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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 the second half of Fiscal Year 

(FY) 2019 associated with the 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 liquid-saturated host rock 

environments, particularly in argillaceous (e.g., typical shale or clay) 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 pressurized water reactor (PWR) assemblies, including 37-PWR and 

24-PWR waste packages. 

¶ 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 in the second half of FY2019 and 

builds upon the work reported in M2SF-19SN010304051, GDSA Repository Systems Analysis 

Progress Report (Sevougian et al. 2019b). 

Section 1 of this deliverable is a brief introduction.  Section 2 discusses the relationship of 

reference case models to the overall generic safety case(s).  Section 3 discusses two 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 ñGENERALò 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.  

Many of these improvements are reported in Sevougian et al. (2019b, Sec. 3.1) and in the recent 

work described Mariner et al. (2019, Sec. 2.3.1.5).  

Section 3 also discusses some significant progress in interfacing the Sandia VoroCrust meshing 

software with PFLOTRAN.  VoroCrust is a software tool that generates Voronoi meshes of 

arbitrary volumes (Abdelkader et al. 2018).  The long-term goal is to develop a meshing software 

tool that is open-source, flexible, and well-suited for meshing geologic and engineered features.  

In FY2019, the project focused on converting VoroCrust output to the grid format required by 

PFLOTRAN, generating meshes of simple test cases representative of common geologic features 

(see also Gross et al. 2019), and benchmarking simulations on VoroCrust meshes against other 

unstructured and structured grids representing the same geometry.  In the past six months, 
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substantial progress has been made.  Meshes for five example problems have been created and 

solutions obtained on them have been verified against solutions obtained on other meshes. 

Section 4 presents simulations of a reference case repository located in unsaturated alluvial 

sediments (Mariner et al. 2018), building on the simulations presented in Sevougian et al. (2019b).  

The primary development for this reference case in FY2019 is 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 and associated slow 

convergence of the numerical algorithm. The initial task in Section 3 was to test a new potentially 

faster converging parallel solver called the Newton trust region (TR) algorithm.  In all five models 

benchmarked here this solver gave the same results as the default Newton line search (LS) solver.  

The TR method was also much faster.   

Finally, Section 4 points to FY2019 work detailed in Gross et al. (2019) that is intended to interface 

with the GDSA UZ alluvium reference case.  In particular, Gross et al. (2019) describe the 

development of a new geologic framework model (GFM) for alluvial basins. In that work 

development of a stratigraphic and hydrological model of the Mimbres Basin from available 

seismic and well data is detailed.  A GFM must capture the geologic elements that impact the siting 

and dynamic behavior of a potential repository, including basin geometry, alluvium stratigraphy, 

lithofacies and geologic structures. The first step, and the focus of Gross et al. (2019), is to establish 

the geologic elements that define the boundaries of the alluvial sub-basin, such as depth to bedrock, 

basin-bounding and intra-basin faults, and the geometry of the bed rock on which the alluvial 

basin-fill sediments were deposited. Eventually, the generic basin-scale GFM (whether in alluvium 

or some other host rock) will interface with the GDSA repository-scale generic reference case. 

Section 5 is an update to the generic shale reference case (Mariner et al. 2017).  Section 5.1 

describes an update to the Geologic Framework Model (GFM) for a representative shale 

environment and describes the geologic and hydrogeologic features represented in the GFM.  The 

methodology used to develop the shale GFM is documented in detail in Sevougian et al. (2019b). 

In this current deliverable, updates to the features of the shale GFM first shown in Sevougian et 

al. (2019b) are presented and analytical methods are used to document the relationships between 

features represented in the GFM. Also updated are features and processes specific to the region of 

the shale GFM. The shale GFM was developed using RockWorks17® software (Rockware Inc., 

www.rockware.com) and ArcGIS 10.6 (ESRI, www.esri.com). The GFM was gridded at a 

horizontal resolution of 250 meters and a vertical resolution of 10 meters resulting in a grid array 

of 277 by 333 by 201. New features include a synthetic fault that offsets the stratigraphy of the 

GFM and inclusion of the water table in this region. A series of analyses are conducted using the 

GIS and GFM software to document the relationships between the reference repository horizon, 

the host formation, and hydrologic features represented in the GFM. Although these analyses are 

applied to a relatively simple geologic environment, they demonstrate how the analytical tools 

available in GIS and GFM software can be used to evaluate areas where a repository could be 

located using basic criteria such as depth and thickness of the potential host formation.  One of the 

goals in developing the shale GFM is to demonstrate a workflow that uses the features of the GFM 

to create a mesh for simulation modeling. This is accomplished by exporting the geologic surfaces 

(formation tops) for input into the meshing software. Generating a simulation mesh from the 

geologic surfaces generated by Rockworks required a multistep process using Python, CUBIT and 

SCULPT software. 

http://www.rockware.com/
http://www.esri.com/
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Section 5.2 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-mechanical (THM) 

behavior in a typical bentonite back-filled shale repository with the goal of representing the effect 

of stresses due to bentonite swelling, thermal expansion, and pore pressure changes on the 

permeability of the disturbed rock zone (DRZ) in a performance assessment model of the entire 

repository system.  To model these phenomena a combination of empirical and theoretical 

relationships derived from coupled THM simulations can be represented as functions of 

PFLOTRAN TH state variables.     

Finally, Section 5.3 describes a site-scale shale-host-rock reference case that models the potential 

performance of a geologic repository based on direct disposal of DPC waste packages.  This 

section presents the FY2019 update to the GDSA Shale Reference Case described in Section 4 of 

Mariner et. al (2017).  The primary new tasks undertaken in FY2019 were 

(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)ðsee description of Section 5.1 above. 

(3) An update to the numerical model grids and formation properties to incorporate changes 

to stratigraphy and repository design needed for DPC waste packages.   

This report fulfills the FY2019 GDSA Repository Systems Analysis work package (SF-

18SN01030405) Level 3 milestone entitled GDSA Repository Systems Analysis FY19 Update 

(M3SF-19SN010304052). 
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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 Spent Fuel and Waste Disposition (SFWD), 

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).  Generic design (or reference-case) concepts being considered for SNF and 

HLW disposal since 2010 include mined repository concepts in bedded salt, argillite (shale), and 

crystalline rock.  An additional option begun last fiscal year is a potential mined repository in 

unsaturated alluvium.  The PA R&D since 2012 has mostly focused on disposal of 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 higher decay-heat waste packages containing dual purpose canisters (DPCs) with 

37 pressurized water reactor (PWR) assemblies or 24 PWR assemblies, which now represent a 

significant fraction of the spent fuel inventory currently being stored at U.S. reactor sites.   

This report describes accomplishments for the second half of Fiscal Year (FY) 2019 in the 

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

development and accomplishments are summarized at a high-level in Mariner et al. (2019), with 

much more detail provided 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. (2013a), and Vaughn et al. (2013), as well as previous work 

in the first half of FY2019, described in Sevougian et al. (2019b).   

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 (Mariner et al. 2019), and other tools as needed.  The 

goals in FY19 are to  

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

environments, particularly in argillaceous (e.g., typical shale or clay) 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, 

which have a higher decay heat output in comparison to prior-year PA cases. 

¶ Perform and analyze PA simulations with GDSA Framework for the foregoing reference 

case concepts and models.  

Section 2 of this report sets the context for this generic PA design concept and analysis work within 

the overall context 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, as well as some new work on numerical gridding that will 

improve solution accuracy. Section 4 describes simulations of a reference case repository located 

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

simulations at smaller scales and coarser gridding that point to methods for eventually simulating 

multi-phase flow with heat on a fine-scale grid and a large domain.  Section 5 is an update to the 



 GDSA Repository Systems Analysis FY19 Update 
2 September 2019 

 

 

generic shale reference case presented in Mariner et al. (2017).  Section 5.1 documents new work 

on developing geologic framework models (GFMs) for the various reference cases, beginning with 

the shale reference case.  Section 5.2 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 5.3 describes an update to the shale host rock reference case to include the effects of DPC 

disposal.   
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2 SAFETY CASE AND REFE RENCE 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 (Freeze et al. 

2013b). The red-dash boxes highlight the current generic programôs emphasis on R&D activities 

related to the post-closure technical bases (FEPs) and the safety assessment (Sevougian et al. 

2019a; 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 (e.g., see Sevougian and 

MacKinnon 2017).  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 (after Sevougian et al. 2018). 

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

generic PA model, 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 environmentsðargillite, 

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

Campaignðaddress the key elements of Figure 2-3 outlined by the blue dotted lines.  This 

deliverable discusses progress in Fiscal Year 2019 in 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) and unsaturated 

alluvium reference cases (Mariner et al. 2017; 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 (after Sevougian and MacKinnon 2017). 

 

  

Reference Case Components
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3 PFLOTRAN UPDATES  

3.1 PFLOTRAN Updates  

As described in Sevougian et al. (2019b), multiple improvements were made to the PFLOTRAN 

multi-physics source code to improve numerical convergence for the case of the nonlinear 

equations involved in multiphase fluid flow and energy transport.  Since that time, some additional 

improvements have been made, including the ñtrust regionò numerical algorithm described by 

Mariner et al. (2019, Sec. 2.3.1.5), as well as the following two options for convergence of the 

PFLOTRAN GENERAL Mode solver: 

GAS_PHASE_AIR_MASS_DOF WATER_MOL_FRAC changes the second primary variable in gas 

state grid cells from the default of air partial pressure to mole fraction of water in the gas phase. 

CHECK_MAX_DPL_LIQ_STATE_ONLY imposes a pressure limiter only on liquid pressure when 

simulation grid blocks are in the liquid state. This can be useful in situations where in 2-phase state 

grid blocks gas saturations get very high and capillary pressure correspondingly gets high. 

To get started with using these new options and to see examples of how they work, users can now 

find a guide for troubleshooting multiphase flow problems in GENERAL mode in the FAQ section 

of the PFLOTRAN online documentation.  

3.2 VoroCrust/PFLOTRAN Collaboration  

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

(Abdelkader et al. 2018) to generate meshes for use in PFLOTRAN simulations.  The long-term 

goal is to develop a meshing software tool that is open-source, flexible, and well-suited for 

meshing complex geologic and engineered features. In FY2019, the project focused on converting 

VoroCrust output to the grid format required by PFLOTRAN, generating meshes of simple test 

cases representative of common geologic features (see also Gross et al. 2019), and benchmarking 

simulations on VoroCrust meshes against other unstructured and structured grids representing the 

same geometry. In the past six months, substantial progress has been made.  Meshes for five 

example problems have been created and tested.   

