heat and fluid behavior near the repository would have to be checked to 

be sure that the coarse model captures the same essential features as the fine scale 

model.  

o UQ/SA analysis could potentially be run on only the coarse model for many of the 

scenarios.  

 Divide the simulation workflow up into two separate time-scale simulation models.  In this 

concept the two modeling stages would be on the same mesh, the extent and discretiztion 

of which would be suitable for modeling both near repository heat and fluid flow and far 

field transport of radionuclides.  In this concept: 

o The first model would run GENERAL flow mode to the compute flow and 

temperature for the first several hundred years or until the waste packages are 

relatively cool. This model would likely be very slow and should not be run many 

times.  

o The second model will restart at the end of the first and be used for radionuclide 

transport.  After the waste packages are relatively cool it should be possible to 

simulate in RICHARDS mode without incurring much error, though this assumption 
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must be verified.  This will speed up the longer-term simulations enormously. Some 

PFLOTRAN development may be required to allow the simulation to restart in a 

different flow mode.  
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5 BEDDED SALT REFERENCE CASE UPDATE 

The past bedded salt reference case (Sevougian et al. 2016) for deep geologic disposal of defense-

related HLW and SNF was developed from (1) the reference case for a commercial SNF/HLW 

repository in bedded salt, described in Sevougian et al. (2012) and Vaughn et al. (2013), (2) the 

repository design proposed in Carter et al. (2012) for a defense-only repository, and (3) elements 

of the engineered and natural barriers described in previous performance assessments of CSNF 

disposal in bedded salt (Mariner et al. 2015; Sevougian et al. 2014; Sevougian et al. 2013; Freeze 

et al. 2013a, Clayton et al. 2011)—the characterization of which drew heavily upon parameter 

values developed for the Waste Isolation Pilot Plant (WIPP) performance assessments.  This 

update relies on the same history but changes the repository design to accept 24- and 37-PWR 

DPCs, in a 50/50 split by weight of heavy metal for each canister size. This report details the 

simulations of a near-field repository model simulation that was conducted in anticipation of a 

full-scale PA simulation that will be documented in a September 27, 2019 M3 deliverable (M3SF-

19SN010304052). Descriptions of the full-scale PA conceptual and numerical model are also 

included, but with no results.  

The conceptual model includes a mined repository 600 m below the surface in a thick bedded salt 

host rock in a geologically stable sedimentary basin. Characteristics of the bedded salt host rock 

that contribute to or impact post-closure safety include (Freeze et al. 2013b): 

 The ability of salt to creep, which is expected to heal fractures, reconsolidate crushed salt 

backfill, and encapsulate waste, contributing to waste containment. 

 The geologic stability of deep salt beds, which have been isolated from surface processes 

for hundreds of millions of years and can be expected to isolate the repository for the 

duration of the regulatory period. 

 The low permeability and porosity of the host rock, which limits exposure of waste to 

water, thereby limiting and delaying radionuclide releases. 

 The reducing chemical environment, which limits radionuclide solubility, limiting and 

delaying radionuclide releases. 

 The potential presence of anhydrite interbeds, which are more brittle and of higher 

permeability than halite, providing potential pathways for radionuclide release. 

The remainder of this section includes a description of the engineered (Section 5.1) and natural 

(Section 5.2) barriers followed by a repository scale, deterministic post-closure assessment (PA) 

(Sections 5.3 and 5.4).  

5.1 Engineered Barriers 

Specific post-closure basis information related to the engineered barriers includes 

 Characteristics of the repository (Section 5.1.1) 

 Inventory characterization (Section 5.1.2) 

 Waste form characterization (Section 5.1.3) 

 Waste package characterization (Section 5.1.4) 

 Characteristics of the buffer, drifts, and access halls (Sections 5.1.5 and 5.1.6) 
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5.1.1 Engineered Barrier Characteristics 

For the full-scale PA, the salt reference case assumes a mined repository located 600 m below land 

surface, accessed by vertical shafts, and containing 35,000 MTHM of commercial SNF in 24-

PWRs and another 35,000 MTHM in 37-PWRs.  This inventory is accommodated with 3103 24-

PWR waste packages and 2013 37-PWR waste packages in 102, 1525-m long emplacement drifts 

(62 drifts contain 24-PWRs and 40 contain 37-PWRs).  Each drift, regardless of package type, 

contains 50 waste packages emplaced lengthwise and spaced 30 m center-to-center. A 25-m long 

seal is placed at either end of each emplacement drift. Drifts are 5.0 m per side spaced 30 m center-

to-center. These dimensions are similar to those described by Hardin and Kalinina (2016, Section 

3) for a 12-PWR repository in shale, and results in a total emplacement footprint of approximately 

4.88 km2 (5.24 km2 including area for shafts, longhalls, etc.). The spacing results in ~11 W/m2 

peak heat production, after aging (see below). After rounding the number of canisters down to 

3100 24-PWRs and 2000 37-PWRs to provide an even distribution across the repository, the actual 

inventory is 34,968 MTHM in 24-PWRs, 34,780 MTHM in 37-PWRs, for a repository total of 

69,748 MTHM.  

The PA simulations use a half-symmetry model domain consisting of thirty-one 24-PWR drifts 

and twenty 37-PWR drifts. With the reflection boundary condition, 50% (21,924 MTHM) of the 

69,748 MTHM inventory is included in PA simulations. The configuration for both the full-scale 

and the near-field repository scale model is listed in Table 5-1.  

Table 5-1. Dimensions and counts for the salt repository layout. 

Parameters 
Reference 
Case Value 

Full-Scale 
Simulated Value 

Repository Scale 
Simulated Value 

Waste Package (WP)    
WP length (m) [24-PWRs and 37-
PWRs] 

5.20 a 5.00 5.00 

WP outer diameter (m) [24-PWRs and 

37-PWR’] 
1.37 a 1.67 / side 1.50 / side 

WP center-to-center (m) [24-PWRs 

and 37-PWRs] 
30.0 30.0 30.0 

Inventory per 24-PWR WP (MTHM) 11.28 c 11.28 c 11.28 c 

Inventory per 37-PWR WP (MTHM) 17.39 c 17.39 c 17.39 c 

Number of 24-PWR WPs 3100 1550 / 3100 b 15 

Number of 37-PWR WPs 2000 1000 / 2000 b 10 

Emplacement Drift    
Drift diameter (m) 4.5 a 5.0 (on a side) 10.0 (x) / 5.75 (z) 

Drift center-to-center spacing (m)  30 a 30 30 

Number of WPs per drift 50 a 50 5 

Drift seal length (m) 25 25 25 

Drift length, including seals (m) 1525 1525 175 

Repository    
Repository Depth (m) 600 600 600 

Number of drifts 102 51 / 102 b 5 

Number of shafts Not specified 3 / 6 b 1 

Shaft access size (m2) Not specified 5 x 10 5 x 5 

Emplacement footprint (km2) 4.88 2.44 / 4.88 b 0.023 
a Hardin and Kalinina (2016, Section 3) 
b half-symmetry domain / with reflection 
c Hardin et al. (2013, Table 4-2) 

   

5.1.2 Inventory 

For simplicity, PA simulations assume that the inventory consists entirely of PWR SNF 

assemblies, each containing 0.47 MTHM (Hardin et al. 2013). Radionuclide inventories and decay 

heat versus time curves are taken from Carter et al. (2013) and assume an initial enrichment of 
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4.73 wt% 235U for 60 GWd/MTHM burn-up fuel and 3.72 wt% 235U for 40 GWd/MTHM burn-up 

fuel. The 24-PWRs assume a 40 GWd/MTHM burn-up rate and 50 years OoR storage prior to 

emplacement and the 37-PWRs assume 60 GWd/MTHM burn-up rate and 100 years OoR. 

Because the average burn-up of SNF under the “no replacement scenario” is predicted to be only 

54 GWd/MTHM (Carter et al. 2013), the assumption of 60 GWd/MTHM results in a 

conservatively high heat load. Radionuclide inventory in each type of package is shown in Tables 

5-2 and 5-3. 

Table 5-2. 24-PWR 40-GWd/MTHM, 50-year OoR SNF inventory of selected radionuclides for the salt 

reference case. 

Isotope 
Inventory 

(g/MTIHM)1 
Inventory 

(g/g waste)2 

Atomic 
weight 
(g/mol)3 

Approximate 
Decay 

Constant 
(1/s)4 

241Am 1.35E+03 9.36E-04 241.06 5.08E-11 
243Am 1.38E+02 9.61E-05 243.06 2.98E-12 
238Pu 1.79E+02 1.24E-04 238.05 2.56E-10 
239Pu 6.38E+03 4.43E-03 239.05 9.01E-13 
240Pu 2.57E+03 1.79E-03 240.05 3.34E-12 
242Pu 5.65E+02 3.92E-04 242.06 5.80E-14 
237Np 7.60E+02 5.28E-04 237.05 1.03E-14 
233U 1.32E-02 9.18E-09 233.04 1.38E-13 
234U 2.66E+02 1.85E-04 234.04 8.90E-14 
236U 4.72E+03 3.28E-03 236.05 9.20E-16 
238U 9.33E+05 6.48E-01 238.05 4.87E-18 

229Th 2.90E-06 2.01E-12 229.03 2.78E-12 
230Th 3.34E-02 2.32E-08 230.03 2.75E-13 
226Ra 

7.34E-06 5.1E-12 226.03 1.37E-11 
36Cl 3.52E-01 2.44E-07 35.97 7.30E-14 
99Tc 9.16E+02 6.36E-04 98.91 1.04E-13 
129I 2.16E+02 1.5E-04 128.9 1.29E-15 

135Cs 4.86E+02 3.37E-04 134.91 9.55E-15 
1 from Carter et al. (2013, Table C-2) 
2(g isotope/g waste) = (g isotope/MTIHM)/(g waste/MTIHM), where g waste = g all isotopes 
3Weast and Astle (1981) 
4Decay constants from ORIGEN (Croff 1983) 

 

5.1.3 Waste Form 

Freeze et al. (2013b, Section 3.4.1.1) provides a description of commercial SNF, including the 

following characteristics. Spent uranium oxide (UO2) fuel is a polycrystalline ceramic material 

with stable to high temperatures and the potential for slow degradation in the disposal environment. 

Cladding protects the fuel from degradation in the reactor and can continue to protect the fuel from 

degradation in the repository. Cladding from commercial light-water reactors (i.e., boiling water 

reactors and pressurized water reactors) is generally made from Zircaloy, a zirconium alloy that is 

chemically stable and resistant to corrosion. In the reactor, fuel undergoes physical changes due to 

heating, radiation damage, and the build-up of fission products. Lighter elements (fission products) 

become concentrated in voids and the outer margins of the UO2 matrix.  

Concentration of fission products in voids of the waste form results in the waste form releasing 

radionuclides in two fractions: instant-release (upon waste package breach) and slow-release 
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(according to the UO2 matrix dissolution rate). See Mariner et al. (2016, Section 3.2.2) for a 

description of the UO2 waste form degradation model implemented in PFLOTRAN. 

Table 5-3. 37-PWR 60-GWd/MTU, 100-year OoR SNF inventory of selected radionuclides for the salt 

reference case 

Isotope 
Inventory 

(g/MTIHM)1 
Inventory 

(g/g waste)2 

Atomic 
weight 
(g/mol)3 

Approximate 
Decay 

Constant 
(1/s)4 

241Am 1.46E+03 1.01E-03 241.06 5.08E-11 
243Am 2.69E+02 1.87E-04 243.06 2.98E-12 
238Pu 2.84E+02 1.97E-04 238.05 2.56E-10 
239Pu 7.40E+03 5.14E-03 239.05 9.01E-13 
240Pu 4.11E+03 2.85E-03 240.05 3.34E-12 
242Pu 8.17E+02 5.67E-04 242.06 5.80E-14 
237Np 1.40E+03 9.72E-04 237.05 1.03E-14 
233U 4.33E-02 3.01E-08 233.04 1.38E-13 
234U 5.11E+02 3.55E-04 234.04 8.90E-14 
236U 6.27E+03 4.35E-03 236.05 9.20E-16 
238U 9.10E+05 6.32E-01 238.05 4.87E-18 

229Th 1.48E-05 1.03E-11 229.03 2.78E-12 
230Th 1.04E-01 7.22E-08 230.03 2.75E-13 
226Ra 3.99E-05 2.77E-11 226.03 1.37E-11 
36Cl 5.01E-01 3.48E-07 35.97 7.30E-14 
99Tc 1.28E+03 8.89E-04 98.91 1.04E-13 
129I 3.13E+02 2.17E-04 128.9 1.29E-15 

135Cs 7.72E+02 5.36E-04 134.91 9.55E-15 
1 from Carter et al. (2013, Table C-2) 
2(g isotope/g waste) = (g isotope/MTIHM)/(g waste/MTIHM), where g waste = g all isotopes 
3Weast and Astle (1981) 
4Decay constants from ORIGEN (Croff 1983) 

5.1.4 Waste Package 

The salt reference case considers two waste package configurations: a 24-PWR waste package and 

a 37-PWR waste package. Both are assumed to consist of a stainless-steel canister and a stainless-

steel overpack and are each assumed to be 4.7 m in length and 1.8 m in diameter (Greene et al. 

2013). The 24-PWR waste package 24 PWR SNF assemblies (11.28 MTHM), scaled from the 12-

PWR waste package described by Hardin et al. (2013) while the 37-PWR contains 37 PWR SNF 

assemblies (17.39 MTHM). 

Due to gridding limitations, the size of simulated waste packages in the full-scale PA model is 

1.67  1.67  5.0 m, giving it a simulated volume of 13.94 m3, as compared to the actual volume 

of 11.96 m3. The waste package size in the near-field repository model is 1.5  1.5  5.0 m, giving 

it a volume of 11.25 m3. 

