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EXECUTIVE SUMMARY

The Spent Fuel and Waste Science and Technology (SFWST) Campaigids tbepartment

of Energy Office of Nuclear Energpffice of Spent Fuel and Waste Dispositi@FWD), has

been conducting research and development on generic deep geologic disptesak qy.e.,
geologicrepositories This report describes specific activitiestive second half dfiscal Year

(FY) 2019 associated witihhe Geologic Disposal Safety Assessment (GDSA) Repository Systems
Analysis (RSA) work package within the SFWST Carigpa The overall objective of the GDSA
RSA work package is talevelop generic deep geologic repository concepts and system
performance assessment (PA) models in severalrbodstenvironments, and to simulate and
analyze these generic repository conceid models using the DSA Frameworkoolkit, and
other tools as neededhe specific objectives in FY2019 are to

1 Develop and/or augment generic repository reference cases fordmpuichted host rock
environmentsparticularly inargillaceous (e.g., pical shale or clay) host rocks; and a
host rock environment in the unsaturated z@h#&), such as alluvial valley fill.

1 Ensure that reference cases include repository concepts and layouts for the disposal of
DPGC-canisterizedoressurized water reactoP\(VR) assemblies, including 3?WR and
24-PWR waste packages

1 Perform PA simulations (deterministic and probabilistic) vVBIDSA Frameworkor the
foregoing reference case concepts and models. Analyze and plot the PA simulation results,
including uncertainty rgd sensitivity analyses

This report describes specific GDSA RSA accomplishmentee second half ofY2019and
builds upon the work reported M2SF19SN01030405 GDSA Repository Systems Analysis
Progress ReporfSevougian et al. 2019b).

Section 1 of his deliverable is a brief introduction. Secti@ndiscusses the relationship of
reference case models to the overall generic safety caSe()on 3 discusséwo improvements

to the numerical solvers in PFLOTRAN, needed for modeling the high hgaitdubm dual

purpose canisteDPC) waste packages, particuladuring twophase flow, such as might occur

in an unsaturated hesbck environment.Multiphase (liquid and gas) flow and transport
capabilities i n RBENERALR ANI ¢ w nveh begreatigmensed 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 significeiof these changes involved refactoring of convergence
criteria used during each iteration of the NewRaphson nonlinear solution search algorithm.
Many of these improvements are reported in Sevougian et al. (2019b, Sec. 3.1) and in the recent
work desribed Mariner et al. (2019, Sex.3.1.5.

Section 3 also discusses some significant progress in interfacii@aiitka VoroCrust meshing
softwarewith PFLOTRAN. VoroCrust is a software tool that generates Voronoi meshes of
arbitrary volumes (Abdelkader et al. 2018he longtermgoal is to develop a meshing software

tool that is opersource, flexible, anavell-suited for meshingeologicand engine&d 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 simwatinrVoroCrust meshes against other
unstructured and structured grids representing the same geomatrthe past six months,
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substantial progress has been made. Meshes foexXmapleproblems have been created and
solutions obtained on them have be&enfied against solutions obtained on other meshes

Section 4presents simulations @ reference case repository located in unsaturated alluvial
sedimentgMariner et al. 2018)uilding on the simulations presentedSevougian et al. (2019b).

The primary developmentor this reference case in FY2019r&dated 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 clasdrasociated slow
convergence of the numerical algorithfilme initial task in Section 3 was test a new potentially

faster converging parallel solver callé tNewtortrust region TR) algorithm. In allfive models
benchmarkedtherethis solver gave the samesults as the default Newtiome searchl(S) solver.

The TR method was also much faster.

Finally, Section 4ooints 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. Inwtbek
development of a stratigraphic and hydrological model of the Mimbres Basin from available
seismic and well data is detailedl. GFM must capture the geologic elements that impact the siting
and dynamic behavior of a potential repository, includirgjrogeometry, alluvium stratigraphy,
lithofacies and geologic structures. The first step, and the focus of&ag2019), is to establish

the geologic elements that define the boundaries of the alluviddagib, such as depth to bedrock,
basirbourding and intrabasin faults, and the geometry of the bed rock on which the alluvial
basinfill sediments were depositeventually, the generic basstale GFM (whether in alluvium

or some other host rock) will interface with the GDSA repositmgle gearic reference case.