3.2.1 Meshing in VoroCrust  

VoroCrust is an automated tool that generates Voronoi polyhedral meshes that conform to complex 

geometries. A Voronoi mesh is a partition of the space using a set points (seeds). Each seed forms 

a convex cell around it by the union of the domain points that are closer to that seed compared to 

any other seed. A Voronoi cell has many desired features; it is convex and bounded by planar 

convex faces. More importantly each Voronoi face is naturally orthogonal to the line connecting 

the two seeds of the two Voronoi Cells defining that face. This orthogonality condition is 

advantageous for flow and transport codes like PFLOTRAN and FEHM (Zyvoloski et al. 2012) 

that utilize the finite volume method and a two-point flux approximation, since it can better 

approximate gradients, thereby reducing numerical dispersion for fluid fluxes that are non-

orthogonal to grid-cell faces.  

Voronoi partitions are uniquely defined by the locations of the seeds, and hence the VoroCrust 

software originally output only a list of those seeds, which were not a suitable output to use as a 

mesh in PFLOTRAN.  In order to address this issue, an explicit Voronoi meshing method was 
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designed, implemented, tested. This tool is used now to produce a PFLOTRAN mesh fi le that 

contains the volume of each cell and the connectivity and the areas of the associated faces. The 

method relies on shooting random rays from the cell seeds to identify points on the associated 

Voronoi face then another set of rays are thrown from each face point to identify the Voronoi Cells 

that bound that face. The collected neighbors are then sorted counterclockwise direction in the 

plane of that face and the polygon defining that face is constructed by calculating the intersection 

point of four cells; the two defining that face and two successive neighbors in the sorted list. 

Finally, the calculated vertex is verified to be a true Voronoi vertex by closest neighbor search. If 

it does not pass the test, a new neighbor is added to the sorted list. Efficient intersection of random 

rays was achieved via a new design for a k-d tree.1 We demonstrated the robustness of this meshing 

algorithm using a wide range of examples. Once the boundaries of each cell are calculated, 

estimating the area of each face and the volume of each cell is trivial 

Orthogonal polyhedral Voronoi meshes are well-suited for meshing complex geometries for 

PFLOTRAN simulations.  There is no constraint on cell shape, so any volume can easily be 

meshed.  Hexahedral meshes can be flexed to capture features within the simulation domain, but 

generally require significantly more volume elements to achieve the same accuracy on complex 

geometric shapes.  Thus, Voronoi meshes can be expected to significantly reduce computational 

times compared to hexahedral meshes (Sosnowski et al. 2017).  

3.2.2 Unit Cube Examples (Test Case 0)  

As a first test of the VoroCrust/PFLOTRAN simulation workflow, a series of VoroCrust meshes 

on a 1m ³ 1m ³ 1m unit cube with increasing number of grid cells are generated.  The coarsest 

mesh has 16 elements while the finest has 2860.  Three of the Voronoi meshes are shown in Figure 

3-1. 

Simulations on the Voronoi meshes are benchmarked against a simulation on a regular hexahedral 

mesh in which every element is cubic. In each case, the model domain has a left boundary with 

high pressure (111325 Pa) and low temperature (15oC) and a right boundary with lower pressure 

(101325 Pa) and higher temperature (25oC).  The quasi-steady state pressure and temperature 

distributions are both nearly linear gradients in the x-direction and are shown on the hexahedral 

benchmark mesh in Figure 3-2.  

Figure 3-3 shows the temperature and pressure profile at an observation point near the center of 

the domain as a function of time. All except the 16-cell mesh have extremely similar temperature 

profiles, while the pressure profiles for the 26- and 101-cell meshes overshoot the change in 

pressure at short time.  Results obtained on the 2860- and 697-cell meshes are nearly identical to 

each other.  All Voronoi mesh simulations result in nearly the same temperature and pressure 

profiles at quasi-steady state. It is surprising that this result is achieved on the 16- and 101-cell 

meshes.  The 16-cell mesh has 15 of the cells connected to either the left or right boundary and 

only one interior cell while the 101-cell mesh has 41 boundary elements and only 60 interior nodes. 

                                                      
1 A k-d tree is a data structure that utilizes a set of input points to form a partition of the underlying space. The tree is 

organized so that each node is associated with a hyperplane aligned with the main axis. Each node has two pointers 

to the two subspaces formed by that hyperplane. The hyperplane alternates directions as one traverses the tree from 

one node to another and the implicit partition can be utilized in fast nearest neighbor queries. One key advantage of 

this data structure is its low memory imprint. For n points the tree will have maximum of 2n pointers. The VoroCrust 

implementation has developed smart k-d trees, which automatically balances as more points are added. 
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An unstructured tetrahedral mesh and an unstructured hexahedral mesh, each with approximately 

2000 elements, were developed for comparison with the Voronoi mesh.  The first has 2060 

tetrahedral elements and the second has 2100 hexahedral elements that were deliberately distorted 

to create non-orthogonal connections. Figure 3-4 shows the results of these simulations.  In 

comparison to the benchmark mesh (regular hexahedral mesh), the tetrahedral mesh and the 2860-

cell Voronoi mesh capture the evolution of temperature as steady-state is approached, but the 

hexahedral mesh with non-orthogonal connections performs poorly.  Pressure versus time on the 

Voronoi mesh is superior to the other two, particularly at early time.  It is likely that the slight 

difference in pressure between the benchmark mesh and the Voronoi mesh at quasi-steady state is 

due to the observation point location not being identical between the meshes. 

 

Figure 3-1. VoroCrust meshes with 101, 697 and 2860 cells for the unit cube example. 

 

Figure 3-2. Steady state distribution of pressure (left) and temperature (right) on the unit cube.  This 

hexahedral mesh is used as a benchmark. 
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Figure 3-3. Temperature and pressure at an observation point near the center of the domain.  All simulations 

have exactly the same observation point. 

 
Figure 3-4. Temperature and pressure at an observation point near the center of the domain. Some of the 

difference in the profiles is due to the observation point moving slightly between the meshes. 

3.2.3 Test Problems with Heterogeneity  

Gross et al. (2019) proposed a series of four simple test cases of increasing complexity to compare 

the meshing capability of VoroCrust with that of other meshing software such as LaGriT (Los 

Alamos Grid Toolbox, Los Alamos National Laboratory, https://lagrit.lanl.gov) and Cubit (Owen 

et al, 2019a, Owen et al, 2019b).  Each test case represents a common geologic feature; layered 

units, a pinch-out, offset units, and a lens.  For this work, the four test cases are meshed with 

unstructured hexahedral meshes generated using Cubit and Vorocrust-generated Voronoi meshes.  

PFLOTRAN simulations are run on the Voronoi meshes for all four cases, and the hexahedral 

meshes for three cases.   

In parallel work, Gross et al. (2019) generated Voronoi meshes for each of the four test cases using 

LaGrit. Because LaGrit uses a different method (Delaunay triangulation) to create Voronoi cells 

than Vorocrust, the two generate dissimilar grids.  The meshes generated with LaGrit were used 

for simulations in PFLOTRAN and FEHM. 

3.2.3.1 Test Case 1: Layered System  

The first test problem is a simple layered model with four layers.  There is a contrast in material 

properties between the layers, but each layer is homogeneous internally.  Side views of the 

simulation meshes are shown in Figure 3-5.  The material properties are in Table 3-1 and the initial 

https://lagrit.lanl.gov/
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and boundary conditions are shown in Table 3-2. PFLOTRANôs TH mode is used to simulate 

variably-saturated single-phase flow (using Richards equation) coupled with heat transport on one 

Voronoi cell mesh and two regular hexahedral meshes, one with 10,000 cubic elements, and one 

with 90,000 cubic elements. 

The simulated temperature and liquid saturation on the 10,000-cell hexahedral mesh after 0.1 years 

of simulation time are shown in Figure 3-6; the current workflow does not generate the output 

necessary to make 3D figures of simulation results on VoroCrust meshes.   The temperature and 

saturation profiles at three interior observation points are shown in Figure 3-7. Simulations on the 

Voronoi mesh and two hexahedral meshes are shown.  All connections in the hexahedral meshes 

are orthogonal for this test case, so simulations on the hexahedral meshes will converge to accurate 

temperature and saturation profiles with sufficient grid refinement. The 90,000-cell hexahedral 

mesh simulation is used as a benchmark. 

At observation points M1 and M4, the Voronoi mesh simulation results are in better agreement 

with the 90,000-cell benchmark simulation results than the 10,000-cell mesh, as can be seen in 

Figure 3-7.  All meshes have identical results for the diffusive temperature profile at M1 and M4, 

while the liquid saturation is always slightly underestimated in the coarser meshes.  

 

Figure 3-5. Simulation meshes for Test Case 1.  Top: Voronoi mesh with 11,005 grid cells.  Bottom: 

Hexahedral benchmark mesh with 10,000 grid cells showing Material ID assignments. 
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Table 3-1. Material properties for Test Case 1.  Material IDs are assigned as shown in Figure 3-5. 
 

Layer 1 Layer 2 Layer 3  Layer 4 

Porosity (‰  0.01 0.02 0.03 0.04 

Tortuosity 1.0 1.0 1.0 1.0 

Rock Density (kg/m3) 2800 2900 3000 3100 

Specific Heat (J/Kg·K) 1.0 1.5 2.0 2.5 

Thermal Conductivity (W/K·m) 0.1 3.0 0.05 6.0 

Permeability (In all directions) (m2) 1³10-9 1³10-14 1³10-11 1³10-14 

 

The Voronoi mesh result at observation point M3 has consistently lower temperature and pressure 

than the benchmark. The temperature profile is not as close to the benchmark simulation as the 

hexahedral mesh with 10,000 grid cells, while the pressure profile is the same as the 10,000-cell 

simulation at short time and then gets very close to the 90,000-cell benchmark. The error is small, 

and it is not clear if part of the problem is the challenge of choosing observation points that are the 

same across all the meshes.  Running simulations on a more refined Voronoi mesh for additional 

validation is recommended. 

Table 3-2. Initial and boundary conditions for Test Case 1. 
 