Waste package porosity is set equal to 50% consistent with Sevougian et al. (2016). Permeability 

is set several orders of magnitude higher than that of the surrounding materials, so that flow 

through waste packages is uninhibited. The waste package is given the thermal properties of 

stainless steel (Shelton 1934). These properties may be modified in the future for consistency with 

the DPC criticality consequence analysis modeling proposed by Price et al. 2019. 
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The salt reference uses a temperature-dependent waste-package degradation rate with a truncated 

log normal distribution on the base degradation rate such that 50% of waste packages breach within 

a few tens of thousands of years. See Mariner et al. (2016, Section 4.3.2.5) for a description of the 

implementation in PFLOTRAN.  

5.1.5 Crushed Salt Backfill  

The salt reference case assumes that disposal rooms and access halls are filled with run-of-mine-

crushed salt backfill. As summarized in Sevougian et al. (2012; 2013), crushed salt backfill is 

expected to have an initial porosity of approximately 0.35 (Rothfuchs et al. 2003), and 

correspondingly, permeability higher than and thermal conductivity lower than that of intact salt. 

Over time, it will consolidate to a state approaching that of intact salt (Hansen and Leigh 2011, 

Section 2.4.1.7), a process expected to be mostly complete within approximately 200 years 

(Clayton et al. 2012).  

Following the example of Sevougian et al. (2013), to assign properties to the consolidated backfill, 

the full-scale PA model assumes that the backfill will evolve similarly to a crushed-salt shaft seal.  

Porosity and permeability values can be drawn from the WIPP parameter database (Fox 2008), 

which lists two distributions for the porosity and permeability of the shaft seal component in the 

host rock (“the lower portion of the simplified shaft seal”), one distribution for the first 200 years 

after emplacement and one for 200-10,000 years after emplacement. The permeability is higher 

during the initial period, prior to consolidation. The reference case uses the values for the init ial 

200-year period, because shaft seal consolidation is enhanced at WIPP with the addition of 1 wt. 

% water (Hansen et al. 2012, Section 4.1.1), which might not be used in run-of-mine backfill. 

Backfill is assigned a porosity of 0.113 (Fox 2008, Table 19) and a permeability of 1018 m2 (Fox 

2008, Table 4).   

5.1.6 Shaft Seals 

Shafts will be sealed to prevent migration of water and radionuclides. Seals may be similar to those 

proposed for WIPP, consisting of clay, asphalt, concrete, and crushed salt components (James and 

Stein 2002).  Concrete, clay, and asphalt components are expected to provide an immediate barrier 

to fluid flow, while the crushed salt component is expected to provide a permanent barrier to flow 

after consolidation (DOE 2009, Section PA-2.1.3).  

The near-field repository model assumes shaft seal properties identical to those assumed for the 

crushed salt backfill (previous section). 

5.2 Geosphere/Natural Barriers 

Specific post-closure basis information related to the geosphere and natural barriers include: 

 Characteristics of the natural barriers (e.g., location, geologic setting) (Section 5.2.1) 

 Host rock characterization (Section 5.2.2) 

 Disturbed rock zone (DRZ) characterization (Section 5.2.3) 

 Characterization of additional geologic units (Sections 5.2.4 and 5.2.5) 
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5.2.1 Natural Barrier Characteristics 

Bedded salt formations, often hundreds of meters thick, form in near-shore and shallow-marine 

environments during cycles of marine transgression and regression.  In addition to beds of very 

low permeability and low porosity halite (the target for waste isolation), they may contain beds 

rich in other evaporite minerals (anhydrite, polyhalite), and carbonate and clastic (shale, sandstone) 

interbeds (Perry et al. 2014, Section 4.2.1).  The present concept for a mined repository in a bedded 

salt formation places the repository in a stratum of relatively pure halite (> 50%) at least 76 m 

thick.  Depth to top of the formation is between 305 m and 1067 m below land surface (Sevougian 

et al. 2012, Section 3.2.3), sufficiently deep to isolate the salt formation from surface processes, 

and shallow enough to make mining a repository technically feasible.  Regionally, the topographic 

slope is ≤ 1, providing little driving force for deep fluid flow.   

The reference repository site occurs in a geologically stable sedimentary basin with low 

probabilities of seismicity and igneous activity.  The bedded salt formation is expected to have a 

lateral extent of tens of thousands of square kilometers (Perry et al. 2014; Sevougian et al. 2012), 

more than sufficient for the establishment of a controlled area “no more than 5 kilometers in any 

direction from the outer boundary” of the repository as specified in 40 CFR 191.12 and 10 CFR 

60.2 (Sevougian et al. 2012).  The probability of human intrusion is reduced by siting the repository 

a sufficient distance from known geologic resources (other than the salt itself) such as extensive 

fresh water aquifers, ore deposits, fossil fuels, or high geothermal heat flux (which offers the 

potential for geothermal development). 

Large areas fitting the depth criteria occur in the Michigan and Appalachian Basins, the Permian 

Basin, and the Paradox Basin, as shown in Figure 5-1. Small areas of other basins fit the criteria 

as well. Salt formations in the Michigan, Appalachian, Permian, and Paradox Basins range in age 

from Silurian (444 to 419 Ma) to Permian (299 to 252 Ma) (Sevougian et al. 2012, Section 3.2.3.1). 

Measured heat flow in these locations is generally between 35 and 65 mW/m2 (Blackwell et al. 

2011), though it may be locally higher or lower. At repository depth, the host rock is saturated 

with brine (see Section 4.2.2.1). The driving force for regional flow at depth is assumed to be on 

the order of 0.001 m/m, as observed in deep sedimentary basins (e.g., Downey and Dinwiddie 

1988). 

The full-scale stratigraphic section consists of beds of halite and anhydrite, a fractured dolomite 

aquifer, which is assumed to provide a potential pathway for radionuclide release, mudstone, and 

siltstone (Figure 5-2). The repository-scale model looks only at the halite section and does not 

include the mudstone or siltstone layers. Properties of each material, including the undisturbed 

host rock (halite) and the disturbed rock zone (DRZ) created by mining, are described in the 

following sections. 
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Figure 5-1. Distribution and depth to top of salt formations in major sedimentary basins of the U.S.  Salt 

formations are labeled by name or by common reference and listed in stratigraphic order where more than 

one salt formation is present in a basin.  [Figure from Perry et al. (2014).] 

 
Figure 5-2. Generic stratigraphic column for salt reference case:  full-scale PA domain on the left, near-
field repository model domain on the right. The repository horizon, including the DRZ, is centered between 

the two thin beds of anhydrite at z = 600 m. 
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5.2.2 Halite Host Rock 

For the full-scale PA model, the depth to the top of the halite is 355 m, and the thickness of 

relatively pure halite is 845 m (255 m for the repository-scale model), defining the base of the 

relatively pure halite at the bottom of the model domain.  Within this thickness, two 1-m thick 

interbeds of anhydrite sandwich a 30-m thick repository horizon, which includes the DRZ. The 

repository in the near-field repository model is 10 m thick and does not include a DRZ. Halite is 

represented using permeability and porosity drawn from the WIPP parameter database. The WIPP 

database gives a cumulative distribution for halite porosity with a minimum of 0.001, median of 

0.01, and maximum of 0.0519 (Fox 2008; Freeze et al. 2013a; Sevougian et al. 2013; 2014; 

Mariner et al. 2015).  The near-field repository model uses the median value of 0.01. 

5.2.2.1 Chemical Environment 

Pore fluid chemistry will influence waste package degradation rate, waste form dissolution rate, 

and solubility and transport (diffusion and sorption) of dissolved radionuclides.  Pore fluid 

chemistry is site-dependent and may vary locally depending on composition and proximity of 

interbeds and impurities within the halite. Representative brine compositions from several salt 

formations are given in Table 5-4 (Sevougian et al. 2012, Table 3-2). Solubility is discussed in the 

following section. The salt reference case assumes no sorption in the halite as per Clayton et al. 

(2011) and does not account for the effects of pore water composition on radionuclide diffusion 

rates. Waste package degradation and waste form dissolution are discussed in Section 5.4.2.5. 

Table 5-4. Representative brine compositions for the salt reference case (Sevougian et al. 2012) 

Description 
Concentration (mg/l) 

pH SG 
Na+ K+ Mg2+ Ca2+ SO4

2  Cl  C 
1. ONWI Composite Permian 

Brine (Molecke, 1983) 
123000 39 134 1560 3197 191380 30 7.05 NR 

2. WIPP Generic Brine A 
(Molecke, 1983) 

42000 30000 35000 600 35000 190000 700 6.5 NR 

3. WIPP Generic Brine B 

(Molecke, 1983) 
115000 15 10 900 3500 175000 700 6.5 NR 

4a. WIPP GWB Salado (DOE 

2009, App. SOTERM) 
81150 18260 24790 560 17000 207750 NR NR 1.2 

5a. WIPP ERDA-6 Castile (DOE 
2009, App. SOTERM) 

111960 3790 460 480 16330 170170 980 6.17 1.22 

6. MCC Brine (Molecke, 1983) 35400 25300 29600 NR NR 164000 NR 6.5 NR 

7. German Quinare Brine Q 
(Molecke, 1983) 

6500 29000 85000 NR 13000 270000 NR NR NR 

8.  Michigan Basin Devonian Brine 
(Wilson and Long 1993) 

12400-
103000 

440-
19300 

3540-
14600 

7390-
107000 

0-1130 
120000-
251000 

NR 
3.5-
6.2 

1.136-
1.295 

9. Paradox Formation Brine-Moab 

Region (DOE 2007) 

9800-

25966 

23400-

41957 

21000-

47789 

34000-

65800 

80-

1800 

29800-

259106 
NR 

4.8-

6.0 
NR 

10b. Paradox Basin Mississippian 
Formation (Garrett 2004; 

Mayhew and Heylmun 1966) 

132000-

168000 
NR 

324-

9000 

288-

14400 

2160-

8800 

183600-

264000 
NR 

4.6-

6.7 
NR 

11b. Paradox Basin Paradox 
Formation (Garrett 2004; 

Mayhew and Heylmun 1966) 

26640-

119880 

25680-

63000 

5160-

39480 

6036-

51240 

306-

5268 

145080-

260640 
NR 

4.9-

6.2 
NR 

a. Brines 4 and 5 are now considered more representative of WIPP conditions in recent performance assessment calculations 
than Brines 2 and 3 (DOE 2009, App. SOTERM, Table SOTERM-2, 
http://www.wipp.energy.gov/library/CRA/2009_CRA/CRA/Appendix_SOTERM/Appendix_SOTERM.htm . 

b. Converted from ppm assuming an average brine density of 1.2 g/cc. 

http://www.wipp.energy.gov/library/CRA/2009_CRA/CRA/Appendix_SOTERM/Appendix_SOTERM.htm
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5.2.2.2 Solubility 

Both models apply element solubility limits calculated for a concentrated, reducing brine (Clayton 

et al. 2011; Wang and Lee 2010) to the entire model domain. The original authors (Wang and Lee 

2010) described solubility limits in terms of triangular distributions (Table 5-5). The current 

iteration of the reference case uses the mode of each of these distributions. 

Assuming that no fractionation of isotopes occurs between the liquid and solid phases, the 

solubility limit of a given isotope (e.g., 238Pu, 239Pu, 240Pu, or 242Pu) in the transport domain of a 

cell can be calculated by multiplying the element solubility limit by the isotope’s element mole 

fraction in the transport domain (e.g., 238Pu/PuTotal) (Mariner et al. 2016, Section 3.2.4). 

Table 5-5. Element solubility calculated at T = 25C in concentrated brine (Wang and Lee 2010 as cited 

in Clayton et al. 2011). 

Element 
Distribution 

Type 
Dissolved Concentration (mol kg1) 

  Min Mode Max 

Am Triangular 1.85  107 5.85  107 1.85  106 

Np Triangular 4.79  1010 1.51  109 4.79  109 

Pu Triangular 1.40  106 4.62  106 1.53  105 

Sn Triangular 9.87  109 2.66  108 7.15  108 

Tc Log-triangular 4.56  1010 1.33  108 3.91  107 

Th Triangular 2.00  103 4.00  103 7.97  103 

U Triangular 4.89  108 1.12  107 2.57  107 

Cs, Cl, I N/A Unlimiteda 

a Assumed by Clayton et al. (2011). 

5.2.3 Disturbed Rock Zone (DRZ) 

The DRZ is defined as the portion of the host rock adjacent to the engineered barrier system that 

experiences durable (but not necessarily permanent) changes due to the presence of the repository 

(Freeze et al. 2013b). The DRZ is expected to have elevated permeability and porosity with respect 

to the properties of the host rock matrix due to the changes in stress induced by mining. For the 

full-scale PA model, the lateral extent of the DRZ within the repository is assumed to be equal to 

half the width of a room (or hall).  Vertically, the DRZ extends to the thin (1-m-thick) anhydrite 

interbeds above and below the repository (a total thickness of 30 m). The simulations will include 

a 5-m-thick DRZ surrounding each 5-m-wide shaft. Within the halite, DRZ permeability and 

porosity are based on values in the WIPP parameter database: 0.0129 for porosity and 1.121016 

m2 for permeability, which is the mean of a log uniform distribution with a range of 1019.4 to 

1012.5 m2 (Fox 2008; Freeze et al. 2013a; Sevougian et al. 2013; 2014; Mariner et al. 2015). The 

shaft DRZ is continuous from the repository to the top of the model. Where it crosses overlying 

units, its permeability is set one order of magnitude higher than that of the adjacent unit. 