Section5 is an update to the generic shale reference case (Mariner et al. 2ZBdatjon5.1
describesan update to theéseologic Framework Model (GFM) for a representative shale
environment and describthe geologic and hydgedogic features represented in the GFWhe
methodology used to develop the shale GFM is documented in detail in SevougiaR0tH). (

In this current deliverableupdates to the features of the shale GFM first shown in Sevougian et
al. (2019b) are preserd 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 GFMThe shale GFM was developed using RockWorks17® software (Rockwaye Inc
www.rockware.coj and ArcGIS 10.6 (ESRIwww.esri.con). The GFM was gridded at a
horizontal resolution of 250 meters and a vertical resolution of 10 meters resulting in mayrid a

of 277 by 333 by 201. New features include a synthatidt fhat offsets the stratigraphy of the
GFM and inclusion of thevater table in this region. 8eries of analysemre conducted using the

GIS and GFM software tdocument the relationships be&t@n the reference repository horizon,

the hostformation,and hydrologic featuregpresenteth the GFM. Although these analyses are
applied to a relatively simple geologicvemmnment, they demonstrate how the analytical tools
availablein GIS and GFM sitware can be used tevaluate 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 featueeSHEY

to create a mesh for simulation modelingisTis accomplished by exporting the geologic surfaces
(formation tops)for input into the meshing softwar&enerating a simulation mesh frotme
geologic surfaces generated by Rockwarequired a multistep process usityghon, CUBIT and
SCULPTsoftware.
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Section5.2 documents some nefeld simulations with a highly discretized grid in the shale
reference case, as a precursor to coupling more detailed process mode33#td-ramewrk.

The objective of this study is to investigate the #edd thermathydrologicmechanica(THM)
behaviorin atypical bentonite backilled shalerepositorywith the goal of representirtge effect

of stresses due to bentonite swelling, thermal esipan and pore pressure changes on the
permeability of thedisturbed rock zoneDRZ) in a performance assessment maafethe entire
repository system To model thesephenomenaa combination of empirical and theoretical
relationshipsderived from coupledTHM simulations can berepresented as functions of
PFLOTRAN TH state variables.

Finally, Sectiorb.3 describes aite-scale shaldnostrock reference castatmodels the potential
performance of a geologic repository based on direct dispodaPGfwaste 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 FY20dJe

(1) Inclusion of 24-PWR and 37PWR DPC waste packages in the referecese
simulations.

(2) An update to the stratigraphic model for a representative shale domain (Perry et al. 2014;
Perry and Kelley 2013 see description of Section 5.1 above.

(3) An updateto the numerical model gridend formation propertids incorporate changes
to stratigraphy and repository design needed for DPC waste packages.

This report fulfills the FY2019 GDSA Repository Systems Analysigwork package (SF
18SN01030486) Level 3 milestoneentitled GDSA Repository Systems AnalyB¥19 Update
(M3SF19SN01030052).
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1 INTRODUCTION

The Spent Fuel and Waste Science and Technology (SFWST) Campaigids tbepartment

of Energy (DOE) Office of Nuclear Energy, Office®pent Fuel and Waste Disposition (SFWD),

is conducting research and development (R&D) on geologic disposal of spent nuclear fuel (SNF)
and highlevel nuclear waste (HLW). Two of the highest priorities for SFWST disposal R&D are
design concept development and disposal syspemiormance assessnte(PA) modeling
(DOE 2012, Table 6) Generic @sign(or referencecase)conceptdeing considered for SNF and
HLW disposal since 201idclude mined repository concepts in bedded salt, argillite (shale), and
crystalline rock. An additional option begurstidiscal yearis a potential mined repository in
unsaturated alluvium. THeA R&D since 201zhasmostly focused omlisposal ofcommercial
spent nuclear fuelGSNF inventory packageth smaller waste packages, such é3WR and/or
12-PWR waste packagesHowever, a greater emphasis is given this year to simulating direct
disposal of muchigher decasheatwaste packages containidgal purpose caniste®PCg with

37 pressurized water reactdP\WR) assemblie®r 24 PWR assembliesvhich now represent a
significant fraction of the spent fuel inventory currently being stored at U.S. reactor sites

This report describes accomplishments tloe secondhalf of Fiscal Year(FY) 2019 in the
development of generic repository reference cases and PA modeling and andtysis
development and accomplishments suenmarized at a higlevel in Mariner et al. (2019), with
much more detail provideid Mariner et al. (2018), Mariner et d2017), Mariner et al. (2016),
Mariner et al. (2015), Sevougian et al. (201%3yvougian et al. (2014), Sevougian et al. (2013),
Sevougian et al. (201Zreeze et al.2013), andVaughnet al. (2013)as well as previous work
in the first half of FY2019, described in Sevougian et al. (2019b)