Initial Recharge Release 

Region Assigned All 
West Face 

(small x boundary) 
East Face 

(large x boundary) 

Temperature (C) 5.0 90.0 1.0 

Pressure (Pa) 100300 100300 1000 

Liquid Flux (cm/min) N/A 1.0 N/A 

 

 

Figure 3-6. Temperature (left) and liquid saturation (right) for Test Case 1 after 0.1 years of simulation. 
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Figure 3-7. Profiles of temperature (left) and liquid saturation (right) for three observation points in Test 

Case 1.  Two simulations on hexahedral meshes are shown along with the simulation on the Voronoi mesh.  

M1 is in Material 1, M3 is in Material 3 and M4 is in Material 4. 

3.2.3.2 Test Case 2: Pinch Out  

The second test case contains three materials which intersect at a point where Material 2 pinches 

out.  The simulation meshes and material domains are shown in Figure 3-8, the material properties 

are in Table 3-3, while the initial and boundary conditions are in Table 3-4. The Voronoi mesh has 

8,541 cells, while the coarse and fine hexahedral meshes have 8,600 cells and 78,000 cells, 

respectively. 

In this test case the hexahedral mesh is flexed to the boundary between the materials, it is no longer 

orthogonal and not a rigorous benchmark simulation.  However, as the mesh is highly refined and 

most of the flow is around (not through) the highly flexed cells near the pinch-out of Material 2, 

the 78,000-cell simulation still serves as a good comparative simulation for the Voronoi mesh. 

 

Figure 3-8. Coarse hexahedral (left) and Voronoi (right) meshes for Test Case 2 which has Material 2 

pinching out in the interior of the domain. 
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Table 3-3. Material properties for Test Case 2.  Material IDs are assigned as shown in Figure 3-8. 
 

Material 1 Material 2 Material 3 

Porosity (‰  0.01 0.01 0.01 

Tortuosity 1.0 1.0 1.0 

Rock Density (kg/m3) 2800 2800 2800 

Specific Heat (J/Kg·K) 1.0 1.0 1.0 

Thermal Conductivity (W/K·m) 1.0 0.01 50 

Permeability (In all directions) (m2) 1³10-7 1³10-11 1³10-9 

 

Table 3-4. Initial and boundary conditions for Test Case 2. 
 

Initial Infiltration Release 

Pressure (Pa) 100000 100000 5000 

Temperature ( C̄) 5.0 90.0 10.0 

Liquid Flux (cm/min) N/A 1.0 N/A 

Region Assigned All Top Face Bottom Face 

Figure 3-9 shows the simulated temperature and pressure on the coarser hexahedral mesh after one 

hour of simulated time. The thermal conductivity and permeability of Material 2 have deliberately 

been chosen to be very low (see Table 3-4) forcing both the fluid and thermal front to travel 

between Materials 1 and 3 around the wedge-shaped region.  Though unrealistic, this serves as a 

challenging simulation for this test case.  

A comparison of the saturation and temperature profiles at observation points in each of the 

materials is shown in Figure 3-10.  The Voronoi mesh results are very similar to the refined 

hexahedral mesh at points M2a and M3, while at M1 both profiles are quite different.  This is 

likely because the observation point in the Voronoi mesh is closer to the interface between 

Materials 1 and 3, and saturation decreases and temperature increases earlier at this location.   

Finding suitable interior observation points between meshes is not always a simple task when 

comparing across unstructured meshes.  In the present work, all observation points are chosen to 

be the seed of a cell in the Voronoi mesh near the center of a material domain, so observation 

points are captured exactly in the Voronoi mesh simulations.  The coordinates of these points are 

input to PFLOTRAN simulations on the other meshes.  PFLOTRAN chooses the cell center within 

the same cell as the input coordinates as the observation point; a difference in solution 

corresponding to the difference in location is expected.  For example, at point M2a it was not 

possible to get a good match to the Voronoi cell seed on the 8,600-cell hexahedral mesh.  In Figure 

3-10 temperature and liquid saturation at the two vertically-adjacent cells nearest M2a are plotted 

instead. 
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Figure 3-9. Simulated liquid saturation (left) and temperature (right) on the coarse hexahedral mesh on Test 

Case 2 at 1 hour. 

 

 

Figure 3-10. Simulated temperature (left) and saturation (right) versus time at three observation points for 

Test Case 2.  M1 is centrally located in Material 1.  M2a is centrally located in Material 2 and M3 is centrally 

located in Material 3.   

3.2.3.3 Test Case 3: Interior Lens  

The third test case is an interior lens that pinches out to zero height on all sides.  This feature is 

entirely in the interior of the model domain.  Figure 3-11 shows the surface Voronoi mesh for Test 

Case 3, while Figure 3-12 shows the hexahedral mesh for this model.  In Figure 3-12 slices of the 

hexahedral mesh model are cut away to show the interior lens, which is assigned Material 2, while 

the rest of the domain is Material 1.  The hexahedral mesh for this case has 511,000 cells and 

contains a number of distorted hexahedrons due to the difficulty in capturing the pinch-out of the 

lens in all directions using only hexahedrons.  In contrast the Voronoi mesh of this model is just 

22,000 elements.   
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Figure 3-11. Voronoi surface mesh for Test Case 3.  This mesh has approximately 22,000 elements. 

 

 
Figure 3-12. Hexahedral mesh of Test Case 3.  Top left: XZ slice through the center of the domain to show 

the interior lens.  Top right: the surface mesh of this model is all orthogonal hexahedral elements. Bottom: 

XY slice through the lens. This mesh has over half a million elements. 
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There is currently no easy way to assign a different material type to the lens on the Voronoi mesh.  

In the other test cases on Voronoi meshes each material is mapped to a region internally in 

PFLOTRAN by defining polygons in space. As the lens shape is highly irregular this method will 

not work for Test Case 3.  PFLOTRAN also accepts region assignment by the ID numbers of the 

cells in each region, which is how materials are assigned on all the hexahedral meshes for the test 

cases.  In the future VoroCrust will provide this information in an output file accompanying the 

simulation mesh. 

Though it is not possible to populate the lens feature in the Voronoi mesh with a separate material 

type, a simulation is run to demonstrate that it is a suitable simulation mesh.  In this simulation the 

cube from (x, y, z) = (7.4, 7.4, -3.5) to (10.6, 10.6, -4.0) inside the lens has a source term in it with 

an injection rate of 10 m3/day for one day, until the saturation in the observation cells begins to 

reach quasi-steady state.  The entire domain is Material 1 from Test Case 2, with the properties 

shown in Table 3-3.  All four side boundaries are open, but the top and bottom are sealed. 

Observation points are located 4 m from each boundary at a depth of z = -4 m directly north, south, 

east and west of the center of the model.  

The saturation and pressure profiles at the observation points are shown in Figure 3-13.  As 

expected, the pressure and saturation increase most rapidly at the southern observation point, as it 

is closest to the injection region, and more slowly at the northern observation point, as it is furthest 

from the injection region. This simulation demonstrates that the Voronoi mesh is functional; no 

comparison can be made because no simulation was run on the hexahedral mesh.  

 
Figure 3-13. Simulated pressure (left) and saturation (right) profiles at the four observation points for Test 

Case 3.  Observation points are all in the plane of the lens at a depth of z = -4m. 

3.2.3.4 Test Case 4: Faulted Layers  

The fourth test case contains three material layers which are offset across a fault that passes through 

the model at an angle.  Two of the simulation meshes and the material domains are shown in 

Figure 3-14, the material properties are in Table 3-5, while the initial and boundary conditions are 

in Table 3-6. The Voronoi mesh has 10,813 cells, while the coarse and fine hexahedral meshes 

have 4,180 cells and 66,000 cells, respectively. As in Test Case 2, the hexahedral meshes of this 

model are flexed to the model features and non-orthogonal and so they are not a rigorous 

benchmark of the simulation on the Voronoi mesh.  
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Figure 3-14.  Hexahedral (left) and Voronoi (right) meshes for Test Case 4 which has an offset fault through 

the interior of the domain. 

 

Table 3-5. Material properties for Test Case 4.  Material IDs are assigned as shown in Figure 3-14. 
 

Material 1 Material 2 Material 3 

Porosity (‰  0.01 0.01 0.01 

Tortuosity 1.0 1.0 1.0 

Rock Density (kg/m3) 2800 2800 2800 

Specific Heat (J/kg·K) 500.0 500.0 500. 

Thermal Conductivity (W/K·m) 0.0001 1000.0 0.001 

Permeability (In all directions) (m2) 1³10-9 1³10-11 1³10-8 

 

Table 3-6. Initial and boundary conditions for Test Case 4. 
 

Initial Infiltration Release 

Pressure (Pa) 1000 100000 1000 

Temperature ( C̄) 5.0 25.0 5.0 

Liquid Flux (cm/min) N/A 1.0 N/A 

Region Assigned All Top Face Bottom Face 

 

The thermal conductivity of Material 2 is chosen to be very high, while the permeability of this 

domain is orders of magnitude lower than the other materials.  Though unrealistic, this was chosen 

so that the temperature would rapidly propagate across Material 2, but the infiltrating water will 

preferentially flow into Materials 1 and 3. This is shown on a snapshot of the saturation and 

temperature on the 66,000-cell hexahedral mesh in Figure 3-15.  
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Temperature and saturation as functions of time for all three simulations at four observation points 

in the domain are shown on Figure 3-16. The temperature never changes at M1 or M3 due to the 

very low thermal conductivity of these materials, while saturation at M2 RT on the right side of 

Material 2 never changes due to the low permeability of that material.  As can be seen in Figure 

3-16, the conduction-dominated thermal profiles at all of the observation points are well-modeled 

by the Voronoi mesh and both of the flexed hexahedral meshes. The refined hexahedral mesh 

predicts a later increase in water saturation than the other two models at M1 and M2 LT.  This 

could be because of changes to the location of the observation points, or because of the coarse grid 

refinement in the Voronoi and coarse hexahedral mesh.   

 
Figure 3-15. Simulated liquid saturation (left) and temperature (right) on hexahedral mesh on Test Cast 4 

after 10 years. 