As mentioned above, the near-field repository model does not include DRZs. 
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5.2.4 Anhydrite 

Anhydrite beds and interbeds are more permeable than the surrounding halite.  Near the repository, 

they may become fractured as a result of the excavation, and therefore serve as potential pathways 

for radionuclide transport. Both models assume 1-m-thick anhydrite interbeds located immediately 

above and below the repository (above and below the repository DRZ for the full-scale PA model). 

On the basis of parameters used to characterize WIPP, anhydrite porosity is assumed to be 0.011.  

Log permeability (m2) in the deterministic simulation is assumed to be 18.9 (permeability = 

1.26×1019 m2), which is the mean of a Student-t distribution with a range of 21.0 to 17.1 (Fox 

2008; Freeze et al. 2013a; Sevougian et al. 2013; 2014; Mariner et al. 2015). 

The near-field repository model simulates radionuclide sorption in anhydrite using linear 

distribution coefficients (Kds) compiled in Clayton et al. (2011), as shown in Table 5-6.  Kd values 

for the halite, backfill, and waste package will be updated for the September 27, 2019 milestone, 

entitled GDSA Repository Systems Analysis FY19 Update (M3SF-19SN010304052). 

Table 5-6. Kds (compiled in Clayton et al. 2011) for the materials included in the near-field repository 

model. 

Element 
Kd [kg H2O/ m3 bulk] 

Halite Dolomite Anhydrite Backfill 
Waste 

Package 

Am 0.0 5.10e5 1.53e5 0.0 0.0 

Cm 0.0 0.0 0.0 0.0 0.0 

Cs 0.0 3.69e6 2.58e4 0.0 0.0 

I 0.0 1.22e5 9.62e0 0.0 0.0 

Np 0.0 2.44e5 1.35e4 0.0 0.0 

Pu 0.0 1.22e7 2.09e5 0.0 0.0 

Ra 0.0 0.0 0.0 0.0 0.0 

Tc 0.0 1.22e5 2.45e3 0.0 0.0 

Th 0.0 1.30e7 1.35e6 0.0 0.0 

U 0.0 2.43e4 1.47e3 0.0 0.0 

5.2.5 Fractured Dolomite Aquifer 

The near-field repository model assumes a 15-m-thick aquifer, embedded directly in the halite. 

The full-scale PA model separates the dolomite from the halite by 15-m thick layers of mudstone, 

below a top siltstone formation (Figure 5-2). Aquifer properties are based on those of the Culebra 

dolomite, which occupies a similar stratigraphic position above the Salado halite at the WIPP site 

(DOE 2014).  In deterministic simulations, aquifer porosity and permeability are derived from 

those of the Culebra (0.15 and 1013 m2, respectively; Fox 2008; Freeze et al., 2013a; Sevougian 

et al., 2013; 2014; Mariner et al., 2015).  

The near-field repository model simulates sorption in the aquifer using radionuclide Kds compiled 

in Clayton et al. (2011) (Table 5-6). 

5.3 Biosphere 

Dose to the biosphere is not addressed in the near-field repository model and thus is not discussed 

here. It will be part of the full-scale PA model and will be addressed in the September report. 
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5.4 Post-Closure Performance Assessment Model  

5.4.1 Conceptual Model 

The conceptual framework for the salt reference case is similar for both the full-scale and the near-

field repository models and focuses on the components of the engineered barrier, the natural 

barrier, and the biosphere (for the full-scale model only) in the undisturbed scenario. Key 

characteristics of, and processes occurring in the components of each system, are summarized in 

Table 5-7, taken from Mariner et al. 2016 and Sevougian et al. 2016.  The primary performance 

metric for the near-field repository model is maximum radionuclide concentration rather than dose  

Table 5-7. Conceptual representation of key components in PA. 

Region Component Key characteristics Key processes included in PA 

Engineered 
Barrier 

Waste Form Commercial SNF (UO2) 
Radionuclide decay, instant release 
fraction, waste form dissolution 

Waste Package Stainless steel Degradation and breach 

Natural Barrier 

Halite 
Low permeability, high heat 
conductance 

Radionuclide advection, diffusion, 
sorption, decay 

DRZ Enhanced permeability 
Radionuclide advection, diffusion, 

sorption, decay 

Dolomite Aquifer 
High permeability, potable 
water 

Radionuclide advection, diffusion, 
sorption, decay 

Biosphere Regional Flow 
Regional flow in aquifer to 
model boundary 

Radionuclide advection, diffusion, 
sorption, decay 

Processes accounted for in the conceptual model include waste package degradation, waste form 

(UO2) dissolution, equilibrium-controlled radionuclide sorption and precipitation/dissolution, 

radioactive decay and ingrowth in all phases (aqueous, adsorbed, precipitate), coupled heat and 

fluid flow, and radionuclide transport via advection and diffusion. Mechanical dispersion is 

conservatively neglected in this iteration of the salt reference case. Including it would result in 

earlier arrival of radionuclides at observation points, but lower peak concentrations. 

5.4.2 Numerical Implementation 

For this report, the near-field, repository model establishes model control parameter values to 

maximize computational performance and accuracy for the full-scale model. For September, the 

PA simulations will comprise one full-scale deterministic simulation and a suite of 50 probabilistic 

simulations. The unstructured mesh of the full-scale model was gridded with Cubit (Blacker et al. 

2016). Probabilistic inputs for the simulations will be prepared using Dakota’s Latin Hypercube 

Sampling (LHS) capability. Both models simulate flow and transport with PFLOTRAN 

(Hammond et al. 2014). 

5.4.2.1 Model Domain and Discretization 

Two model domains were gridded, the near-field repository model and the full-scale PA model. 

The near-field model assumes a small, mined repository 600 m below the land surface, accessed 

by a single vertical shaft, and containing 170 MTHM of commercial SNF in 24-PWR waste 

packages and another 173 MTHM in 37-PWR waste packages. This inventory is accommodated 

with fifteen 24-PWR waste packages and ten 37-PWR waste packages in five 175-m long 

emplacement drifts (three drifts contain 24-PWRs and two contain 37-PWRs).  Each drift, 

regardless of package type, contains five waste packages emplaced lengthwise and spaced 30 m 
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center-to-center. A 25-m long seal is placed at either end of each emplacement drift. Drifts are 

10.0 m wide and 10.0 m tall, which is larger than the full-scale PA model but is necessary to 

accommodate the larger scale structured grid. The drifts are spaced 30 m center-to-center, which 

results in ~11 W/m2 peak heat production, after aging. The domain is 240 m  275 m  255 m 

(X  Y  Z) in size, split into 53  55  54 grid cells (157,410 total grid cells) that vary in width 

but are limited to a maximum of 5 m. Figure 5-3. is a full block and X-Y cross section through the 

repository that shows the access halls, drifts, waste packages, shaft, and the anhydrite layers. 

Figure 5-4 shows similar cuts in the X-Z and Y-Z orientations. 

  

Figure 5-3. Repository-scale full domain (left) and X-Y cross section showing the various material types in 

the model. Drifts are numbered left to right (north to south) 1 to 5 and waste packages are numbered bottom 

to top (west to east) 1 to 5 (e.g., waste package 2_3 is the third waste package in the second drift). 

 

Figure 5-4. Cross-sections in the X-Z (left) and Y-Z (right) planes through the repository-scale model 

domain. 

The full-scale PA grid also assumes mined repository 600 m below the land surface, accessed by 

six vertical shafts, and containing 34,968 MTHM of commercial SNF in 24-PWRs and another 

34,780 MTHM in 37-PWRs. This inventory is accommodated with 3100 24-PWR waste packages 

and 2000 37-PWR waste packages in 102 emplacement drifts 1525-m in length (62 drifts contain 

24-PWR packages and 40 contain 37-PWR packages). Each drift, regardless of package type, 

contains 50 waste packages emplaced lengthwise and spaced 30 m center-to-center. A 25-m long 
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seal is placed at either end of each emplacement drift. Drifts are 5.0 m wide on all sides and are 

spaced 30 m center-to-center, which results in ~11 W/m2 peak heat production, after aging.  

The half-symmetry model domain is 2250 m in width (Y; east-west), 1200 m in height (Z; 

elevation), and 7155 m in length (X; north-south). The X domain is long enough to place an 

observation point 5000 m down gradient from the edge of the repository (regional flow is north to 

south). The default grid size for most of the domain is 15 m in each direction, which is refined to 

5 m per side in the repository area, and 5/3 m per side in the drifts. The grid consists of 9,156,747 

elements and 9,313,850 nodes. 

 

Figure 5-5. Full-scale PA model grid showing the repository and shafts in relation to the dolomite aquifer 

and anhydrite layers. 

5.4.2.2 Initial Conditions 

For the full-scale PA, initial conditions specified are pressure, temperature, and radionuclide 

concentrations. Initial pressures and temperatures throughout the model domain are calculated by 

applying a liquid flux of 0 m/s and an energy flux of 60 mW/m2 to the base of the domain and 

holding temperature (10C) and pressure (approximately atmospheric) constant at the top of the 

domain and allowing the simulation to run to 106 years. Pressure at the top of the domain decreases 

from north (left) to south (right) with a head gradient of 0.0013 (m/m). This technique results in 

initial conditions that represent a geothermal temperature gradient and hydrostatic pressure 

gradient in the vertical direction, and a horizontal pressure gradient that drives flow from north to 

south. Simulations include the 18 radionuclides listed in Section 5.1.2.  Initial concentrations of 

all radionuclides in all cells are 1020 mol/L.  

The near-field repository model is similar to the full-scale PA except that the bottom boundary is 

set to no-flux and the temperature is set at a constant 25C. 

5.4.2.3 Boundary Conditions 

Boundary conditions must be set for the six faces of the model domain. For both the full-scale PA 

model and the near-field repository model, fluxes of heat, fluid, and solute are set to zero at the 

west face of the model domain, creating a reflection boundary. At all other faces, initial pressures 
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and temperatures are held constant, with a pressure gradient of 0.0013 m/m between the north 

and south faces. Radionuclide concentrations are held such that any fluid entering the model 

domain contains 1020 mol/L of each radionuclide, while fluid exiting the model domain carries 

ambient concentrations. Diffusive flux across outflow boundaries is disallowed by specifying a 

zero-concentration gradient.  

5.4.2.4 Waste Package Heat Sources 

Each waste package is modeled as a transient heat source. The energy (watts per waste package) 

entering the model domain is updated periodically according to values in a lookup table that is 

generated from the inventory in Carter et al. (2013, Table C-1). To keep the initial heat-load 

consistent between the 24-PWR packages and the 37-PWR packages, the inventory in the 24-PWR 

canisters is assumed to be 50 years OoR with a burn-up of 40 GWd/MTHM while that in the 37-

PWR canisters is assumed to be 100 years OoR with a burn-up of 60 GWd/MTHM. This results 

in initial heat generation of 7058 W for the 24-PWR packages and 8810 W for the 37-PWR 

packages. Between times specified in the lookup table, the energy input is linearly interpolated. A 

plot of the heat generation decay for each canister type is shown in Figure 5-6. 

 

Figure 5-6. Plot of heat generation over time for the PWR-24 and PWR-37 canisters. 

5.4.2.5 Waste Package Breach and Radionuclide Source Term 

The waste package degradation model implemented in PFLOTRAN (Mariner et al. 2016, Section 

4.3.2.5) calculates normalized remaining canister thickness at each time step as a function of a 

base canister degradation rate, a canister material constant, and temperature. Waste package breach 

occurs when this thickness reaches zero. Deterministic simulations assign a base canister 

degradation rate for each waste package by sampling on a truncated log normal distribution with 

a mean of 104.5/yr, a standard deviation of 0.5 (log units) and an upper truncation of 3.0 (log 

units). The mean and standard deviation parameter values used in these simulations are 

placeholders used to approximate the conceptual timeline for waste package failure as presented 

in Wang et al. (2014, Figure 2-19), where the waste package failure period extends from 104.3 to 

106.5 yr, while also including heterogeneity across waste packages. Mechanistic models and 

appropriate data are needed for robust simulation of waste package degradation under predicted 

environmental conditions. 
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PFLOTRAN calculates the decayed radionuclide inventory in each waste package region at each 

time step. From the time of waste package breach, the waste form releases radionuclides in two 

fractions: instant-release and slow-release. The instant-release fraction is due to the accumulation 

of certain fission products in void spaces of the waste form and occurs at the time of waste package 

breach. The salt reference case assumes a non-zero instant-release fraction for 135Cs, 129I, 99Tc, and 
36Cl (Johnson et al. 2005) and zero for all other radionuclides in the simulations. The slow-release 

fraction is due to fuel matrix (UO2) dissolution, which is modeled using a fractional dissolution 

rate of 107/yr starting from the time of waste package breach. This rate is the mode of a log 

triangular distribution appropriate for fuel 3,000 – 10,000 years OoR and strongly reducing 

conditions – for a complete discussion refer to Sassani et al. (2016, Section 3.2.1). Probabilistic 

simulations sample on the waste form dissolution rate over the range 108/yr to 106/yr but simplify 

the distribution to log uniform rather than log triangular. This distribution is identical to that used 

in the most recent generic crystalline repository PA (Mariner et al. 2016).  

Dissolution rates for the near-field repository model set to 1106 / day. for both waste forms. 

5.4.2.6 Material Properties 

Material properties for the full-scale PA model are not yet finalized and thus are not reported here. 

For the near-field repository model, the material properties are listed in Table 5-8. 

Table 5-8. Parameter values used in deterministic simulations. [Compiled from Fox 2008; Freeze et al. 

2013a; Sevougian et al. 2013, 2014; Mariner et al. 2015.] 