The overall objective of the GDSRepository Systems Analysigork package is taevelop
generic deep geologic repository concepts and syBtfiormance AssessmemA) models in

several hostock environments, and to simulate and analyze these generic repository concepts and
models using th&DSA Frameworkoolkit (Mariner et al. 2019)and other tools as needetihe

goals in FY19 aréo

91 Develop and/or augment generic repository reference cas@guidrsaturatedost rock
environmentsparticularly inargillaceous (e.g., typical shale or clay) host rocks; and a
host rock environment in the unsaturated z@h#&), such as alluvial vallefll.

1 Ensure that reference cases include repository concepts and layouts for the disposal of
DPGC-canisterized PWR assemblies, includingPBXR and 248PWR waste packages
which have a higher decay heat output in comparison to-yeer PA cases.

1 Performand analyzePA simulations wittGDSA Frameworkor the foregoing reference
case concepts and models.

Section 2f this reporsets the context for thgeneric PA design concept aaclalysis work within

the overall contextof the safety case and with resp@o a multidecade project.Section3
discussesmprovements to the numerical solvers in PFLOTRAN, needed for modeling the high
heat output from DPC waste packageswell as some new work on numerical gridding that will
improve solution accuracyeciton 4 describes simulations afreference case repository located

in unsaturated alluvial sedimentirst introduced in Mariner et al. (2018ncluding initial
simulationsat smaller scales and coargeidding that point to methods for eventually siatirig
multi-phase flow with heat on a firscale grid and a large domaiBection 5 is an update the
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generic shale reference case presented in Mariner et al. (Z2Bdatjon5.1 documentsmiewwork
on developing geologic framework models (GFMs) fonttagous reference cagdeginning with
the shale reference case. Sect?d documents some nefield simulations with a highly
discretized grid in the shale reference case, as a precursor to coupling more thetaihed
hydrologicmechanicabrocessmodels into the PA system modeDSA Framework Finally,
Section5.3 describesn update to thehalehostrock reference cas® includethe effects oDPC
disposal
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2 SAFETY CASE AND REFE RENCE CASE METHODOLOGY

During the development ofgeep geologicepository the posiclosurePerformance Assessment

or Safety Assessmert a primarycomponent of the posiosure Safety Case (S&&EA 2012,

Sec. 4.4), along with the underlying Technical Bases (engineering and scientific knowledge).
Figure 21 is an illustration of the main components of a safety (or licensing)Eeseze et al.

2013b) The reddash boxes highlight he cur r ent @raphasis ondk&Dpactiwities a mo s
related to the postlosure technical bases (FEPs) and the safstgssmeniSevougian et al.
2019a,DOE 2012).

SafetylCases
1. Introduction, /Rurpese;and-Gontext
2. SafetysStrategy

2.1 Management Strategy 2.2 Siting and Design Strategy 2.3 Assessment Strategy

lllllllllllllllllllllllllllllll .

: 3. TechnicalBases

4NN EEEEEEEEEEEEEEEEEEEEEEEER

3.1 Site Selectior 3.2 Preclosure Basis aste & Engineered Barriers
& Repository |:> ARepository Design <:> AGeosphere/ Natural Barriers

AConstruction ¢Site Characterization

Concept : 2Bios :
phere & Surface Environment

FOperations AUncertainty Characterization

R RN R BN BRI BB H AN o B B R R X RN TTTT,

4. Disposal; System:Safety Evaluation

;4.2 Posiclosure Safety Assessméft ‘-Zﬁ'-Q&EBQ&EHQ?-E@-QWEW?5 L
4.1 Preclosure AFEPS Analysis and Scenarios Asafety Indicators
Safety Analysis AUncertainty/Sensitivity Analysis Mgdl_i!/ Eg;“é—"gﬁ%\ﬁ‘%normg
ABarrier and Safety Functions APeer Review

5. Synthesist&Conclusions

5.1 Confidence Statements & Robustness Argumenfs
5.2 Remaining Uncertainties
5.3 Path Forward

*FEP = Feature, Event, or Process

Figure2-1. Typical components of a deep geologic repository safety case.