 

  

Figure 3-16. Simulated temperature (left) and saturation (right) versus time at four observation points for 

Test Case 4.  M1 is centrally located in Material 1.  M2 LT is in Material 2 to the left of the fault, M2 RT 

is in Material 2 to the right of the fault, and M3 is centrally located in Material 3.  Simulations for a coarse 

and refined hexahedral mesh are shown as well as the results on the Voronoi mesh. 
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3.2.4 Conclusions and Future Work  

Five example cases have been meshed with Voronoi meshes: the unit cube, layered model, pinch-

out, interior lens, and fault.  Voronoi meshes of all five models have been successfully used for 

PFLOTRAN simulations and four of them were compared with simulations on hexahedral meshes 

with similar and higher resolution.  These results verify that solutions obtained on Voronoi meshes 

agree with solutions obtained on other meshes for models of increasing complexity.  The longer-

term goal is to create Voronoi meshes of subsurface geologic and engineered features with 

VoroCrust and use them for repository simulations in PFLOTRAN.  Additional code development 

and testing is necessary as outlined in the following subsections.  

3.2.4.1 PFLOTRAN Simulation Testing  

To do a thorough simulation validation of Voronoi meshes for use in PFLOTRAN, additional 

simulation work should be done:   

¶ Finer Voronoi meshes of Test Cases 1 to 4 have been generated using VoroCrust but have 

not been used in PFLOTRAN simulations yet.  Simulations identical to the ones in the 

preceding sections should be run on them and compared against simulated results on the 

coarse Voronoi meshes, the hexahedral meshes and other unstructured meshes such as 

tetrahedral elements. 

¶ All tests so far have been conducted in PFLOTRANôs TH mode and without transport.  It 
would be useful to compare solutions and computation times on problems run using 

PFLOTRANôs GENERAL mode, which simulates two-phase miscible flow coupled to 

energy transport.  Reactive transport simulations may also present unique grid 

discretization requirements. 

¶ Voronoi meshes of increasingly complex features could be built and simulations on these 

compared to simulations on hexahedral meshes. 

3.2.4.2 VoroCrust/PFLOTRAN Interface Developments  

Two main features should be added to the VoroCrust/PFLOTRAN interface:   

¶ The first is two- and three-dimensional visualization of simulation results on VoroCrust 

meshes.  The current workflow does not output enough mesh information to populate 3D 

diagrams of PFLOTRAN simulation results in meshing software such as ParaView 

(https://www.paraview.org/).  

¶ The second is to have VoroCrust generate output files indicating which cells belong to 

which region in the models.  As discussed in the section on Test Case 3, currently 

PFLOTRAN can only define materials on relatively simple geometric shapes unless that 

information is provided cell-by-cell from an external source, such as the meshing software.   

3.2.4.3 VoroCrust Development: Anisotropic Meshing  

In the future it will be important to be able to mesh to highly anisotropic features that are common 

in the subsurface.  A VoroCrust mesh of the next proposed test case is shown in Figure 3-17. 

PFLOTRAN simulations can be run on this problem once material ID marking is available from 

VoroCrust. This mesh has 85,000 grid cells and is able to capture even the thinnest part of all seven 

layers accurately.  The trade-off is that cells become extremely small in all directions in these thin 

https://www.paraview.org/
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regions, which can result in prohibitively large numbers of cells for complex models.  Similar 

issues were encountered in creating a hexahedral mesh of the shale GFM in Section 5.1.1.3.  Future 

development of anisotropic meshing capability in VoroCrust will allow thin regions to be meshed 

with cells that are longer in the x- and y-directions than in the z-direction. 

 

 

Figure 3-17. Voronoi mesh of a highly anisotropic geologic model with seven layers of varying thickness.  

The detail section shows that the mesh is able to capture thin layers exactly, but at the cost of very small 

grid cells. 
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4 GENERIC UNSATURATED ZONE REFERENCE CASE 

In the second half of FY2019 there have been two parallel efforts on the alluvium reference case.  

The first has focused on improving computational methods for this challenging conceptual model 

and assessing the quality of simulated results.  The second is development of a new geologic 

framework model (GFM) (Gross et al, 2019).  Progress in the former effort is described here in 

Section 4.1, while the latter is briefly described in Section 4.4. 

4.1 Post -Closure Repository  Modelling  

The conceptual model for a repository in unsaturated alluvium was developed by Sevougian et al. 

(2019b) and Mariner et al. (2018). The unsaturated zone repository is assumed to be 250 m below 

surface level in a high-permeability part of the alluvium formation.  The advantage of putting the 

repository in this part of the formation is lower initial saturation which results in less steam 

generation when waste packages with high heat load are emplaced.  The high permeability allows 

for the steam to escape more easily, preventing build-up of pressure in the repository in the first 

decades after closure. This was discussed in more detail in Sevougian et al. (2019b). All simulation 

parameters are identical to those used in simulations of 24-PWR waste packages 100-year OoR in 

the alluvium reference case in Sevougian et al. (2019b) and shown in Table 4.7 of that work.    

Simulation of the unsaturated zone is numerically difficult due to rapid increase in temperature in 

the first few decades post-closure.  To achieve numerical stability, simulation timestep size is 

limited by the Courant-Friedrich-Lewy (CFL) condition, which states that flowing fluids can 

traverse at most a single grid cell in a single timestep.  Timestep size is limited by the rate at which 

the steam front propagates away from the hot waste packages, especially for single phase gas 

states.  The cells around the waste packages are refined to as small as 1.67 m and the steam front 

expands rapidly, requiring very small timesteps during the first few hundred years of the 

simulations. If the simulator attempts to take timesteps that are too large, the solution may diverge, 

which will cause the simulation to stop.  This limitation on timestep size is intrinsic to the physics 

of the problem but the time to converge at each timestep is solver-dependent.  Some numerical 

solvers handle discontinuities and nonlinearities better than other, but this is still an active area of 

research in computational sciences from which GDSA can benefit. 

4.1.1 Code Development   

A new solver for the nonlinear system called the Newton trust region (TR) method has been 

implemented into PFLOTRAN (Mariner et al., 2019; Conn et al. 2000).  The TR algorithm has not 

yet been fully tested in PFLOTRAN but, based on research in FY19, it appears to converge much 

more quickly than the default Newtonôs method for challenging multiphase problems.  The TR 

algorithm is benchmarked against the Newtonôs method using the site-scale (multi-drift) UZ 

simulations in the sections below. 

Two additional options have been made in PFLOTRAN to improve simulations of the UZ case 

(see Section 3.1).  The first is to have water mole fraction in the gas phase as the independent 

variable when only the gas phase is present in a grid cell, rather than the default air mole fraction.  

When steam is rapidly generated, the cells near the waste packages dry out and the gas phase 

becomes almost entirely steam.  Using air mole fraction as the independent variable means the 

solver has to operate on very small numbers, which may contribute to problems with convergence.   
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The other option added was an alternative pressure governor that limits timestep size based on 

only the gas-phase pressure in the two-phase region.  During dry-out the liquid pressure, which is 

equal to gas pressure minus capillary pressure, steeply drops to large negative values as the residual 

liquid saturation is approached.  By limiting timestep based only on gas pressure the solver is able 

to take larger timesteps during this process. 

4.2 Site-scale  Models  

In this section, results of simulations conducted on a series of meshes with varying discretization 

are compared. The purpose of this modelling exercise is to test the robustness and speed of the 

Newton TR solver on numerical meshes of different resolution and to compare the results among 

the meshes, where appropriate, e.g., to compare temperatures and gas saturations at certain spatial 

locations of the simulation domains. 

The geometry of this model is identical to the model in Sections 4.3.2.2 and 4.4.2.1 of Sevougian 

et al. (2019b) except that there is no east to west hydraulic gradient.  The model domain has 25 

waste packages per drift in 27 drifts.  Drift spacing is 50 m, and center-to-center spacing of 

packages along the drift is 20 m. The model has a no-flow boundary condition at the south face, 

which acts as a reflector, so the total number of waste packages represented in the model is 1350.  

Heat sources representative of 24-PWR waste packages 100-year OoR are used. The repository 

layout, material properties, and heat source terms are identical to those used in Sevougian et al. 

(2019b). 

Four meshes of varying grid resolution have been built for the UZ model: 

1. Fully -resolved mesh (Mesh 1).  This mesh resolves the waste packages, backfilled drifts, 

shafts and halls, the disturbed rock zone (DRZ), and the surrounding alluvium formation.  

This model has two levels of local grid refinement, resulting in some non-orthogonal cells 

around the drifts and around the repository. It has 2.4 million grid cells. (See top left of 

Figures 4-1, 4-2, and 4-3.) 

2. Mesh that resolves waste packages (Mesh 2).  This mesh resolves each waste package as 

a single grid cell and includes drifts and the surrounding halls.  The shafts and the DRZ are 

not in this model.  This model has flexing in the mesh and one level of local grid refinement, 

resulting in non-orthogonal cells around and above the repository. It has 215,000 grid cells.  

(See top right of Figures 4-1, 4-2, and 4-3.) 

3. Mesh that resolves drifts (Mesh 3).  This mesh resolves each drift as a volume one grid 

cell wide.  Waste packages are not resolved, and the entire drift volume is assigned the 

material properties of backfill. Each drift grid-cell contains one waste package heat source. 

This model has flexing in the mesh, resulting in non-orthogonal cells around and above the 

repository. It has 105,000 grid cells.  (See bottom left of Figures 4-1, 4-2, and 4-3.) 

4. Mesh that does not resolve drifts (Mesh 4).  This model has a coarse mesh across the 

repository so that each grid cell in the repository area contains a single waste package heat 

source.  Two simulations are run on this mesh, one with backfill material throughout the 

repository and one with alluvium material throughout.  The mesh in this model does not 

contain any flexing or local grid refinement so that all cells are orthogonal.  It has 64,000 

grid cells. (See bottom right of Figures 4-1, 4-2, and 4-3.) 
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Figure 4-1. Plan view (XY slice) of the northeast corner of the repository in the four meshes of varying grid 

resolution.   

 

Figure 4-2. Vertical cross-section (XZ slice) through the repository including the repository area and full 

model depth.  All grids preserve stratigraphic features. Four meshes of varying grid resolution are shown.   
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Figure 4-3. Vertical cross-section (XZ slice) through the repository including only the area around the three 

drifts on the eastern edge of the repository.  The four meshes of varying grid resolution are shown.   