Model 
Region

Permeability 
(m2)

Porosity 

 

Tortuosity 
 

Effective 
Diffusion 

Coefficient1 
(m2/s) 

Saturated 
Thermal 

Conductivity 
(W/m/K) 

Heat 
Capacity 
(J/kg/K) 

Grain 
Density 
(kg/m3) 

Halite 3.16 × 10-23 0.01 1.0 1.0 × 10-11 5.0 880 2180 

Dolimite 1.00 × 10-13 0.15 0.11 1.65 × 10-11 1.4 920 2820 

Anhydrite 1.26 × 10-19 0.011 0.20 2.2 × 10-11 1.4 890 2700 

Backfill 1.00 × 10-18 0.113 0.20 2.6 × 10-11 1.4 880 2180 

Waste 
Package 

2.40 × 10-14 0.50 1.0 5 × 10-10 16.7 466 5000 

1 Effective diffusion coefficient = 𝐷𝑤𝜙𝜏𝑠, where the free water diffusion coefficient (Dw) = 1 x 10-9 m2/s (Li and Gregory 
1974) and saturation (s) = 1 

5.5 PA Simulation Results for the Near-Field Repository Model 

The near-field repository model results presented here are preliminary and are meant to verify the 

model set-up and parameter settings. As such, these results will change and will be included with 

the full-scale PA simulations for the September 27 M3 deliverable. To examine the results, we 

look at temperature and select radionuclide concentrations at various points in the domain, 

including the waste packages themselves and the aquifer. 

Figure 5-7 shows the observation points monitored for the simulation in relation to the repository 

layout. The EstObs, SthObs, WstObs, and NthObs exist at both the repository and aquifer elevation 

and are distinguished below using ‘_repo’ or ‘_aq’ suffixes (e.g., EstObs_repo is in the repository). 

The star labeled ‘Top/Bot’ are points at the indicated x-y location on the top and bottom face, 

respectively. The ‘a’ and ‘d’ ‘D’ points are centered between drifts 1 and 2 and 3 and 4 at the 
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repository elevation and are averaged to get the centerline value. As a reminder, there is an 

approximate 0.0013 groundwater pressure gradient from north to south. 

 

Figure 5-7. Plan view of the observation points referenced in the results sections below. The EstObs, 

SthObs, WstObs, and NthObs exist at both the repository and aquifer elevation. Top/Bot refers to the x-y 

position of observation points on the top and bottom faces. The ‘a’ and ‘b’ ‘D’ points between the drifts are 

at the repository elevation and are averaged to get the centerline value. 

5.5.1 Temperature and Flow Fields 

The initial temperature across the entire repository is 25C. The waste packages heat up and 

dissipate relatively quickly, with peak temperatures reached by the 24-PWR waste packages and 

37-PWR packages between the second and third year. For both canister sizes, they are within 10% 

of the initial temperature after 50,000 years. The 24-PWR packages reach an average peak of about 

300C while the 37-PWR packages peak are about 360C.  Both temperatures are well above the 

defined limit of 200C and are likely caused by the mis-match between the canister size and the 

grid spacing. Figure 5-8 shows the plots of temperature over time for the middle waste package 

(WP #3) in each drift (left plot) and for the cell immediately downgradient of the waste package 

(right plot). There is a clear difference between the heat generated by the 37-PWR packages and 

that of the 24-PWR packages, although both cool down to nearly the same value after 50,000 years. 

Also note how the relative temperature of the adjacent cells increases in the downgradient 

direction, except for Drift 5, which is along the repository boundary. 
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Figure 5-8. Waste package temperature versus time (left plot) and cell temperature for the cell immediately 

downgradient of the waste package (right plot) for the third (middle) waste package in each drift. 

Figure 5-9 shows the temperatures at the various observations points, which appear to be behaving 

as expected. Temperatures along the southern boundary of both the repository and the aquifer are 

higher than any of the other boundaries due to the north to south regional flow. The eastern 

boundary is warmer than the western boundary, mainly because the western boundary is twice the 

distance from the repository than the eastern boundary. Likewise, the temperature on the bottom 

face of the domain is higher than the top, due to it being closer to the repository and the fact that 

the higher permeability aquifer is between the repository and the top of the model domain. 

Temperatures at the centerline between Drifts 3 and 4 are higher than the centerline between Drifts 

1 and 2 since Drift 4 contains the hotter PWR-37 waste packages. 

One anomaly that is not yet clear as of this writing is the relatively high temperatures along the 

northern boundary. Examination of the transport plots below indicate that there may be a density 

flow effect that is causing warmer water from the repository to be forced up-gradient by cooler 

water from the boundary. This may be an artifact of the proximity of the boundary condition, which 

should theoretically not be an issue in the full-scale model. 

5.5.2 Waste Package Breach 

The near-field repository model simulates just 25 waste packages so a full statistical analysis of 

waste package breaching is not relevant; however, it is still useful to examine the rate of breaching 

over time.  Over the 50,000-year simulation period, approximately 64% of the waste packages 

have been breached, 73% of the PWR-24 waste packages and 50% of the PWR-37 waste packages. 

Figure 5-10 shows a plot of the total percent of waste packages breached along with a fitted 

exponential model. Extrapolating the model forwards indicates that all the waste packages should 

be breached after about 90,000 years.  
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Figure 5-9. Plots of temperature over time at the various observation points. [See Figure 5-7 for the 

observation point locations.] 

5.5.2.1 Radionuclide Transport 

To investigate radionuclide transport, 237Np is considered, since it is relatively persistent over the 

50,000-year simulation period.  Figure 5-11 shows the molar 237Np concentration at three different 

times; 1000 years (upper left), 10,000 years (upper right), and 50,000 years (bottom left and right). 

At 1000 years, only one waste package has been breached, which is clearly evident in the figure. 

At 10,000 years, three waste packages have been breached, which is also evident. At 50,000 years, 

the spread of 237Np covers nearly all the repository, despite only 64 % of the waste packages being 

breached. Evidence for the density can be seen in the 50,000-year plan view (bottom right) where 

a ‘tongue’ of water from the repository has moved towards the northern border (towards the left 

in the figure) as cooler water from the boundary pushes itself into the repository. The plan view 

plot also shows transport through the higher permeability backfilled access halls. 
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Figure 5-10. Percentage of the waste packages breached over time along with a fitted exponential model of 

the breach rate. 

 

 

Figure 5-11. The concentration of 237Np [M] at 1,000 (upper left), 10,000 (upper right), and 50,000 (lower 

left) years. The lower right plot shows a plan view of the 237Np concentrations at 50,000 years at the 

repository elevation underlaid by a map of the repository. Transport along the drifts and halls is readily 

apparent at 50,000 years. 
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Figure 5-12 shows two cross sections looking from the northwest corner towards the southwest for 
237Np and 135Cs along a y-plane through Drift #3 and along an x-plane through the shaft. The 

presence of both nuclides is evident in the aquifer and shaft. The importance of the access hall to 

transport is seen in the 135Cs plot as evidenced by its red color on the x-plane cross section. The 

contamination in the aquifer appears to mainly come from vertical movement above the repository 

for 237Np whereas the transport mechanism for 135Cs to the aquifer is through the access halls and 

shaft. This is due to the higher Kd value for 135Cs in the anhydrite, which slows its vertical transport 

as compared to the 237Np. 

 

 
Figure 5-12. Cross-sections through the middle of Drift #3 in the repository along the y-plane, and through 

the middle of the shaft along the x-plane for 237Np (left) and 135Cs (right). 

5.6 Bedded Salt Reference Case Conclusions and Future Work 

The work presented here is preliminary and meant to be a precursor to the full-scale salt reference 

case to be reported in the September 2019 M3 deliverable. The near-field repository model 

provides expected results for its 50,000-year simulation and provides confidence that the 

repository conceptual model and numerical design will be suitable for the full-scale PA 

simulations. However, several important steps need to take place before those simulations can 

occur: 

1. Expand the near-field repository model to include coarse-grid far-field boundaries to 

remove boundary influences on the repository. Right now, the near-field model assumes 

constant pressure and constant temperature boundary conditions, which is impacting the 

results. Understanding the influence of the boundary conditions will be important. 

2. Reconcile parameter values to represent the current state-of-the-art. Currently, 

parameterization has built upon the lineage of past studies but did not adequately consider 

conflicting values and/or conceptualizations. While much of this reconciliation will be 

addressed through the upcoming probabilistic simulations, we want to ensure that 

parameter values agree, to the best that we can, with the most current estimations. 

3. Determine the cause of the high temperatures in the waste packages. This may or may not 

be a modeling artifact but as of this writing, the cause is not clear. 
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4. Examine flow paths and fluid velocities more carefully, which was not done as part of this 

milestone. This will have an impact on both model set-up and computational efficiency 

and will help determine the impact of density flows, as theorized above, on the spread of 

radionuclides and to what extent the boundary conditions are impacting transport.  
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6 SHALE REFERENCE CASE UPDATE 

This section describes updates to the generic shale reference case reported in Mariner et al. (2017).  

Section 6.1 discusses progress on modeling and software for a generic shale Geologic Framework 

Model, including the geologic and hydrologic features represented in the initial shale GFM.  

Section 6.2 shows a fine-scale (i.e., high resolution grid) for the EBS, developed for the eventual 

goal of showing how processes at this scale can be coupled to a coarser-scale PA grid.  Finally, 

Section 6.3 reports progress on developing a full-scale generic shale host rock repository 

containing 24-PWR and 37-PWR DPC-canisterized commercial SNF, which will be an update to 

Mariner et al., 2017 and will be reported on more completely in M3SF-19SN010304052, GDSA 

Repository Systems Analysis FY19 Update. 

A conceptual model of the Natural Barrier System (NBS) for the shale reference case was 

presented by Perry and Kelley (2017) and Mariner et al. (2018) based on the geology and geologic 

setting of the Pierre Shale in the Northern Great Plains Province of the north-central U.S. Several 

of the key points of the shale conceptual model are summarized here. 

The Pierre Shale was chosen as the basis of the shale conceptual model due to its large areal extent, 

thickness (>400 meters), accessible depth, stable tectonic history and desirable mechanical and 

hydrologic properties (Perry and Kelley 2017). The Pierre Shale is near the top of a thick sequence 

(>1km) of sedimentary rocks dominated by marine shales in the upper part and sandstones and 

limestones in the lower part. The regional evaluation of the Pierre Shale provided a reference 

stratigraphy and hydrologic properties of the sedimentary units based on the stratigraphic column 

of the region (Perry and Kelley 2017). 

Based on properties of the Pierre Shale, the generic shale host rock is conceptualized as a sealing 

shale, i.e., a shale with high clay content, low permeability, and low compressive strength (Bourg 

2015). Shales under consideration for nuclear waste repositories and carbon capture and disposal 

fall in the category of sealing shales, while shales that are hydraulically fractured for oil and gas 

extraction have distinctly different properties and can be categorized as brittle shales (Bourg 2015).  

The relationship between the clay content of shales and their hydrologic/mechanical properties are 

summarized by Perry and Kelley (2017) and Mariner et al. (2018). The Pierre Shale is typically 

comprised of 65 to 85% clay minerals (best estimate 70%) and has a porosity between 0.09 and 

0.33 (best estimate 0.21) (Nopola 2013). Permeability calculated from laboratory measurements, 

borehole tests, and regional-scale flow models falls between 10-21 and 10-19 m2 (Neuzil 1993; 

Neuzil 1994; Konikow and Neuzil 2007), although the permeability of individual samples (Neuzil 

1986) and estimates of regional permeability based on the assumption of permeable faults can be 

higher (Bredehoeft et al. 1983). The compressive strength of the shale is =17 MPa (Gonzalez and 

Johnson 1985), and fractures induced by mining can be expected to self-heal within 20 years 

(Nopola 2013). Due to the high clay content, thermal conductivity is low – regional heat flow 

models assume a saturated thermal conductivity of 1.2 W/m/K (Forster and Merriam 1997).  

The permeability of shale may be scale-dependent due to regional fracture networks (Bredehoeft 

et al. 1983; Neuzil, 1986, 1993, 1994). From numerical simulations of the regional flow system in 

the Northern Great Plains, Bredehoeft et al. (1983) concluded that vertical leakage from the Dakota 

Sandstone into the overlying Cretaceous shale units constituted the dominant flow in the overall 

groundwater system. The hydraulic conductivity of the shales (i.e., the Pierre Shale) estimated 

from the simulations indicate a regional-scale permeability on the order of 10-16 m2, which is 

several orders of magnitude higher than permeabilities estimated from laboratory and borehole 
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tests reported in the same report. The higher permeability estimated at the regional scale suggested 

to Bredehoeft et al. (1983) that flow in the shale was primarily through vertical fractures, while 

permeabilities measured at smaller scales represented intact shale. 

Neuzil (1993, 1994) pursued the question of the scale-dependent permeability in shales, and, for 

the case of the Pierre Shale, the relationship between low permeability, fractures, and the ability 

of the shale to preserve anomalously low fluid pressures.  Neuzil (1993) measured low fluid 

pressures within the formation interior that he concluded were created by erosion and rebound of 

the Pierre Shale. The geologic forcing was rapid relative to the time required for fluid pressures to 

re-equilibrate (i.e., return to steady state flow) within the low-permeability shale, allowing 

preservation of low fluid pressures. With this model, Neuzil (1993; 1994) was able to reconcile 

the apparent discrepancy in permeabilities estimated at the large (regional) and small scale. He 

concluded that a system of sparse transmissive fractures (spacing of greater than a few kilometers) 

could account for higher (10-16 m2) regional permeabilities (scale >100 km) while allowing lower 

permeabilities to be preserved in intervening and unfractured large blocks. If this concept is 

correct, it would be desirable to site a repository within a large block that has preserved low fluid 

pressure (i.e., inward flow) over long time periods (Neuzil 1994). On this same topic, Neuzil 

(2015) observed that formations with pressure anomalies (either low or high) have smaller ratios 

of permeability to formation thickness compared to formations with no pressure anomalies. In 

other words, formations with low permeability can maintain pressure anomalies over length scales 

(formation thickness) that a formation with higher permeability could not. From this relationship, 

Neuzil (2015) concluded that the presence of pressure anomalies within shale indicate a sizeable 

volume of low permeability rock where transport is dominated by diffusion rather than fracture 

flow. This conclusion has implications for siting of a repository within a thick and really extensive 

shale body. 