 

4.2.1 A Question of Solvers  

The Newton TR solver algorithm in PFLOTRAN is still being tested for stability and accuracy, so 

the first task in the present study is to validate this new TR solver against the default Newton LS 

algorithm, which reaches convergence in most settings and is used in simulations of other host-

rock concepts (shale, crystalline, bedded salt). 

Simulations were run on all four of the meshes using both the TR and LS solvers for up to 1000 

years simulation time or 48 hours wall clock time.  Simulation results are summarized in Table 

4-1.  Parameters specifying iteration behavior, timestep growth and limitations, and convergence 

criteria are identical among all simulations. 

Neither solver algorithm completed the 1000-year simulation on the fully-resolved mesh (top left 

in Figures 4-1, 4-2, and 4-3).  The LS algorithm diverged after just over 0.1 year, while the TR 

algorithm had only progressed 81.7 years of simulation after 48 hours of computation time on 64 

cores of a parallel super-computer.   

 

Legend for Figures 4-1, 4-2, and 4-3:  The fully resolved mesh (Mesh 1) on the top left of each of the 

above three figures includes the DRZ (material 7).  The resolved waste packages mesh (Mesh 2) on the 

top right resolves the waste packages but does not include the DRZ. The resolved drifts mesh (Mesh 3) 

on the bottom left resolves the drifts, but not individual waste packages.  The all backfill  mesh (Mesh 4) 

on the bottom right does not resolve drifts or waste packages but has backfill properties throughout the 

repository.  An additional set of simulations, called ñno backfill,ò are conducted on a mesh identical to 

the all backfill simulation (Mesh 4), but with alluvium rock properties throughout the repository. 
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Table 4-1. Simulation time for all four meshes with both the experimental Newton TR and default 

Newton LS solvers.  All simulations are run with identical input options and time stepping routine.  

Maximum wall clock time was set to 48 hours. 

Mesh ID Simulation name Simulated time If simulation did not finish, why not 

1 Fully-resolved TR 81.7 yr Time limit with small timesteps 

1 Fully-resolved LS 0.1 yr Solution diverged 

2 Resolved WP TR 1000 yr ï 

2 Resolved WP LS 19.3 yr Linear solver failure 

3 Resolved drifts TR 1000 yr ï 

3 Resolved drifts LS 349 yr Time limit with small timesteps 

4 All drifts TR 1000 yr ï 

4 All drifts LS 1000 yr ï 

4 No drifts TR 1000 yr ï 

4 No drifts LS 1000 yr ï 

 

For the three coarser meshes (top right, bottom left, and bottom right in Figures 4-1, 4-2, and 4-3), 

simulation results are shown below in Figure 4-4.  The results for the all-backfill and all-alluvium 

simulations are nearly identical, so only the all-backfill simulation is shown. The TR algorithm is 

able to simulate all of these meshes for 1000 years, but the LS solver runs only 19.3 years on the 

resolved waste packages mesh (Mesh 2) and 349 years for the resolved drifts mesh (Mesh 3) before 

falling into small timesteps and timing-out after 48 hours.  

The comparison of gas saturation and temperature in Figure 4-4 shows that for each mesh the TR 

and LS simulations are identical for nearly all times. The only exception is that the LS algorithm 

on the model that resolves waste packages shows constant gas saturation around 15 years, while 

the TR model gas saturation is declining.  The LS simulation stops a few years thereafter, likely 

because of this divergence.  The resolved drifts simulations are identical for the 349 years that the 

LS algorithm runs, and the simulations that do not resolve the repository are indistinguishable 

throughout the full 1000-year simulations.  

The simulations using the TR algorithm are nearly identical to the LS model wherever the LS 

results are available.  Simulation time on the fully-resolved mesh remains prohibitive because the 

simulation fell into very small timesteps.  It is likely that solver or time-stepper options could be 

fine-tuned to get this simulation to run more quickly. 

4.2.2 Site-Scale Model Comparison Across Grid Refinement  

In this section, the results of simulations on the four meshes are compared.  All simulations are for 

24-PWR waste packages and have identical parameters to Table 4-7 in Section 4.3.2 of Sevougian 

et al.(2019b).   

As a result of leaving features out of each model, in some places we expect to see similar results 

from the simulations while in others we do not expect a similar result.  Models that do not resolve 

the waste package cannot predict waste package temperatures. However, these models may predict 

saturation, temperature and pressure at some distance away from the waste packages, such as the 

midpoint between the drifts. Similarly, the models that do not resolve the drifts cannot predict 
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temperatures, pressures, or saturations within the repository, but may still produce acceptable 

results above and below the repository. 

 
Figure 4-4. Comparison of simulated gas saturation (left) and temperature (right) as a function of the log of 

time for the TR and LS algorithm for three of the meshes.  TR simulations are shown as lines while LS 

simulations are shown as symbols. 

4.2.2.1 Simulation Results on Refined Mode l  

The simulation chosen as the benchmark is that run on Mesh 2, which resolves the individual 24-

PWR waste packages but not the DRZ.  This simulation was chosen because the simulation on the 

fully-resolved mesh (Mesh 1) only ran for 82 years.  Figure 4-5 shows the temperature and 

saturation at relevant points near the repository.  The top left subfigure shows that the waste 

packages dry out almost immediately, but the drift between the waste packages dries out over 

decades. The formation between the drifts does not dry out until 400 years after closure and 

remains dry for the duration of the simulation. The bottom right picture shows that the regions 

above and below the repository will never dry out.  This indicates that the dried-out region is 

localized in the repository.   

The temperature in the waste packages reaches a maximum temperature of 200oC around 20 years 

post-closure.  The repository between the waste packages does not reach its maximum temperature 

of 100oC until nearly 400 years post-closure.  These results are identical to those observed in 

Sevougian et al.(2019b) and are discussed in more detail in that work.  

4.2.2.2 Simulation Results Across Model Refinement  

Figures 4-6, 4-7, and 4-8 show gas saturation in the repository at 20 years (the time of maximum 

temperature in the waste packages), at 80 years (the final time step for the fully-resolved model), 

and at 500 years (the time of maximum dry out), for all four simulation meshes.  As expected, the 

propagation of the dry out zone away from the waste packages can clearly be seen in the fully 

resolved mesh (Mesh 1) and in the mesh that resolves the waste packages (Mesh 2), but not in the 

two coarser models (Meshes 3 and 4).  The dry out zone is propagating more quickly in the y-

direction for the mesh that omits the DRZ (Mesh 2) due to the large grid cells in the y-direction.   

In the model that resolves the drifts but not the waste packages (Mesh 3), the drifts are almost 

entirely dry at all of the snapshots in time shown. The mesh that does not resolve the repository 

(Mesh 4) eventually reaches residual gas saturation of 10%, but never dries out at all.   
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Figure 4-5. Temperature and gas saturation as a function of time for the model that resolves the waste 

packages but not the DRZ (Mesh 2).  Temperature (top left) and gas saturation (top right) in the centermost 

waste package, between two waste packages in the drift and in the alluvium at the midpoint between four 

waste packages. Temperature (bottom left) and gas saturation (bottom right) in the formation that contains 

the repository (ubf 3 over and ubf 3 belowðobservation points in the upper basin fill just above and beneath 

the repository horizon) and in the confining beds above (confining 2) and below (confining 3) the 

repository. 

4.2.2.2.1 In the Waste Package 

As can be seen in Figure 4-9, all three models that resolve the drifts capture the rapid dry out of 

the waste packages, while only the two models that resolve the waste packages individually are 

able to capture the sharp initial increase in temperature.  The model that does not resolve the waste 

packages (Mesh 3) has the heat sources spread over a volume of 500 m3, while the model waste 

packages are 13.77m3, so the temperature at the center of the heat sources is expected to be 

underestimated. In all three models the drifts mostly dry out within 50 years, so it makes intuitive 

sense that all three simulations that resolve the drifts can capture this phenomenon, though dry out 

is achieved slightly later in the coarsest model (Mesh 3).  
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Figure 4-6. Plan view (XY slice) of saturation in the north east corner of the repository at time t = 20 yr.  

This is near time of the maximum temperature in the waste packages for the refined simulations. Top left 

(Mesh 1): fully resolved simulation.  Top right (Mesh 2): simulation that resolves waste packages but not 

the DRZ.  Bottom left (Mesh 3): simulation that resolves drifts but not waste packages.  Bottom right 

(Mesh 4): Simulation that does not resolve the repository and has backfill throughout the repository area. 

 

Figure 4-7. Plan view (XY slice) of saturation in the north east corner of the repository at time t = 80 yr.  

This is the final snapshot of the simulation on the fully -resolved mesh. Top left (Mesh 1): fully resolved 

simulation.  Top right (Mesh 2): simulation that resolves waste packages but not the DRZ.  Bottom left 

(Mesh 3): simulation that resolves drifts but not waste packages.  Bottom right (Mesh 4): Simulation that 

does not resolve the repository and has backfill throughout the repository area. 
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Figure 4-8. Plan view (XY slice) of saturation in the north east corner of the repository at time t = 500 yr.  

This is near time of the maximum dry out between the drifts for the refined simulations. Top left (Mesh 1): 

fully resolved simulation is not shown because it did nor progress to this time.  Top right (Mesh 2): 

simulation that resolves waste packages but not the DRZ.  Bottom left (Mesh 3): simulation that resolves 

drifts but not waste packages.  Bottom right (Mesh 4): Simulation that does not resolve the repository and 

has backfill throughout the repository area. 

 
Figure 4-9. Gas saturation (left) and temperature (right) in the waste package for all 5 simulations.   

4.2.2.2.2 In the Repository Between Drifts 

Temperature and saturation at the midpoint between the two centermost drifts are shown in 

Figure 4-10.  At this location all of the models do a relatively good job of capturing the temperature 

as a function of time.  All of the coarsened meshes predict a slightly more rapid increase in 

temperature than the fully resolved model due to enhanced numerical dispersion.   

The saturation between the drifts in the first few hundred years is only well-modeled by the mesh 

that resolves the waste packages.  In that model the gas saturation first increases to one minus the 

residual water saturation as the mobile water flows out of the area, then 200 years later sufficient 
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heat has accumulated to flash the residual water to steam and the gas saturation abruptly changes 

to 100%.  This is the correct sequence of events for propagation of gas in the repository.  The 

model that resolves the drifts smears this two-step process, and the coarsest models do not capture 

the evaporation of the residual water at all. 

4.2.2.2.3 In Surrounding Media 

Figure 4-11 shows the gas saturation and temperature below the repository for all five simulations.  

As can be seen, the three meshes that resolve the drifts all predict a decrease followed by an 

increase in gas saturation and similar increases in temperature below the repository.  The two 

simulations on the mesh that does not resolve the repository overestimate the gas saturation and 

underestimate the temperature at all times.  Several observation points above and below the 

repository were compared, and the results were qualitatively similar.   

 

 
Figure 4-10. Gas saturation (left) and temperature (right) between two central drifts for all 5 simulation 

models. 

 
Figure 4-11. Gas saturation (left) and temperature (right) in the confining zone below the repository for all 

5 simulation models. 

4.2.2.3 Grid Refinement Conclusions  

The simulation results have been compared for the five models with varying resolution.  The two 

simulation meshes (Mesh 1 and Mesh 2) that explicitly grid the waste packages are able to resolve 

sharp temperature and saturation changes in the repository (Figure 4-9), but only the fully resolved 

grid (Mesh 1) seems accurate enough to capture the true peak values.  The model that resolves 

only the drifts (Mesh 3) may be sufficient for modeling the area between drifts and is certainly 

usable for locations above and below the repository.  The two models that did not resolve the 
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repository (Mesh 4) performed poorly at all observation points and are likely too coarse to be 

useful. 

4.2.3 Single WP Model  

In addition to the site-scale models in the previous section, a highly refined mesh of ¼ of a waste 

package was built.  The geometry of this model is loosely based on the model in Section 6.2 of 

Sevougian et al. (2019b).  It uses closed boundaries on all 4 lateral sides to simulate one waste 

package in the center of an infinite array of waste packages.  The model is 150 m tall so that for 

heat sources representative of 24-PWR waste packages 100-year OoR, changes in temperature and 

saturation do not reach the top and bottom of the domain, which are both held constant at the initial 

condition. 

The ¼ waste package model has identical dimensions to a package in the 25³27 array of the PA 

scale model and should be a good representation of the centermost waste packages in the array.  

The black rectangle in Figure 4-12 shows an XZ side-view of the part of the array captured in the 

¼ waste package model.  The single waste package model has dimensions 25³10³150 m to 

represent 50 m drift spacing with 20 m between waste packages along the drift, like the site-scale 

array.  This model has 37,440 elements with the mesh shown on the right side of Figure 4-13.  The 

waste packages, drift, and damaged zone in Figure 4-13 have identical dimension to the fully 

resolved site-scale model.  The low-permeability alluvium material above and below the repository 

have the same distance to the waste packages.  All material properties are taken from the full-scale 

simulations.  The initial conditions are equilibrated to have the same initial saturation, pressure 

and temperature as the site-scale model. 

 

Figure 4-12. Section of the site-scale domain represented by the single waste package model is shown in 

the black square.  
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Figure 4-13.  Left: Materials in the center section of the single waste package model.  Waste package is 

Material 8, drift is Material 5, DRZ is Material 6 low permeability alluvium is Material 3 and high 

permeability alluvium is Material 4. Right: Gas saturation is lower in material 4 (high permeability) than 

material 3 (low permeability), like in full model. Simulation mesh is also shown. The full thickness of the 

model in the z direction is not shown. 

One key change from Sevougian et al. (2019b) is that the waste package in the current study is 

rectangular.  This was desirable because it preserves the waste package shape and dimension in 

the site-scale array.  Furthermore, a model with nearly orthogonal cells everywhere will be 

numerically easier to simulate and have less potential for mass-conservation errors than the model 

with a radially flexed grid.  Simulations with the Newton TR solver are shown, as it was far more 

computationally efficient in this model and has been benchmarked satisfactorily in the site-scale 

array section above.   

4.2.3.1 Simulation Results for The Single Waste Package Model  

Simulated saturation and temperature are shown for the ¼ waste package model with a 24-PWR 

waste package 100 years OoR in the alluvium formation in Figure 4-14, while Figure 4-15 shows 

saturation and temperature at selected observation points in and around the waste package. 

Even though the waste package, drift and damaged zone have rectangular cross-section in this 

model, heat and the dry out zone propagate radially outward into the formation from very early 

time.  For the first two snapshots in time in Figure 4-14, after 10 years and 50 years the dry out 

zone expands radially.  At later times as the waste packages cool, the gas begins to migrate upward, 

and the dry-out zone forms a tear-drop shape.  After 1000 years a large dry out zone still exists, 

even though the formation in the area shown near the waste package is a relatively constant 

temperature a few degrees warmer than the initial temperature.  

This highly-refined model predicts that the region between drifts will never dry out completely, as 

can be seen in Figure 4-15 and the saturation profile on the top right of Figure 4-15.  The waste 
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package dries out almost immediately, and the drift between the waste packages dries out in the 

first few decades, while saturation between the drifts increases slightly. 

 

 

 

Figure 4-14. Top Left: simulated liquid saturation (left) and temperature (right) for 24-PWR waste package 

at 10 yrs, the time of peak temperature in the waste package. Top right: simulated liquid saturation (left) 

and temperature (right) at 50 years. Bottom left: simulated liquid saturation (left) and temperature (right) at 

250 years. Bottom right: simulated liquid saturation (left) and temperature (right) at 1000 years, the time of 

maximum dry out. 
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Figure 4-15. Temperature and gas saturation as a function of time for the ¼ waste package model.  

Temperature (top left) and gas saturation (top right) in the center of the waste package (in WP), in the drift 

halfway to the next waste package (in drift), and the midpoint between two drifts (equidistant 4 WP). 

Temperature (bottom left) and gas saturation (bottom right) in the formation that contains the repository 

(ubf 3 over and ubf 3 belowðobservation points in the upper basin fill just above and beneath the repository 

horizon) and in the confining beds above (confining 2) and below (confining 3) the repository. 

The bottom left subfigure in Figure 4-15 shows that in the formation above and below the 

repository, temperature increases, but never reaches 100oC and dries out.  Gas saturation in 

confining layer 2 and in ubf 3 above the repository increase slightly, while gas saturation at the 

two observation points below the repository decreases initially.  As steam is formed it moves 

radially out from the waste package.  When it reaches a cooler region it forms a re-condensation 

front, which can be seen in the top left of Figure 4-14, as a ring of higher water saturation 

surrounding the dried-out region.  The condensed water is pulled downward by gravity, increasing 

the water saturation below the waste package. After the condensation front has passed and the 

formation cools the gas saturation slowly returns to its original value, as can be seen in the bottom 

right of Figure 4-15.   

4.2.4 Comparison Across Model Scales  

The most refined site-scale domain had waste packages modelled as three grid cells and the 

intermediate domain had waste packages as a single grid block, while the highly refined ¼ waste 

package model represents each waste package as 4³4³8 = 128 grid cells (of which ¾ are mirrors 

in the closed boundaries).  The ¼ waste package model provides a benchmark to test what physics 

at the small-scale are smoothed out by even the fully-resolved model with 2.4 million grid cells. 

Figure 4-16 shows a comparison of the temperature and gas saturation between the ¼ waste 

package model and the centermost waste package in the two site-scale models that resolve the 
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waste packages. The top left subfigure shows that the site-scale models both predict a lower 

maximum temperature in the waste package.  This is in part the result of numerical dispersion 

spreading out the temperature due to the relative coarseness of these meshes.  However, the ¼ 

waste package model with closed boundaries represents a waste package at the center of an infinite 

array, so it may over-estimate the temperature of the real array that has dimensions 27³25 waste 

packages. The top right subfigure shows that the waste package dries out almost immediately in 

all the models and does not re-saturate during the 1000-year simulation. 

The bottom of Figure 4-16 shows that the temperature and gas saturation between the drifts is very 

well modeled by the fully resolved site-scale model for the 82 years that it was able to simulate.  

The model that resolves the waste packages but not the drifts predicts complete dry-out of the area 

between the drifts, which is not observed in the ¼ waste package model. The temperature between 

drifts is also consistently overestimated by about 10 degrees.  Over estimation of temperature away 

from the heat source coupled with underestimation of temperature inside the heat source (waste 

package) cells are consistent with what would be expected for numerical dispersion on the coarse 

mesh.   

 

 

Figure 4-16. Saturation (left) and temperature (right) in and between the waste packages for the ¼ waste 

package model and the two site-scale models that resolve the waste packages.   

4.3  Conclusions and Considerations for Future PA Modelling  

The initial task in the UZ modelling section was to verify the suitability of the new Newton TR 

algorithm for simulations of this complex model.  In all five models benchmarked this solver gave 

the same results as the default Newton LS method.  The TR method was also much faster, allowing 

all except the finest mesh simulation to run to 1000 years within the 48-hour cutoff.  
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The study of multiple simulation models of one site-scale conceptual model has provided insight 

as to the level of grid refinement necessary to capture heat and fluid flow in the UZ repository for 

24-PWR waste packages 100 years OoR.  Of the five models, the most refined was unable to 

complete the simulation and the two least refined had unsuitable results for all observation points 

considered.  The two intermediate models provided broadly acceptable results at observation 

points and could be improved through a suitable upscaling study.   

Finally, a highly refined, ¼ waste package model was run to study dry out of the repository in 

detail.  These results were also compared with the results of the site-scale models.  This study 

served to highlight the impact of numerical dispersion, even in the site-scale models that resolved 

the waste packages. 

Possible next steps for the alluvium reference case include: 

1. Run simulations beyond 1000 years.  The 1000-year simulation time in this work was too 

short to include the re-saturation process.  Re-saturation can be challenging to simulate as 

the buoyancy driving force is so small and it is not always clear what direction is upstream.  

This may require additional code development.   

2. Push the fully-resolved 2.4 million grid cell model to completion.  The comparison with 

the ¼ waste package model highlighted the over-estimation of the dried-out region in the 

resolved waste packages model.   

3. Develop intermediate-scale model that contains several waste packages, but is small 

enough to have a highly refined mesh.  It could be used for additional benchmarking. 

4. Simulate transport on one or more of the meshes to test the effects of grid refinement on 

radionuclide movement, including the impact of the dry-out zone.  The grid resolution 

required for long-term radionuclide transport may be finer or coarser than required for the 

transient heat and fluid flow simulation. 