6.1 Geologic Framework Model for the Shale Reference Case 

The purpose of this section is to describe the methods used to develop a Geologic Framework 

Model for a representative shale environment and to briefly describe the geologic and 

hydrogeologic features represented in the GFM.  A full discussion of the geology and 

hydrogeology of the region represented by the GFM and the implications for the shale conceptual 

model is left to a later report.   

Shale has been evaluated as a potential geologic media for HLW disposal in the U.S. for more than 

four decades (e.g., Shurr 1977; Hansen et al. 2010; Perry and Kelley 2017). Several studies have 

focused on the Pierre Shale in the Northern Great Plains province as a potential host rock because 

of characteristics considered favorable to repository siting.  These characteristics include a stable 

tectonic environment, large aerial extent, accessible depth, adequate thickness, high clay content, 

and an overall lack of natural resources that could lead to human intrusion (Perry and Kelley 2017). 

Construction of the GFM is the first step in developing a workflow that consists of constructing 

the GFM, exporting the relevant features of the GFM for meshing, and using the mesh for flow 

and transport modeling in PFLOTRAN. This discussion focuses on the mechanics of creating the 

GFM as the first step of the workflow. The shale GFM described here represents a relatively simple 

geologic environment of a horizontally layered sedimentary rock sequence consisting 

predominantly of shale formations interbedded with limestone and sandstone formations. 
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A second goal of the GFM development is to determine the extent to which a GFM can be 

developed using publicly available data. This would be relevant for a future site screening and site 

evaluation process where existing geologic and hydrologic information would be integrated for 

assessing and screening alternative candidate sites. At the site characterization stage, new data 

would be collected and incorporated into the GFM.  

6.1.1 Development of the GFM 

Modeling of a shale reference case benefits from representing a realistic geological environment 

(the NBS). Regional assessments of the Pierre Shale have shown it has many characteristics 

considered desirable to host a HLW repository (Shurr 1977; Gonzales and Johnson 1985; Perry 

and Kelley 2017). Once the decision was made to base the GFM on the Pierre Shale and its 

geologic and hydrologic environment, the following steps were used to develop the GFM: 

1. Define the GFM domain based on an understanding of the regional geologic and 

hydrogeologic setting.  

2. Identify available data that will be used to construct the initial GFM. 

3. Define the stratigraphic column that will be represented in the GFM based on the known 

stratigraphy of the region and the availability of information contained in borehole logs. 

4. Import a digital elevation model (DEM) that represents the land surface and the upper 

surface of the GFM.  

5. Import borehole data into the GFM software and evaluate alternative interpolation methods 

to represent the upper and lower surfaces of geologic formations. 

6. Calculate the geometry of the GFM based on the preferred interpolation method for 

representing formation surfaces.  

7. Evaluate the results of the 3D stratigraphic model using 3D block diagrams and 2D cross-

sections to compare with established information on regional geology. 

8. Evaluate how features of the GFM (surfaces or volumes) can be exported for mesh 

generation. 

The shale GFM was developed using RockWorks17® software (Rockware Inc., 

www.rockware.com), which allows import and management of borehole logs, interpolation of 

formation surfaces, modeling of stratigraphy and other geologic features and 2D/3D visualization 

of models. 

6.1.2 Defining the GFM domain 

The area chosen for the GFM is based on formation thickness and depth data presented in Perry et 

al. (2014) and Perry and Kelley (2017). We focused on areas where the Pierre Shale has a thickness 

of at least 400-500 meters and where the top is at or near the surface, allowing construction of a 

HLW repository in a depth range of approximately 300-500 meters. The region represented by the 

GFM is in the northern Great Plains Province of the north-central U.S. and to the northeast of the 

Black Hills uplift (Figure 6-1). The Black Hills uplift, which dominates the hydrologic processes 

of the region, is one of several uplifts that formed near the easternmost margin of the Laramide 

Orogeny that formed the Rocky Mountains. 

http://www.rockware.com/
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Paleozoic and Mesozoic sedimentary rocks ramp up towards the Black Hills in the southwest area 

of the GFM and dip generally to the north towards the Williston Basin and away from the Black 

Hills uplift (Driscoll et al. 2002). The upper part of the stratigraphic column in the region consists 

of upper Cretaceous sandstones and shales (including the Pierre shale near the top of the section), 

lower Cretaceous sandstones (a regional aquifer), and Jurassic through Triassic shales and 

sandstones (Driscoll et al. 2002; Fahrenbach et al. 2010; Table 6-1). The lower part of the section 

consists of Paleozoic limestones and sandstones (Table 6-1). 

 

Figure 6-1. Location of the GFM and boreholes used as data inputs. [The surface geology of the GFM 

region is from Martin et al. (2004). Thickness contours for the Pierre Shale are from Perry et al. (2014).] 

The areal extent of the GFM was chosen to provide a relatively large regional representation of 

the geology (dimensions of several 10s of kilometer). The size of the region allows for potential 

down-selection to smaller model domains within this area if smaller domains are desired for flow 

and transport modeling. The region meets the following criteria related to siting considerations: 

1. The top of the Pierre Shale lies at a depth of ~100 meters or less so that it is reasonably 

accessible for site characterization and repository construction. 

2. Thickness of the Pierre Shale is in the range of 400-600 meters to accommodate a 

repository at a depth of ~300-500 meters while still allowing a thickness of shale beneath 

the repository of at least 100 meters (and effectively more, given that older shale formations 

with a combined thickness of several hundred meters lie beneath the Pierre Shale).  
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3. A reasonable number of boreholes are within the region, i.e., enough to provide data on the 

basic subsurface characteristics of the regional stratigraphy, but not as many as would be 

found in a major oil and gas producing region.  

6.1.3 Data Inputs 

Development of a GFM requires data to constrain the subsurface geology and hydrology of a 

specific region. The most important data are geologic maps that provide a context for 

understanding the distribution of rock units and structure at depth and borehole data that provide 

information on the depth and thickness of specific geologic and hydrologic units. Geologic 

mapping is available in GIS format for import into the GFM (Martin et al. 2004). The geologic 

map provides information on the distribution of sedimentary formations and how they intersect 

the land surface (Figure 6-1).  

Borehole data was obtained from the South Dakota Geologic Survey Online Databases website 

(http://www.sdgs.usd.edu/other/db.aspx). The borehole data necessary for constructing GFMs 

resides in two online databases, the Lithologic Logs Database (primarily water wells) and the Oil 

and Gas Database. For this version of the GFM, we relied on the Oil and Gas Database because 

these boreholes have more consistent picks of downhole stratigraphy. The borehole logs supply 

the formation elevation data that is the basis of defining the geologic surfaces in the GFM. We 

also used cross sections based on borehole logs in the region of the GFM from Fox et al. (2009) to 

further define the set of specific boreholes that would be useful as data inputs into the GFM. 

Groundwater studies supply information concerning the regional hydrology and the distribution of 

aquifers in the GFM region. A study of the hydrology of the Black Hills area (Driscoll et al. 2002) 

provides information on the geologic and hydrologic framework to the immediate southeast of the 

GFM region and is applicable to the area of the GFM. Hydrologic properties of the formations in 

the upper 1200 meters of the stratigraphic column represented in the GFM were summarized by 

Perry and Kelley (2017). These properties will be reviewed and expanded to include all the 

formations represented in the GFM in a future report. 

6.1.4 Representation of Stratigraphy in the GFM 

The stratigraphy represented in this initial version of the GFM was derived from information in 

oil and gas borehole logs and verified against the established understanding of the stratigraphy of 

the region (Fahrenbach et al. 2010). The Oil and Gas Borehole Database contains data for depth 

to formations tops for the formations encountered in each borehole. Borehole data was downloaded 

for a 120 by 160 km region to the immediate north and east of the Black Hills uplift. This region 

contains records for 75 boreholes. These boreholes were screened for those containing depth data 

(formation ‘picks’) for the top of the Niobrara Formation.  Establishing the elevation of the top of 

the Niobrara Formation is key to construction of the GFM because it defines the base and thickness 

of the Pierre Shale throughout the region. The boreholes with data for the Niobrara Formation 

were evaluated for their distribution within the region and to identify a sub-region with an adequate 

number and spacing of boreholes to allow for construction of the GFM (Figure 6-1). The sub-

region selected defines the boundary of the GFM and has dimensions of 69 by 83 km (Figure 6-1). 

These dimensions reflect small adjustments to allow inclusion of a several boreholes that were 

located near the GFM boundaries. The GFM region can be clipped to smaller areas of any 

orientation if smaller modeling domains are desired within the larger region of the GFM.  Twenty-

three boreholes within the GFM region contained elevation data for the Niobrara Formation. A 

http://www.sdgs.usd.edu/other/db.aspx
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few of these boreholes added little additional data of value because of locations near other 

boreholes or because they provided data for only the uppermost formations due to relatively 

shallow borehole depths. Removal of these boreholes left 18 boreholes that were used to construct 

the stratigraphy of the GFM (Figures 6-1 and 6-2).  

The stratigraphy represented in the GFM is detailed in Table 6-1 and displayed as 3D borehole 

logs in Figure 6-2. Several decisions were made to simplify the stratigraphy represented in the 

GFM (Table 6-1). The uppermost formation (not including surficial deposits) in the region is the 

Hell Creek Formation, which has a similar lithology as the underlying Fox Hills Formation. The 

Hell Creek Formation was not picked in any of the boreholes and was therefore combined with the 

Fox Hills formation for purposes of constructing the GFM.  The deepest unit represented in the 

GFM is the Madison Group, a limestone aquifer (Figure 6-2). Geologic units below the Madison 

Group were not consistently identified in the borehole logs and the data was insufficient to define 

formations below the Madison Group. The base of the Madison Group was therefore defined as 

the base of the GFM, with a depth of between 1450 and 1800 meters beneath the surface. The 

surface of the Precambrian basement (McCormick 2010) lies approximately 500 meters below the 

Madison Formation and is shown for reference in subsequent figures.  

 

Figure 6-2. Borehole logs and stratigraphy used for construction of the GFM. [Vertical exaggeration is 16X. 
View is from the southeast. Shown for reference is the Precambrian crystalline rock surface in the GFM 

region (McCormick 2010).] 
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Table 6-1. Stratigraphy from boreholes and simplifications used in the GFM. 

The sedimentary formations within two primarily shale intervals were combined to create the 

undifferentiated Cretaceous (K) shales and the undifferentiated Triassic and Jurassic shales (Tr-J). 

In both cases, the formations were grouped into undifferentiated intervals because these formations 

were not consistently identified in the boreholes due to the difficulty of identifying the contacts 

between different shale units based on borehole cuttings. The undifferentiated Cretaceous shales 

include the Carlile, Mowry and Belle Fourche shales, and limestone of the Greenhorn Formation, 

which have a combined thickness of 300-500 meters. The undifferentiated Triassic and Jurassic 

Age Borehole Stratigraphy Lithology GFM stratigraphy Thickness (m)1 
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Fox Hills Sandstone2 
Sandstone, 

shale, siltstone 
Fox Hills Sandstone 0-209 

Pierre Shale 

Shale with 

minor sand or 

silt intervals 

Pierre Shale 250-598 

Niobrara Formation 
Shale, chalky 

limestone 
Niobrara Formation 33-159 

Carlile Shale Shale 

Undifferentiated 

Cretaceous Shales 
315-509 Greenhorn Formation Shale, limestone 

Graneros Group3 Shale, sandstone 

Inyan Kara Group 

(regional aquifer) 
Sandstone, shale Inyan Kara Group 26-136 

Morrison Formation Shale, sandstone 

Undifferentiated Jurassic-

Triassic Shales/Sandstones 
106-259 Sundance Formation Sandstone, shale 

Spearfish Formation Shale, gypsum 
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Minnekahta Limestone  

(regional aquifer) 
Limestone  Minnekahta Limestone 12-18 

Opeche Shale Shale Opeche Shale 12-34 

Minnelusa Formation 

(regional aquifer) 
Sandstone  Minnelusa Formation 219-239 

Madison Group 

(regional aquifer) 
Limestone Madison Group 150-160 

1. Based on borehole picks 

2. Overlain by the Hell Creek Formation in the northern part of the GFM (Figure 6-1) 

3. Includes Belle Fourche Shale, Mowry Shale, Newcastle Sandstone, Skull Creek Shale 
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shales include the Morrison, Sundance and Spearfish Formations, which have a combined 

thickness of 100-250 meters.  

6.1.5 Interpolation of Borehole Data 

The surfaces that define the tops of geologic units in the GFM were generated by interpolation 

based on the elevations (z values) of the formation tops in the boreholes shown in Figure 6-2. The 

GFM uses a grid spacing of 250 meters in the x and y directions and 10 meters in the vertical 

direction. These grid spacings are considered adequate to represent the geologic features of the 

GFM at a regional scale.  

RockWorks17 provides several standard interpolation methods for interpolating 3D surfaces based 

on a set of x,y,z data points. Most of these methods (e.g., Kriging, inverse distance weighting) 

attempt to fit the surface to the elevation values in each borehole. For a region of sparse boreholes, 

these methods can produce “bullseye” effects at the borehole locations that can produce a 

misleading representation of the shape of the overall regional surface. For the purposes of the 

GFM, we chose to represent broad regional trends in the formation surfaces to capture regional 

dip and not attempt to specify the detailed “shape” of the surfaces.  This is appropriate given the 

limited number of boreholes available to define the regional surfaces. For these reasons, the 

elevation surfaces were fit using a 2nd degree polynomial fit (“trend polynomial”) that captures the 

regional trends of the borehole elevations without attempting a best fit to the elevations.  