4.4 Geologic Framework  Model  

A separate document by Gross et al. (2019) details the first steps in the development of a new 

geologic framework model (GFM) for an alluvial basin. In that work, development of a 

stratigraphic and hydrologic model of the Mimbres Basin from available seismic and well data is 

detailed.   

A GFM must capture the geologic elements that may impact performance of a potential repository, 

such as basin geometry, stratigraphy, lithofacies, hydrofacies and geologic structures. The first 

step, and the focus of Gross et al. (2019), is to establish the geologic elements that define the 

boundaries of the alluvial sub-basin, such as depth to bedrock, basin-bounding and intra-basin 

faults, and the geometry of the bed rock on which the alluvial basin-fill sediments were deposited. 

The current basin structure GFM contains limited detail of the internal characteristics of the 

alluvium within the basin and these features will be added as part of future work.  Eventually, the 

generic regional-scale GFM (whether an alluvial basin or other concept) will interface with the 

GDSA site-scale generic reference case. 
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5 GENERIC SHALE REFERENCE CASE  

This section builds on the generic shale/argillite/clay reference case reported in Mariner et al. 

(2017), the shale Geologic Framework Model (GFM) presented in Sevougian et al. (2019b), and 

the near-field simulations addressing evolution of the disturbed rock zone (DRZ) in Sevougian et 

al. (2019b).  Section 5.1 discusses additions to the shale GFM and the shale conceptual model for 

the features and process in the region of the GFM.  Section 5.2 presents a geomechanical analysis 

of buffer resaturation and DRZ evolution on a fine-scale (i.e., high resolution grid) single-drift 

grid, developed for the eventual goal of showing how processes at this scale can be coupled to a 

coarser-scale PA grid.  Finally, Section 5.3 presents the reference case and deterministic 

simulations of a generic shale host rock repository containing 24-PWR and 37-PWR DPC-

canisterized commercial SNF, supplementing the 12-PWR and 4-PWR reference cases in Mariner 

et al. (2017). 

5.1 Geologic Model for the Shale Reference Case  

The geologic model for the shale (argillite) reference case includes a conceptual model of the 

geologic and hydrologic environment and a geologic framework model (GFM) to document and 

interpret the key features of a representative shale environment (the NBS). The methodology used 

to develop the shale GFM is documented in detail in Sevougian et al. (2019b). The methodology 

included selection of an area of Pierre Shale of suitable thickness and depth to locate a repository 

at a reference depth of 400 meters, identification of data sources to construct the GFM, and 

decisions on how to represent the stratigraphy of the region given incomplete data. The data used 

to develop the GFM were primarily oil and gas borehole logs that define the top elevation of each 

formation represented in the GFM. Interpolation of the elevation data from the boreholes was used 

to model the upper surfaces of each formation (Sevougian et al. 2019b). 

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 specific region chosen to develop the shale 

GFM is to the northeast of the Black Hills uplift in the Northern Great Plains Province (Figure 5-1). 

The dimensions of the region are 69 km (E-W) by 83 km (N-S). In this region, the Pierre Shale is 

near the top of a thick sequence (~1500-2000 meters) of sedimentary rocks dominated by marine 

shales in the upper part and sandstones and limestones in the lower part.  

In this section, updates to the features of the shale GFM are presented and analytical methods are 

used to document the relationships between features represented in the GFM. Also updated are 

features and processes specific to the region of the shale GFM. The shale GFM was developed 

using RockWorks17® software (Rockware Inc., www.rockware.com) and ArcGIS 10.6 (ESRI, 

www.esri.com). The GFM was gridded at a horizontal resolution of 250 meters and a vertical 

resolution of 10 meters resulting in a grid array of 277 by 333 by 201. 

5.1.1 Update of the Shale GFM for the Argillite Reference Case  

This section presents new features and analyses that represent an update to the Shale GFM 

presented in Sevougian et al. (2019b). The new features are a synthetic fault that offsets the 

stratigraphy of the GFM and inclusion of the water table in this region. We also conduct a series 

of analyses using the GIS and GFM software to document the relationships between the reference 

repository horizon, the host formation, and hydrologic features represented in the GFM. Although 

http://www.rockware.com/
http://www.esri.com/
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these analyses are applied to a relatively simple geologic environment, they demonstrate how the 

analytical tools available in GIS and GFM software can be used to evaluate areas where a 

repository could be located using basic criteria such as depth and thickness of the potential host 

formation. 

 

Figure 5-1. Location of the shale GFM and boreholes used as data inputs. The surface geology shown within 

the boundary of the GFM region is from Martin et al. (2004). Thickness contours for the Pierre Shale are 

from Perry et al. (2014). Note that the Pierre Shale is thinned by erosion where it ramps onto the Black 

Hills uplift. 

5.1.1.1 Geologic and Hydrologic Features Represented in the GFM  

The GFM represents a stratigraphic column of approximately 1500-1800 meters of sedimentary 

rock, depending on location (Table 5-1; Figure 5-2). The entire sedimentary sequence is 

characterized by alternating confining units (shales) that separate major regional aquifers (Figure 

5-2). 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 (Figure 5-2). 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. In the northern portion of the GFM, the Pierre Shale is overlain by the Fox 
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Hills and Hell Creek Formations (combined in the GFM due to lack of borehole data; Figure 5-2). 

The sandstone facies within these formations comprise the Fox Hills/Hell Creek aquifer. 

 
Figure 5-2. Block diagram of the stratigraphy represented in the GFM. View is from the northeast at 10x 

vertical resolution. Vertical scale is elevation relative to sea level. The Fox Hills Formation and parts of the 

Pierre Shale are at the modern erosional surface. The base of the GFM is the bottom of the Madison Group. 

The Precambrian surface (McCormick 2010) below the base of the Madison Group is shown for reference 

but is not part of the GFM.  

The lower half of the stratigraphic column represented in the GFM includes four regional aquifers 

at depths of approximately 1000 meters (Inyan Kara aquifer) to 1500 meters (Madison aquifer; 

Driscoll et al. 2002). Groundwater flow in these aquifers is controlled largely by recharge in the 

Black Hills uplift to the southwest. Groundwater flows downgradient from the southwest to the 

northeast in the area of the GFM (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 within sandstone in the upper half of the Minnelusa Formation and has a typical thickness of 

100 meters (Greene, 1993). The Madison 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 paleokarstic solution features have created secondary 

porosity within the limestone (Greene, 1993; Driscoll et al. 2002).  

Other aquifers in the region are considered minor or local aquifers. The Niobrara aquifer is not 

identified as an aquifer by Driscoll et al. (2002) in their discussions of Black Hills hydrology and 

Bredehoeft et al. (1983) consider it a minor aquifer. The Greenhorn Limestone, which lies below 

the Niobrara Formation and is separated from it by the Carlile Shale, is also considered a minor 

aquifer (Bredehoeft et al. 1983). The equivalent of the Dakota aquifer in the Black Hills region is 

the thin Newcastle sandstone which lies stratigraphically above the Inyan Kara Group and is 

separated from it by the Skull Creek shale (Bredehoeft et al. 1983). Well to the east of the Black 

Hills region, the Inyan Kara and the Newcastle sandstones merge (the Skull Creek Shale pinches 

out) and the aquifer is known as the Dakota aquifer. 
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The minor sandstone and limestone aquifers that lie above the Inyan Kara Group are included as 

part of the ñundifferentiated Cretaceous Shalesò in the GFM (Table 5-1). Within this 

undifferentiated interval, the Newcastle Sandstone is part of the Graneros Group, which includes 

three shale formations and the Newcastle Sandstone (Fahrenbach et al. 2007). 

Estimates of the permeability and porosity of the formations in the GFM are summarized in 

Table 5-1. These estimates are based on data summarized in Driscoll et al. (2002) and Perry and 

Kelley (2017). A few permeability estimates are inferred based on like rock types. 

Table 5-1. Stratigraphic and hydrologic properties of formations represented in the GFM. 

5.1.1.1.1 Faulting 

The GFM is in a stable region of the US that has been largely unaffected by Quaternary tectonism 

or faulting. No faults are documented within the area of the GFM, although normal and reverse 

faulting with displacements of several tens of meters has been documented directly the east of the 

GFM area (Nichols et al. 1994). Given the occurrence of faults to the east, it would not be 

surprising if similar (undocumented) faults occur within the area of the GFM. Although there are 

no documented faults to include in the GFM, we have an interest in introducing more complex 

features in the GFM for the purpose of developing a meshing capability for these features. To that 

end, we introduced a synthetic fault to the GFM. The fault geometry was chosen to be a simple 

normal fault with vertical displacement. We arbitrarily chose a fault displacement of 250 meters, 

to clearly see the offset of the formation surfaces within the GFM.  

To create a fault model, data is needed for the location and orientation of the fault (fault trace), the 

fault dip (observed or inferred). The amount of offset on a fault can be obtained from subsurface 

Borehole 
Stratigraphy 

Lithology GFM stratigraphy Thickness (m) 
Represent-

ative 
thickness 

Permeability 

m2 

Porosity 

% 

Fox Hills 
Sandstone/Hell Creek 
Fm. 

Sandstone, shale, 
siltstone Fox Hills Sandstone 0-209 60 1e-13 20 

Pierre Shale Shale with minor 
sand or silt 
intervals 

Pierre Shale 250-598 450 1e-19 10-30 

Niobrara Formation Shale, chalky 
limestone 

Niobrara Formation 33-159 50 1e-14 40 

Carlile Shale Shale 
Undifferentiated 

Cretaceous Shales 

315-509 

 

350 1e-20 

 

20 

Greenhorn Formation Shale, limestone 

Graneros Group Shale, sandstone 

Inyan Kara Group 
(regional aquifer) 

Sandstone, shale 
Inyan Kara Group 26-136 50 1e-13 20 

Morrison Formation Shale, sandstone Undifferentiated 
Jurassic-Triassic 

Shales/Sandstones 
106-259 200 1e-20 20 Sundance Formation Sandstone, shale 

Spearfish Formation Shale, gypsum 

Minnekahta 
Limestone (regional 
aquifer) 

Limestone  
Minnekahta 
Limestone 

12-18 15 1e-12 10 

Opeche Shale Shale Opeche Shale 12-34 20 1e-20 20 

Minnelusa Formation 
(regional aquifer) 

Sandstone  
Minnelusa Formation 219-239 230 1e-12 10 

Madison Group 
(regional aquifer) 

Limestone 
Madison Group 150-160 150 1e-12 35 
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markers that indicate the displacement of surfaces on either side of the fault. These markers can 

be obtained from borehole data, geophysical imaging, or in some cases surface observations and 

mapping. In many areas where subsurface data is sparse, the geometry of a fault or fault system 

and the displacement of faulted surfaces must be estimated from simplified assumptions based on 

limited knowledge of the fault system.  