 
Figure 6-3. Comparison of surface contours of the Inyan Kara Group from Hocking (2013) and the 

polynomial fit used for the GFM. 

Figure 6-3 shows the results of a polynomial fit to the borehole elevation data for the Inyan Kara 

Group compared to the elevation contours derived from a more detailed regional analysis of the 

geometry of the Inyan Kara Group (Hocking 2013). The Inyan Kara Group has the most complete 

and reliable set of elevation data in the region because of its relatively shallow depth (more 
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boreholes intercept it) and because of the relative ease in identifying the top of the formation due 

to its distinct sandstone lithology. The polynomial fit compares well with the detailed analysis by 

Hocking (2013) and adequately captures the regional “shape” of the formation surface. Based on 

this comparison and, for consistency, the polynomial fit was used to interpolate all the formation 

surfaces. 

6.1.6 Geology and Hydrology Represented in the GFM 

The sedimentary formations and aquifers represented in this version of the GFM are shown in 

Figures 6-4 through 6-7.  The GFM represents a stratigraphic column of approximately 1500-1800 

meters of sedimentary rock, depending on location. The upper half of the stratigraphy is dominated 

by Cretaceous shales (the Pierre Shale near the top as well as several hundred meters of underlying 

shale units) while the lower half of the stratigraphy includes the major regional sandstone and 

limestone aquifers as well as shale confining units (Figures 6-4 and 6-5). The Pierre Shale and the 

other sedimentary rocks ramp up to the southwest towards the Black Hills uplift and dip generally 

to the north and the northeast in the region of the GFM (Figures 6-3 through 6-5). 

 

Figure 6-4. Stratigraphy represented in the GFM at 16X vertical exaggeration. View is from the southeast.  

[Note that the Fox Hills sandstone and part of the Pierre Shale are truncated at the land surface. The base 
of the GFM is the bottom of the Madison Group limestones. The Precambrian surface (McCormick 2010) 

at the base of the model is shown for reference. Scale is elevation in meters relative to sea level.] 

The stratigraphic column represented in the GFM includes four regional aquifers that lie 

approximately 1000 meters (Inyan Kara aquifer) to 1500 meters (Madison aquifer) below the 

surface (Driscoll et al. 2002; Figure 6-6). Groundwater flow in the region of the GFM is controlled 

largely by recharge in the Black Hills uplift and flows from the southwest to the northeast (Driscoll 

et al. 2002). The Inyan Kara aquifer is composed of several sandstone units and has a typical 

thickness of 100 meters. The Minnekahta aquifer is composed of laminated limestone and has a 

typical thickness of 15 meters. The Minnelusa aquifer is composed of sandstone in the upper half 

of the Minnelusa Formation and has a typical thickness of 100 meters (Greene 1993). The Madison 
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aquifer is composed predominantly of massive limestones of the Madison Group. The aquifer is 

contained within the upper 70 meters of the Madison Group, where fractures and solution features 

have increased the permeability (Greene 1993). These aquifers, and the regional groundwater 

system, will be described in more detail in a later report to support the geologic and hydrologic 

conceptual model of the region.  

 

Figure 6-5. N-S cross section through the approximate middle of the GFM at 16x vertical exaggeration. 

North is to the right. Scale is elevation in meters relative to sea level.  

 

Figure 6-6. Simplified view of the aquifers in the GFM, based on the thickness and geometry of the 

containing formations. View is from the southeast. Vertical exaggeration is 16X. [The gray-scale surface 

above the aquifers is the base of the Pierre Shale. Scale is elevation in meters relative to sea level.] 

The GFM is a tool to document the geologic and hydrologic features of a region or site. The GFM 

allows visualization of the geology and hydrology using several visualization tools that are 

common to most GFM software packages (Figure 6-7). Tools that aid in visualization of the GFM 

include vertical exaggeration and transparency of selected units. The GFM allows creation of 2D 

cross-sections of any orientation. The GFM can also be animated and rotated about different axes 

to aid in 3D visualization. Underground facilities (e.g., a repository) can also be represented in the 
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GFM by specifying facility coordinates. Figure 6-7 shows an example of a simple rectangular 

repository facility with horizontal dimensions of 2 x 5 kilometers and a height of 30 meters.  

 

Figure 6-7. GFM stratigraphy showing visualization options and representation of a subsurface facility 
(e.g., repository) in red. View is from the southwest. Vertical exaggeration is 16X. [The Fox Hills Sandstone 

and Pierre Shale are rendered semi-transparent to view features “inside” the model.] 

6.1.7 Meshing the Features of the Shale GFM 

The next step in the workflow is to generate a mesh that represents the geologic features of the 

GFM. This requires export of 3D surfaces and volumes from the GFM to formats that can be 

brought into the mesh generation software. The elements in a GFM that require definition as a 

mesh include non-intersecting surfaces (e.g., formation tops and bottoms), intersecting surfaces 

(pinch outs, truncated surfaces), lens-like bedding and features offset by faulting. Non-intersecting 

surfaces are the simplest geometry to mesh and require meshing of the volume between the 

surfaces.  

Rockworks17 can export features of the GFM as either surfaces grids (x,y,z values of the grid 

nodes) or volumes (solid model/voxels) that represent geologic units and interfaces within the 

overall rock mass.  Elements in the GFM represented by volumes are exported as a regularly 

spaced uniform hexahedral mesh with (x, y, z, g) representing the cell center coordinates and a cell 

property (g) such as lithology. Volume elements can represent the space between stratigraphic 

surfaces, stratigraphic pinch outs or lens, or stratigraphic elements adjoining and offset by a fault. 

Import of the GFM surfaces and volumes into a mesh generation tool would be required if further 

manipulation and refinement of a mesh is needed. Methods are being tested for exporting geologic 

elements of the GFM to formats that can be imported into meshing software such as Cubit and 

VoroCrust. 
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6.2 Grid-Scale Effects and Reduced Order Modeling 

The objective of this study is to investigate the near-field thermal-hydrologic (TH) behavior of 

pore fluids in a geologic repository located in a shale host rock. The focus is on the impact of the 

hydrogeological properties of the engineered buffer and DRZ on the near-field performance of a 

typical bentonite back-filled nuclear waste repository. 

6.2.1 Model Domain and Discretization 

This model domain represents one quarter of the whole repository system using reflection 

symmetry (Figure 6-8a), which saves on computation time. The waste packages in the repository 

system are located at the middle of the domain and are surrounded concentrically by buffer 

material, DRZ, and shale host rock. 

The whole domain is 15 m (width) ×12.5 m (length) × 75 m (thickness), focuses on one waste 

package, and includes three cylindrical sections of waste package, buffer, and disturbed rock zone 

(DRZ) at 0.42 m, 1.5 m, and 3.17 m in radius, respectively, within the shale host rock. The waste 

package is discretized in the zx-plane with 128 grid cells. Note that the previous basin-scale model 

contains cubic cells representing individual waste packages sized 1.67×1.67×5 m3 as shown in 

Figure 6-8b. The effect of refined cells on numerical results will be discussed in Section 6.2.4. The 

simulations presented here were run up to 1000 years. 

   

Figure 6-8. Model domain with grids: (a) near-field model and (b) basin-scale model (refer to Mariner et 

al. 2017). [The color scheme represents each material.] 

6.2.2 Model Material Properties 

This near-field model focuses on a single waste package within a shale layer. The material 

properties are the same as those used in the previous basin-scale shale reference case model 

(Mariner et al. 2017), as shown here in Table 6-2. 
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Table 6-2. Material properties for the reference case. 

 
Waste 

package 
Buffer/Spacer DRZ 

Host rock 
(shale) 

Permeability (m2) 1×10-16 1×10-20 1×10-18 1×10-19 

Porosity 0.5 0.35 0.2 0.2 

Effective diffusion 
coefficient (m2/s) 

5×10-10 8.1×10-11 2.2×10-11 2.2×10-11 

Saturated thermal 
conductivity (W/m/K) 

16.7 1.5 1.2 1.2 

Heat capacity (J/kg/K) 466 830 830 830 

Grain density (kg/m3) 5000 2700 2700 2700 

When a waste package fails, radionuclides are exposed to pore fluid in the simulation and are thus 

available for transport. Advective transport through the failed waste package is quantified by 

defining a waste package permeability, which in the reference case simulations is defined as 

invariant at 1x1016 m2. A 12-PWR waste package is used in these simulations. The buffer/spacer 

is filled with a compacted mixture of 70% bentonite and 30% quartz sand. The DRZ is defined as 

the portion of the host rock adjacent to the engineered barrier system that experiences elevated 

permeability due to mining-induced perturbations in stress states. 

6.2.3 Initial and Boundary Conditions 

Initial pressure and temperature throughout the model domain are calculated by applying 

hydrostatic and geothermal gradients (10kPa/m and 0.025℃/m, respectively) in the vertical 

direction assuming a temperature of 18℃ and atmospheric pressure at the land surface. The model 

includes the inventory of 18 radionuclides listed in Table 4-4 of Mariner et al. (2017), and initial 

concentrations of all radionuclides in all grid cells are 1020 mol/L. Assuming that geometry and 

material properties of the rest of the repository system constitute a reflection of the current 

discretization about the x and y axes, symmetry boundary conditions are implemented at the side 

boundaries. 

6.2.4 Effect of Refined Grids 

The grid resolution has a considerable impact on the results of transient numerical simulations. 

The truncation error can be ignored in numerical simulation only if the change in calculated results 

is negligible with changing grid resolution in the model domain. In general, the truncation error 

will become smaller with refined grids. 

For the basin-scale shale reference case model, gridding constraints limit the geometry and 

discretization of the repository system. The size of the waste package is 1.67×1.67×5 m3, which is 

larger in volume that a single 12-PWR waste package is expected to be, and waste package 

discretization is not refined in x and z directions. The thickness of the DRZ surrounding the 

emplacement drifts is equal to one third the width of the drift (1.67 m).  

On the other hand, this near-field model has refined grid cells within the waste package and also 

includes the buffer surrounding the waste package that has lower permeability, porosity, and heat 

conductivity. Unstructured grid cells are used within the waste package and shale, and radial grid 
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cells are applied within buffer/space and DRZ to discretize the cylinderical repository properly 

(Figure 6-8a).  

The presence of refined grid cells within the waste package results in a non-uniform spatial 

distribution of temperature over time, as shown in Figure 6-9. The average temperature within the 

waste package reaches up to 180℃, which is higher than the maximum waste package temperature 

prediced from the basin-scale model (Tmax ≈150℃).  

 

Figure 6-9. The minimum, maximum, and average temperature distribution within the waste package. 

6.2.5 Sensitivity Test 

A series of sensitivity tests were conducted to look into the effect of the permeability/porosity 

variation in the buffer and/or DRZ on the fluid flow and heat/solute transport. The engineered 

buffer system can vary its hydrogeological characteristics depending on the design of compacted 

mixtures, and thus, this sensitivity analysis can suggest the most efficient material composition for 

the system to achieve desirable thermal/mechanical properties. 

6.2.5.1 Permeability of Buffer and DRZ 

In the basin-scale reference case, the probabilistic simulations sampled on the permeability of 

buffer and DRZ using a uniform distribution over the ranges 1020 to 1016 m2 and 1018 to 1016 

m2, respectively. In this study, we choose 1016 m2 for buffer and DRZ as an end-member case to 

see how higher permeability affects fluid flow, heat and solute transport. 

Figure 6-10 shows temporal evolution of pressure and temperature within each repository feature:  

reference case (top), high permeability in buffer and DRZ (middle), and the difference (bottom). 

The high-permeability buffer and DRZ release pressure buildup out of the waste package faster 

than in the low permeability reference case. Note that low-permeability shale confines pressure 

within the repository even though buffer and DRZ have higher permeability (∆P = 0, magenta 

line). The presence of high-permeability buffer and DRZ results in more convective heat transfer 
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out of the waste package (∆T < 0, red line), which increases temperature within the shale (∆T > 0, 

magenta line). 

 

Figure 6-10. Temporal evolution of pressure and temperature at each section: WP (red), Buffer (green), 

DRZ (blue), and shale (magenta). Pressure and temperature in the reference case (P1 and T1) are compared 

to the high permeability buffer/DRZ scenario (P2 and T2).  

Figure 6-11 shows the concentrations of 129I and 36Cl collected at the cell of each section over time. 

Transport of both radionuclides away from the repository is diffusive but both are confined to the 

immediate vicinity of the breached waste package. The temporal evolution of 129I and 36Cl behaves 

quite similarly but the 36Cl concentration is two orders of magnitude lower than the 129I 

concentration due to lower release rate.  

The high-permeability buffer and DRZ allows faster accumulation of 129I and 36Cl within the waste 

package (positive difference within the waste package until 1.5 years), and subsequently more 129I 

and 36Cl are leaked into buffer and DRZ over time (negative difference within the waste package, 

red lines).  No significant amounts of 129I and 36Cl have breached into the host rock within 1000 

years (magenta lines in Figure 6-11) as expected from the basin-scale reference model (refer to 

Figure 4-13 of Mariner et al. 2017). 

Figure 6-12 shows temporal evolution of 237Np concentration. As shown in the result of the basin-

scale reference model (Section 4.5.1.5 of Mariner et al. 2017), 237Np remain within the vicinity of 

the repository. For 1000 years, most of 237Np is confined within the waste package. Higher 

permeability within buffer and DRZ results in faster accumulation of 237Np within the waste 

package (∆[237Np] > 0, red line). 
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Figure 6-11. Temporal evolution of concentrations of 129I and 36Cl at each section: WP (red), Buffer 

(green), DRZ (blue), and shale (magenta). 

 
Figure 6-12. Temporal evolution of concentrations of 237Np at each section. 
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6.2.5.2 Permeability and porosity of bentonite 

The measured values of intrinsic permeability to water and gas flow as functions of porosity show 

a difference of about eight orders of magnitude in the permeability values for saturated or dry clay 

(Villar 2004) as shown in Figure 6-13 below. 

 

Figure 6-13. Intrinsic permeability and void ratio of compacted bentonite measured from water and gas 

flow tests (Villar 2004). 

The swelling of deformable clay causes the variation in the microstructural arrangement of the 

saturated and unsaturated portions. The hydration of clay particles under constant volume reduces 

the pore size between the clay aggregates due to the swelling of the clay particles. Most of the 

water will be captured within the interlamellar space in addition to water bound to the clay mineral 

surfaces, which leave only narrow, tortous interparticle passages for water and solute transport 

(Villar 2004). 

In this sensitivity study, we use the following relationship between intrinsic permeability and 

porosity of bentonite measured under saturated conditions (Villar and Lloret 2001): 

ln 𝑘 = −52.94 + 7.6
𝜙

(1 − 𝜙)
 (6-1) 

where the porosity is converted from the void ratio e.  The intrinsic permeability of bentonite is 

set to 1016 m2, and its corresponding porosity is calculated as 0.68 from the above equation, which 

applies to the buffer/spacer properties. The other material properties remain consistent with the 

reference case. 
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Figure 6-14. Temporal evolution of pressure and temperature at each section: WP (red), Buffer (green), 
DRZ (blue), and shale (magenta). [The figure scheme remains the same as used in the previous section. 

Pressure and temperature in the reference case (P1 and T1) are compared to the high permeability 

buffer/DRZ scenario (P3 and T3).] 

Figure 6-14 shows temporal evolution of pressure and temperature within each near-field feature. 

Higher permeability and porosity within the buffer reduce pressure buildup within the waste 

package.  The magnitude of temperature perturbation (∆T) is smaller than the case of high-

permeability buffer and DRZ because more pore spaces within the buffer/spacer (higher ) absorb 

more heat and subsequently less heat within DRZ and shale. 

Compared to the reference case buffer and DRZ properties (Figure 6-11), the high-permeability 

and -porosity buffer allows faster leakage of 129I and 36Cl out of the waste package (smaller positive 

change of ∆[129I] and ∆[36Cl] within the waste package, the red lines in Figure 6-15), and 

subsequently more 129I and 36Cl leak into buffer and DRZ with time (larger negative difference 

within the waste package). 

Figure 6-16 shows temporal evolution of 237Np concentration. Higher permeability and porosity 

within buffer results in slower accumulation of 237Np within the waste package (∆[237Np] < 0, red 

line), and also leak of 237Np into the buffer is observed after 100 years (∆[237Np] > 0, green line).  

These results show that high-permeability and -porosity bentonite will mitigate the pressure 

buildup and heat accumulation within the waste package at the expense of radionuclides breaching 

into the buffer/spacer. 
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Figure 6-15. Temporal evolution of concentrations of 129I and 36Cl at each section. 

 

 

Figure 6-16. Temporal evolution of concentrations of 237Np at each section. 



 GDSA Repository Systems Analysis Progress Report 
80 April 2019 

 

 

6.2.6 Considerations for Future Work 

Near-field thermal-hydrologic modeling of a geologic repository at finer discretization than 

comparable basin-scale models suggests more localization of thermal effects within a waste 

package in the high-resolution model as compared to a basin-scale model. Furthermore, when 

sampling on a range of permeabilities and porosities, local pressure buildup that is observed in the 

reference case is able to dissipate in scenarios with higher permeability buffer and DRZ material. 

The reference case and the high permeability system show little difference in 129I or 36Cl 

concentrations by the time at which the thermal pulse has subsided. These results could change 

though when considering mechanical impacts of temperature and pressure buildup on the pore 

system. Work will continue on this near-field model for the remainder of FY2019, with a goal of 

using this domain in a PA-GDSA model to represent near-field THM coupled process effects. 

Surrogate modeling will be used to couple a mechanical response to thermal loading by linking 

permeability and porosity with the pressure and temperature distribution in the near-field. The 

bentonite host rock will also be modeled as unsaturated, and associated changes in heat and 

radionuclide transport will be quantified. This is in support of R&D Activity A-4 in Sevougian et 

al. (2019). 

6.3 Updated Shale Reference Case PA Model and Simulations 

The current GDSA status on evaluation of the suitability of generic shale formations as potential 

hosts for a geological disposal repository is documented in Mariner et. al (2017) and includes 

studies presented in Mariner (2015) and Jove-Colon et al. (2014). This section presents status on 

the FY2019 proposed update to the GDSA Shale Reference Case described in Section 4 of Mariner 

et. al (2017).  This work has only recently begun, so only a very preliminary update is provided 

here. The comprehensive report on the update will be reported in the September 27, 2019 Level 3 

milestone for the FY19 GDSA Repository Systems Analysis work package (SF-18SN01030405), 

entitled GDSA Repository Systems Analysis FY19 Update (M3SF-19SN010304052). 

The main tasks that will be undertaken in FY2019 are 

(4) Inclusion of 24-PWR and 37-PWR DPC waste packages in the reference case 

simulations. 

(5) An update to the stratigraphic model for a representative shale domain (Perry et al. 2014; 

Perry and Kelley 2017)—see Section 6.1 above. 

(6) An update to the numerical model grids and formation properties (see Table 6-3) to 

incorporate changes to stratigraphy and repository design needed for DPC waste 

packages.   
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Table 6-3. Comparison of current (2019) GDSA simulations to 2017 shale reference case GDSA 
simulations. Inventory count (MTHM and number of waste packages) includes the virtual inventory 

beyond the reflection boundary condition. 

 2019 GDSA  24-37-PWR 2017 GDSA  12-PWR 

Waste Inventory 
70,000 MTHM in 3150 24-PWR WPs and 
2100 37-PWR WPs 

21,000 MTHM in 4200 WPs 

Waste Emplacement 

In-drift axial emplacement  
40-m drift spacing 
42 emplacement drifts for 24-PWR 
42 emplacement drifts for 37-PWR 
20-m center-to-center WP spacing for 24-
PWR 
30-m center-to-center WP spacing for 37-
PWR 
Bentonite buffer/backfill 

In-drift axial emplacement 84 
emplacement drifts 
30-m drift spacing 
20-m center-to-center WP spacing 
Bentonite buffer/backfill 

Grid 
Unstructured 

10.68 million cells with refined drift 
6.88 million cells without refined drift 

Unstructured 7 million 
cells 

Boundary and Initial 
Conditions 

Regional head gradient 
Regional geothermal heat flux 
Fully saturated 

Regional head gradient 
Regional geothermal heat flux 
Fully saturated 

Natural Barrier 
Shale (550a m thick) with high 
permeability interbeds 
Aquifer above and two below 

Shale (585 m thick) with silty shale 
stratum 
Aquifer above and two below 

Shafts and Seals 
4 vertical shafts with high permeability 
DRZ 
De = 8.1 × 10-11 

4 vertical shafts with high permeability 
DRZ 
De = 8.1 × 10-11 

Radionuclides 18 18 

TH Modeling Coupled heat and water transport Coupled heat and water transport 

WP Degradation 
WPs breach over time (sampled 
distribution) 

WPs breach over time (sampled 
distribution) 

WF Degradation and 
Radionuclide Release 

Decay in waste form is accounted for in 
instantaneous releases and in releases due 
to WF dissolution 

Decay in waste form is accounted for 
in instantaneous releases and in 
releases due to WF dissolution 

Radionuclide 
Transport 

Advection, diffusion, element-based 
solubility, medium-specific sorption, decay 
in all phases 

Advection, diffusion, element-based 
solubility, medium-specific sorption, 
decay in all phases 

Biosphere Well water ingestion dose model Well water ingestion dose model 

a 550 m shale is from updated stratigraphic model 
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Figure 6-17. Locations of really extensive shale formations in the U.S. Shale formations of an appropriate 

depth are the darker shades of blue (Mariner et.al. 2017 Figure 4-1). 

6.3.1 Engineered Barriers 

6.3.1.1 Engineered Barrier Characteristics 

The shale reference case assumes a mined repository located approximately 500 m below land 

surface, accessed by vertical shafts, and containing 70,000 MTHM of CSNF, 50% of which is in 

24-PWR and 50% in 37-PWR DPC waste canisters.  The total inventory of MTHM load is 

consistent with the maximum allowed by the Nuclear Waste Policy Act of 1983. 

The 37-PWR inventory could be accommodated in 2100 waste packages (Table 6-4) in 42 1535-m 

long emplacement drifts, each containing 50 waste packages emplaced lengthwise and spaced 30 

meters center-to-center. A 25-m long seal is placed at either end of each emplacement drift. Drifts 

are 4.5 m in diameter spaced 40 meters center-to-center.  

The 24-PWR inventory could be accommodated in 3150 waste packages (Table 6-5) in 42 1535-m 

long emplacement drifts each containing 75 waste packages spaced 20 meters center-to-center. A 

25-m long seal is placed at either end of each emplacement drift. Drifts are 4.5 m in diameter 

spaced 40 meters center-to-center. 

PA simulations use a half-symmetry model domain, such that only 50% (35,000 MTHM) of the 

70,000 MTHM inventory needs to be included in PA simulations. Dimensions used in the 

simulations (Tables 6-4 and 6-5) reflect the smaller inventory, as well as adjustments needed to 

facilitate gridding. 
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Table 6-4. Dimensions and counts for the 37-PWR repository layout. 

Parameters 
2019 GDSA Model 

Value 
2017 GDSA Model 

Value (12-PWR) 

Waste Package (WP)   

WP length (m) 5.00 5.00 

WP outer diameter (m) 1.67 (5/3 on a side) 1.67 (5/3 on a side) 

WP center-to-center spacing (m) 30.0 20 

Inventory per WP (MTHM) 17.39 5.225 

Number of WPs 2100 2100/4200 

Emplacement Drift   

Drift diameter (m) 5.0 (on a side) 5.0 (on a side) 

Drift center-to-center spacing (m) 40 30 

Number of WPs per drift 50 50 

Drift seal length (m) 25 25 

Drift length, including seals (m) 1535 1035 

Repository   

Repository Depth (m) 515 515 

Number of drifts 21/42b 42/84b 

Number of shafts 2/4b 2/4b 

Shaft access size (m2) 5x10 5x10 

Emplacement footprint (km2) 1.3/2.6b 1.3/2.6b 

bValue in half-symmetry domain / Value with reflection 

 

 

Table 6-5. Dimensions and counts for the 37-PWR repository layout. 

Parameters 
2019 GDSA Model 

Value 
2017 GDSA Model 

Value (12-PWR) 

Waste Package (WP)   

WP length (m) 5.00 5.00 

WP outer diameter (m) 1.67 (5/3 on a side) 1.67 (5/3 on a side) 

WP center-to-center spacing (m) 20.0 20 

Inventory per WP (MTHM) 11.28 5.225 

Number of WPs 1575/3150c 2100/4200 

Emplacement Drift   

Drift diameter (m) 5.0 (on a side) 5.0 (on a side) 

Drift center-to-center spacing (m) 40 30 

Number of WPs per drift 75 50 

Drift seal length (m) 1535 1035 

Drift length, including seals (m)   

Repository 515 515 

Repository Depth (m) 21/42 42/84 

Number of drifts 2/4c 2/4c 

Number of shafts 5 x 10 5x10 

Shaft access size (m2) 1.3/2.6c 1.3/2.6c 

Emplacement footprint (km2) 5.00 5.00 

cValue in half-symmetry domain / Value with reflection 
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6.3.1.2 Inventory 

PA simulations assume that the inventory consists entirely of 24-PWR and 37-PWR DPC 

assemblies.  Each 37-PWR DPC assembly contains 17.39 MTHM and each 24-PWR DPC 

assembly contains 11.28 MTHM.  An update of the radionuclide inventories in these DPC 

assembles to be used in all PA simulations is presented in Section 4.1.1 of this status report.  

6.3.1.3 Waste Form 

Same as Mariner et. al. (2017, Section 4.1.3).  

6.3.1.4 Waste Package 

The 2019 shale reference case considers two DPC waste package configurations: a 24-PWR waste 

package and a 37-PWR waste package. Both are assumed to consist of a stainless-steel canister 

and a stainless steel overpack. The waste package is 5 meters in length with a diameter of 2 m.  

Due to gridding considerations, the size of simulated waste packages is 1.67  1.67  5 m3, which 

is slightly smaller in volume than waste packages are expected to be. 

Waste package porosity is set equal to the fraction of void space within the waste package, which 

is set at 50% (Mariner et al. 2016). Permeability is set several orders of magnitude higher than that 

of the surrounding materials, so that flow through waste packages is uninhibited. The waste 

package is given the thermal properties of stainless steel (Shelton 1934). 

The shale reference case uses a temperature-dependent waste-package degradation rate with a 

truncated log normal distribution. The degradation rate distribution is such that 50% of the waste 

packages breach within a few tens of thousands of years (Mariner et al. 2017, Section 4.1.4). 

6.3.1.5 Bentonite Buffer 

Same as Mariner et. al. (2017, Section 4.1.3).  

6.3.1.6 Other Materials 

Same as Mariner et. al. (2017, Section 4.1.3).  