For the synthetic fault, we assumed a constant offset of 250 meters for all the stratigraphic surfaces 

(Figure 5-3). We then manually offset each of the surfaces at the fault boundary using the raster or 

grid math utilities that are available in either ArcGIS or Rockworks. The workflow to create the 

synthetic fault is as follows: 

1. Draw (from a map view) a NNE-tending fault trace across the extent of the GFM. This 

information is then included in a Rockworks fault file that also includes the dip angle (90 

degrees in this case) and vertical extent of the fault plane. 

2. Use the fault trace as a segment of a polygon that is used to clip the original unfaulted 

surfaces into two surfaces separated by the fault. 

3. Use grid math tools to calculate a 250-meter offset of the downthrown surface.  

4. Repeat these steps for all the stratigraphic surfaces included in the GFM. 

 
Figure 5-3. Synthetic fault (red surface) offsetting the upper four stratigraphic units in the Shale GFM.  

View is from the northeast at 10x vertical exaggeration. The fault is vertical and offsets each of the 

stratigraphic units by 250 meters. 

The results of the workflow are shown in Figure 5-3. Only the upper four stratigraphic units were 

calculated for this example. The resulting model demonstrates the capability to create a fault 

surface and offset stratigraphic surfaces. These surfaces can be meshed using CUBIT for use in 

simulation modeling.  

Rockworks is not intended to model complexly faulted systems that include multiple faults or fault 

intersections. High-resolution geophysical imaging is typically required to constrain the geometry 

of complexly faulted systems, a capability that is most commonly applied in the oil and gas 

industry. GFM software with more advanced fault modeling capabilities can solve fault/surface or 

fault/fault intersections to ensure that no gaps or intersection errors exist. 
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5.1.1.1.2 Depth and Elevation of the Water Table 

The configuration of the water table in the GFM region is important to document because it 

delineates the boundary between the saturated and unsaturated zones. Groundwater levels were 

obtained from water well data that resides in the USGS National Water Information System 

Groundwater Levels database (https://nwis.waterdata.usgs.gov/usa/nwis/gwlevels). Seventy-

seven water wells from the database lie within the boundary of the GFM. The data points for water 

table depth were used to create a water table depth surface using nearest neighbor interpolation in 

ArcGIS (Figure 5-4, left panel). Water depths in wells range from less than 10 meters to more than 

120 meters in the southwestern portion of the GFM. There is no clear spatial pattern to the depth 

to the water table and, accept for a few areas, the water table in a large proportion of the GFM is 

at a depth of less and 20 meters (Figure 5-4, left panel) and resides within the Fox Hills Formation. 

To calculate the elevation of the water table, the water table depth surface was subtracted from the 

ground surface (DEM) using grid math (Figure 5-4, right panel). As expected, the water table 

elevation follows the topography of the region and is highest in areas with the highest topography. 

A 3-D view of the water table elevation relative to the upper surface of the Pierre Shale shows that 

the water table lies above the top of the Pierre Shale in much of the northern portion of the GFM 

(Figure 5-5). These areas correspond to areas where the Fox Hills Formation is present; within 

these areas the water table lies within the Fox Hills Formation. 

 

  
 

Figure 5-4.  Depth (left) and elevation (right) of the water table in the GFM. 

 

https://nwis.waterdata.usgs.gov/usa/nwis/gwlevels
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Figure 5-5. 3-D view of the relationship between the top of the Pierre Shale (gray surface) and the water 

table (blue surface). View is from the northeast with a vertical exaggeration of 10x. In much of the area, 

the water table lies above the top of the Pierre Shale within the Fox Hills Formation. The water table surface 

is the equivalent of the map view of elevation in Figure 5-4. Vertical scale is in meters relative to sea level. 

5.1.1.2 Analysis of  the Relationships between Geologic and Hydrologic Surfaces  

One purpose of a GFM is to analyze the relationships between the features represented in the 

model. For the purposes of SFWST, this would include analyzing the relationship between a 

reference repository depth and key features related to repository location such as the host rock 

geometry and key hydrologic features. These relationships can be analyzed using the analytical 

capabilities of GIS and GFM software with the results displayed as 2-D maps or 3-D visualizations. 

Determining the quantitative relationship of features in the geologic environment to a reference 

repository horizon involves grid math calculations to determine distances (e.g., thickness, depth, 

vertical separation) between the repository horizon and the features of the GFM. The spatial 

relationships of these features can constrain the areas of a host rock that are suitable for locating a 

repository. Similar analyses of the depth and thickness of the host rock relative to potential 

repository locations within the host rock have been carried out for other repository programs (e.g., 

Vis and Verweij 2014). 

5.1.1.2.1 Relationship of Repository Horizon to the Pierre Shale Geometry 

Depth to the repository is often imagined as a horizontal plane of constant elevation. This is true 

only in a region where the ground surface is flat. In an area of topographic relief, the depth to a 

repository is not constant over the area of the repository but varies depending on the surface relief 

above the repository. As an example, the depth of the proposed Yucca Mountain repository block 

varied by more than 100 meters depending on location relative to the crest and slopes of Yucca 

Mountain. 

The depth of the reference case repository is 400 meters below the ground surface. Using grid 

math functions in the GIS and GFM software we constructed a constant-depth surface of the 

repository horizon by subtracting 400 meters from the DEM representing the ground surface. The 

repository horizon surface represents the 400-meter depth from the surface at every grid point in 

the GFM. It therefore mimics the surface relief of the GFM. 

The relationship between the repository horizon and the top and base of the Pierre Shale is shown 

in Figure 5-6. The 400-meter repository horizon lies within the Pierre Shale over most of the area 
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of the GFM (Figure 5-6, bottom). In the northern 2/3 of the GFM, the base of the Pierre Shale lies 

between 100 and 300 meters below the repository horizon with the distance increasing to the north, 

consistent with the regional northerly dip of the formation (Figure 5-6, top left). Along the southern 

margin of the GFM the repository horizon lies below the base of the Pierre Shale and a repository 

could not be located in these areas if the 400-meter repository horizon was honored (Figure 5-6, 

top left). The depth of the repository horizon below the top of the Pierre Shale is 400 meters where 

the Pierre Shale is at the ground surface and between 400 and 120 meters where the Fox Hills 

Formation is present above the Pierre Shale (Figure 5-6, top right).  

Figure 5-6. 2-D and 3-D representations of the relationships between a reference repository depth of 400 

meters and the top and bottom of the Pierre Shale. In the 3-D view (bottom panel) the repository depth is 

the red surface and the semi-transparent gray volume is the Pierre Shale. The base of the Pierre shale is 

shown in yellow. View is from the southwest at a vertical exaggeration of 10x.  Shown for scale is the shale 

reference repository footprint (black) that is pinned to the repository depth surface (front left of bottom 

panel). 

5.1.1.2.2 Relationship of Repository Horizon to Hydrologic Features of the Region 

Hydrologic features included in the GFM are the water table and major aquifers. The vertical 

distances between the water table, the Inyan Kara aquifer and the repository horizon are calculated 

using grid math. These calculations show the thickness of the saturated zone above the repository 

horizon and the distance between the repository horizon and first major aquifer that lies below the 

repository horizon. 
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The water table in the region of the GFM typically lies at a depth of 10-20 meters (Figure 5-7), 

well above the reference repository horizon. The distance from the repository horizon to the water 

table ranges from 265 meters almost 400 meters (Figure 5-7). Over most of the GFM area, the 

water table is 380 to 400 meters above the repository horizon, which defines the typical thickness 

of the saturated zone above the repository horizon. 

 

Figure 5-7. Distance of the water table from 400-m depth repository horizon. The distance represents the 

thickness of the saturated zone above the repository horizon. 

The water table in the region of the GFM typically lies at a depth of 10-20 meters (Figure 5-7), 

well above the reference repository horizon. The distance from the repository horizon to the water 

table ranges from 265 meters almost 400 meters (Figure 5-7). Over most of the GFM area, the 

water table is 380 to 400 meters above the repository horizon, which defines the typical thickness 

of the saturated zone above the repository horizon. 

The Inyan Kara aquifer is the first regional aquifer lying below the Pierre Shale and the 

undifferentiated Cretaceous Shales (Figure 5-2). The thickness of shale between the reference 

repository horizon and the Inyan Kara aquifer thus represents a thick low-permeability barrier 

between the repository and a potential pathway for radionuclide migration. The distance between 

the repository horizon and the Inyan Kara Group ranges from less than 400 meters in the southern 

part of the GFM to more than 700 meters in the northern part (Figure 5-8). The increased separation 

of these surfaces to the north is due to the northerly dip of the formations, a general thickening of 

units to the north and the higher elevation of the repository horizon to the north (Figure 5-6). The 

northern area of the GFM thus provides a thicker low-permeability barrier between the repository 

horizon and the Inyan Kara aquifer.  

The spatial relationships between the Pierre Shale, hydrologic features and the repository horizon 

are shown together in a 3-D visualization of the GFM (Figure 5-9). 
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Figure 5-8. Depth (distance) of the Inyan Kara aquifer below the 400-m depth repository horizon. 

 

Figure 5-9. View of the GFM from the northwest showing the relationships between the water table and 

Inyan Kara aquifer (blue surfaces), the Pierre Shale (semi-transparent gray, base is yellow) and the reference 

repository depth (red surface). The base of the Fox Hills aquifer is approximately coincident with the top 

of the Pierre Shale. 

5.1.1.3 Meshi ng the Features of the GFM  

One of the goals in developing the shale GFM is to demonstrate a workflow that uses the features 

of the GFM to create a mesh for simulation modeling. This is accomplished by exporting the 

geologic surfaces (formation tops) shown in Figure 5-10 for input into the meshing software. 

Generating a simulation mesh from the geologic surfaces generated by Rockworks required a 

multistep process using python, CUBIT and SCULPT software (Owen et al, 2019a; Owen et al, 

2019b). 


























































