6.3.2 Geosphere/Natural Barriers 

6.3.2.1 Natural Barrier Characteristics 

The natural barrier system (NBS) comprises the shale formation hosting the repository, the 

disturbed rock zone (DRZ) adjacent to the repository, and geological formations above and below 

the host formation. On the basis of stratigraphic sequences observed in sedimentary basins 

throughout the U.S. (Gonzales and Johnson 1985; Perry et al. 2014), the NBS is conceptualized as 

a thick (on the order of thousands of meters) marine depositional sequence created by transgression 

and regression of inland seas, and consisting of thick layers of low permeability sediments such as 

shales and marls alternating with thinner layers of high permeability sediments such as limestones 

and sandstones (Mariner et a.l 2017 Section 4.2.1). 

The generic stratigraphic column for the shale reference case used in the 2017 GDSA reference 

case (Mariner et al. 2017, Section 4.2.1, Figure 4-5) is presented in Figure 6-18.  This stratigraphy 

will form the basis of the initial GDSA 2019 shale reference case update.  As additional data on 
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the updated stratigraphy of the representative shale formation become available (see Section 6.1 

of this report), it will be incorporated and used in the final 2019 GDSA shale reference case.   

 

Figure 6-18. Generic stratigraphic column (Perry and Kelly 2017). 

6.3.2.2 Shale Host Rock 

Shale host rock properties as in Mariner et. al. 2017 Section 4.2.2, to be updated based on the 

revised stratigraphic information in Section 6.1. 

6.3.2.3 Disturbed Rock Zone (DRZ) 

For the finely gridded repository horizon, the grid resolution of 1.67 m (5/3 m) dictates the extent 

to which the DRZ can be explicitly modeled in the vicinity of the emplacement drifts.  In the coarse 

grid, the entire repository drift element is assumed have the properties of DRZ and the DRZ is 

assigned higher permeability than the surrounding formations.  In deterministic simulations, the 

permeability of the DRZ (1018 m2) is 10 times that of the undisturbed host rock. In probabilistic 

simulations the permeability of the DRZ is sampled from a log uniform uncertain distribution 

between 1018 m2 and 1016 m2. 

6.3.2.4 Properties of Other Formations 

The formations above and beneath the repository horizon will be patterned after Mariner et. al. 

(2017, Section 4.1.3), but with changes based on the new information in Section 6.1 above. 

6.3.3 Post-Closure Performance Assessment 

6.3.3.1 Conceptual Model 

As in the 2017 Shale Reference Case, the conceptual the components of the conceptual model of 

the repository system are the engineered barrier, the natural barrier, and the biosphere in the 
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undisturbed scenario. The characteristics of and processes occurring in key components of each 

system are summarized in Table 6-6 from Mariner et al. (2017, Table 4-8).  

Table 6-6. Conceptual representation of key components in PA. 

Region Component Key characteristics Key processes included in PA 

Engineered 
Barrier 

Waste Form Commercial SNF (UO2) 
Radionuclide decay, instant 
release fraction, 
waste form dissolution 

Waste Package Stainless steel Degradation and breach 

Bentonite Buffer 
Low permeability, high 
sorption capacity 

Radionuclide advection, diffusion, 
sorption, decay 

Natural 
Barrier 

Shale Host Rock 
Low permeability, high 
sorption capacity 

Radionuclide advection, diffusion, 
sorption, decay 

DRZ Enhanced permeability 
Radionuclide advection, diffusion, 
sorption, decay 

Upper Sandstone 
Aquifer 

High permeability, 
potable water 

Radionuclide advection, diffusion, 
sorption, decay 

Biosphere Pumping Well 500 gallons/day 
Well water extraction, adsorption 
enhancement, dose by well water 
ingestion 

Simulations assume (1) a mined repository at 515 m depth; (2) a head gradient of 0.0013 m/m 

from west to east; (3) a regional heat flux of 60 mW/m2 and a mean annual surface temperature of 

10oC; and (4) a saturated model domain, with a hydrostatic gradient extending to the top of the 

model domain. Simulations that include the biosphere also assume a well located 5 km down 

gradient of the repository, screened in the 60-m thickness of the upper sandstone aquifer, and 

pumping 500 gallons/day. This pumping rate is similar to what a single rural family of six might 

use (van der Leeden et al. 1990). 

Processes accounted for in the conceptual model include waste package degradation, waste form 

(UO2) dissolution, equilibrium-controlled radionuclide sorption and precipitation/dissolution, 

radioactive decay and ingrowth in all phases (aqueous, adsorbed, precipitate), coupled heat and 

fluid flow, and radionuclide transport via advection and diffusion. Mechanical dispersion is 

conservatively neglected, because including it would result in earlier arrival of radionuclides at 

observation points, but lower peak concentrations than reported here (Mariner et al. 2017, Section 

4.4.1). 

6.3.3.2 Numerical Implementation 

PA simulations shown here consist of one deterministic simulation for the grid with refined drifts 

and a repository loaded with 24-PWR and 37-PWR DPC waste packages.   

The general layout of the model domain used for 2019 GDSA Shale Reference Case is shown in 

Figure 6-19.  The half-symmetry model domain dimensions are 2265 m in width (Y) and 1200 m 

in height (Z) and 7155 m length (X).  The domain is long enough to place an observation point 

5000 m down-gradient of the repository (X direction).  Two grids were generated using this 

domain.  One has fine gridded repository drifts (Figures 6-20 to 6-22).  The second is a coarse grid 

(Figure 6-23).  The grids are mostly discretized into cells 15 m on a side. In the refined grid, 

emplacement 5m drift blocks are discretized into cells 1.67 m (5/3 m) on a side with the center cell 

representing a possible location for a waste package.  Transitional zones from the 5/3 m cells are 

5 m on the side. The refined grid contains 10,678,268 cells, of which approximately 4 million are 
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the smaller cells in and around the repository.  In the coarse grid the repository drift is only 

discretized into 5 m blocks (Figure 6-23) and contains 6,877,604 cells, of which approximately 1 

million are the smaller cells in and around the repository. The numerical grids and the grid 

refinement were generated using Cubit (Blacker et al. 2016, Version 15.3, 2018-09-20). 

 

Figure 6-19. General layout of the model domain for 2019 GDSA Shale Reference Case numerical grid. 

 

Figure 6-20. Horizontal cross-section at the repository horizon. 

 

Figure 6-21. Horizontal cross-section for the fine gridded repository horizon. 
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Figure 6-22. Vertical cross-section for the fine gridded repository horizon. 

 

 

 

Figure 6-23. Vertical cross-section for coarse grid repository horizon. 
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7 CONCLUSIONS AND RECOMMENDATIONS 

The Spent Fuel and Waste Science and Technology (SFWST) Campaign of the U.S. Department 

of Energy Office of Nuclear Energy, Office of Spent Fuel and Waste Disposition (SFWD), has 

been conducting research and development on generic deep geologic disposal systems (i.e., 

geologic repositories).  This report describes specific activities in fiscal year (FY) 2019 associated 

with FY19 Geologic Disposal Safety Assessment (GDSA) Repository Systems Analysis (RSA) 

work package within the SFWST Campaign.  The overall objective of the GDSA RSA work 

package is to develop generic deep geologic repository concepts and system performance 

assessment (PA) models in several host-rock environments, and to simulate and analyze these 

generic repository concepts and models using the GDSA Framework toolkit, and other tools as 

needed.  The specific objectives in FY2019 are to  

 Develop and/or augment generic repository reference cases for three liquid-saturated host 

rock environments: crystalline (e.g., granite), argillaceous (e.g., typical shale or clay), and 

bedded salt host rocks; and a host rock environment in the unsaturated zone, such as 

alluvial valley fill. 

 Ensure that reference cases include repository concepts and layouts for the disposal of 

DPC-canisterized pressurized water reactor (PWR) assemblies, including 37-PWR and 

24-PWR waste packages, including the possible effects of criticality events on repository 

performance. 

 Perform PA simulations (deterministic and probabilistic) with GDSA Framework for the 

foregoing reference case concepts and models. Analyze and plot the PA simulation results, 

including uncertainty and sensitivity analyses. 

This report describes specific GDSA RSA accomplishments midway through FY 2019, with more 

comprehensive reference-case updates and PA simulation results to be reported at the end of the 

FY in a subsequent Level 3 milestone M3SF-19SN010304052, GDSA Repository Systems Analysis 

FY19 Update. 

Improvements to the numerical solvers in PFLOTRAN, needed for modeling the high heat output 

from dual purpose canister (DPC) waste packages, particularly during two-phase flow, such as 

might occur in an unsaturated host-rock environment have been reported on in this report.  The 

most significant of these involved refactoring of convergence criteria used during each iteration of 

the Newton-Raphson nonlinear solution search algorithm.  

The major new piece of R&D initiated in this report is a technical basis and conceptual model for 

a reference-case repository located in unsaturated alluvial sediments, including initial simulations 

for a small-scale “sector” model (four disposal drifts each with four waste packages), as well as a 

“field-scale” repository model (27 drifts with 24 waste packages each). This model and associated 

simulations are a major update of the unsaturated zone alluvium reference case introduced 

preliminarily in Mariner et al. (2018), particularly related to the inclusion of DPC waste packages 

and their representative higher heat output per package, which results in more severe coupled 

process effects at early times after repository closure.  Preliminary results indicate that even using 

a more coarsely discretized numerical grid with simplified two-phase flow parameters, 

computation time for flow and temperature in the field-scale simulation remains prohibitively long, 

perhaps due to numerical difficulties of the coupled thermal and fluid flow problem in unsaturated 
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rock.  Several avenues will be explored during the remainder of the FY to investigate the long 

numerical simulation times: 

 Have the development team assess whether any changes can be made to GENERAL mode 

to speed up simulations 

 Divide the simulation workflow up into two separate areal-cale simulation models. In this 

concept:   

o The first model will be a finely gridded domain focusing on the smaller scale 

(“sector”), and will accurately capture heat, flow, and radionuclide transport near the 

waste packages.  

o The second model will have a relatively coarse and uniform mesh covering the full 

domain of interest for radionuclide transport.  It will be used to assess transport in the 

subsurface but cannot accurately capture heat and fluid flow in and around the waste 

packages.   

 Divide the simulation workflow up into two separate time-scale simulation models.  In this 

concept the two modeling stages would be on the same mesh, the extent and discretization 

of which would be suitable for modeling both near repository heat and fluid flow and far 

field transport of radionuclides. In this concept: 

o The first model would run GENERAL flow mode to compute flow and temperature 

for the first several hundred years or until the waste packages are relatively cool.  

o The second model will restart at the end of the first and be used for radionuclide 

transport.  After the waste packages are relatively cool it should be possible to 

simulate in RICHARDS mode without incurring much error.  This will speed up the 

longer-term simulations enormously.  

Also presented here is an update and adaptation of the bedded salt reference case documented in 

Sevougian et al. (2016) and other past bedded-salt reference-case simulations between 2012 and 

2016, including some early simulation results for disposal of DPC waste packages.  This update 

changes the repository design to accept 24- and 37-PWR DPC’s, in a 50/50 split by weight of 

heavy metal for each canister size. This report details the preliminary simulations of a near-field 

repository model simulation that have been conducted in anticipation of a full-scale PA simulation 

that will be documented in a September 27, 2019 M3 deliverable (M3SF-19SN010304052).   

An update to the generic shale reference case developed in Mariner et al. (2017) is also given here, 

with the introduction of a new Geologic Framework Model (GFM) for a representative shale 

environment.  Construction of the GFM is the first step in developing a workflow that consists of 

constructing the GFM, exporting the relevant features of the GFM for meshing, and using the mesh 

for flow and transport modeling in PFLOTRAN. This discussion focuses on the mechanics of 

creating the GFM as the first step of the workflow. The shale GFM described here represents a 

relatively simple geologic environment of a horizontally layered sedimentary rock sequence 

consisting predominantly of shale formations interbedded with limestone and sandstone 

formations.  

Another development presented here for the generic shale reference case is a set of near-field 

simulations with a highly discretized grid, as a precursor to coupling more detailed process models 

into GDSA Framework.  The objective of this study is to investigate the near-field thermal-

hydrologic behavior of pore fluids in a geologic repository located in a shale host rock. The focus 
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is on the impact of hydrogeological properties of the engineered buffer and disturbed rock zone 

(DRZ) on the near-field performance of a typical bentonite back-filled shale repository.  Work will 

continue on this near-field model for the remainder of FY2019, with a goal of using this domain 

in a PA-GDSA model (i.e., GDSA Framework) to represent near-field thermal-hydrologic-

mechanical coupled process effects. Surrogate modeling will be used to couple a mechanical 

response to thermal loading by linking permeability and porosity with the pressure and temperature 

distribution in the near-field.  

Finally, some very early considerations for a site-scale shale-host-rock reference case that includes 

DPC disposal are presented at the end of this report.  This will be an update to the GDSA Shale 

Reference Case described in Section 4 of Mariner et. al. (2017).  This work has only recently 

begun, so only a very preliminary update is provided here. The comprehensive report on the update 

will be reported in the September 27, 2019 Level 3 milestone for the FY19 GDSA Repository 

Systems Analysis work package (SF-18SN01030405), entitled GDSA Repository Systems Analysis 

FY19 Update (M3SF-19SN010304052).  The main tasks that will be undertaken in FY2019 are: 

(1) Inclusion of 24-PWR and 37-PWR DPC waste packages in the reference case 

simulations. 

(2) An update to the stratigraphic model for a representative shale domain (Perry et al. 2014; 

Perry and Kelley, 2017)—see Section 6.1. 

(3) An update to the numerical model grids and formation properties to incorporate changes 

to stratigraphy and repository design needed for DPC waste. 

This report fulfills the FY19 GDSA Repository Systems Analysis work package (SF-

18SN01030405) Level 2 milestone GDSA Repository Systems Analysis Progress Report (M2SF-

19SN010304051). 
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