Figure 22 is a schematic illustration of the progression of these main compahengafety case

(the PA and the technical bases) from a generic evaluation phase t@pesife phase during

the typical stages of any geologic disposal project. The maturation of the safety case through these
various stages is driven bgsearch, deelopment and demonstratioRD&D) decisions made at

key decision points (e.g., Critical Decision (CD) points, as desciibB®OE 2010)yvia a formal
decisionmaking process involving major projedctakeholders(e.g., see Sevougian and
MacKinnon 2017) As of this wrting, theU.S.program is at the indicated location on the timeline

in Figure 22, which corresponds to generic (rsite-specific) RD&D only.
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Figure2-2. Evolution and iteration of thiechnical bases and performance assessment via RD&D through
multiple stages of repository developméafter Sevougian et al. 2018).

Figure2-3 shows the information flow during a single stage of a repository program and how the
genericPA mode| GDSA Franework is intended to fill a key role in guiding the directed RD&D
program. The generic reference cases for potential-hast geologic environmenisargillite,
crystalline, bedded salt, and unsaturated alluvium for the current work in the DOE SFWST
Campagnd address the key elements of Figur@ Dutlined by the blue dotted linesThis
deliverablediscusseprogressn Fiscal Year 2019n developing and simulating generic reference
case repositories witBDSA Frameworkupdated for direct disposal of DR@entory and waste
packagesThe specific reference cases updated herethareargillite (shale) and unsaturated
alluviumreference casdMariner et al2017; Mariner et al. 2018).
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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 developméaiter Sevougian and MacKinnon 2017).
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3 PFLOTRAN UPDATES

3.1 PFLOTRAN Updates

As described in Sevougian et £01%), multiple improvements were made to the PFLOTRAN
multi-physics source code to improve numerical convergence for the case of the nonlinear
eqguations involved in multiphase fluid flow and energy transport. Since thastmeadditional
improvements have been made,dl udi ng the Atrust regiono num
Mariner et al. (2019, Sec. 2.3.1.8% well as the following two options for convergence of the
PFLOTRAN GENERAL Mode solver:

GAS_PHASE_AIR_MASS DOF WATER_MOL_FRi#dhges 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_ONIliMiposes a pressure limiter only on liquid pressure when
simulation grid blocks &rin the liquid state. This can be useful in situations wherglme2e 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 werGans®w
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 VoroCrustintesoftware
(Abdelkader et al. 2018p generate meshes for use in PFLOTRAN simulatidiige longterm

goal is to develop a meshing software tool that is eqmemce, flexible, andvell-suited for
meshingcomplexgeologicand engineered featurés 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 mes$ against other unstructured and structured grids representing the
same geometryin the past six months, substantial progress has been made. Meshes for five
exampleproblems have been created aested

3.2.1 Meshing in VoroCrust

VoroCrust is an automatedol that generates Voronpolyhedraimeshes 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 thabsgsted 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 thatef This orthogonality condition is
advantageous fdtow and transportodeslike PFLOTRAN and FEHMZyvoloski et al. 201p

that utilize the finite volume method and tao-point flux approximation since it can better
approximate gradients, thereby reducing numerdigpersionfor fluid fluxes that are non
orthogonal to grietell faces

Voronoi partitiors are uniquely defined by the locations of the seadd hence the VoroCrust
software originly output only a list of those seedshichwere not a suitable output to use as a
mesh in PFLOTRAN. In order to addrdbss issue, an explicit Voronoi meshing method was
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designed, implemented, tested. This tool is used now to prodB€&@TRAN mesHile 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 froch &ce 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 @lls; 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 doesnot pass the tesa new neighbor is added to the sorted lifficient intersection of random

rays was achieved via a new design ferttree! 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 facelahe volume of each cell is trivial

Orthogonalpolyhedral Voronoi meshes argvell-suited for meshing complex geometries for
PFLOTRAN simulations. There is no constraint on cell shapeany volume can easily be
meshed.Hexahedrameshes can be flexed to capture features within the simulation domain, but
generally requiresignificantly more volume elements to achieve the same accuracpmplex
geometric shapesThus,Voronoi meshes can be expectedignificantly reduce compuianal

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 workflawseries of VoroCrust meshes
onalm 1m3 1m unit cube with increasing number of gridiselre generated. The coarsest
meshhasl16 elements while the finest has 2860. Three of the Voronoi meshes are skayunan
31

Simulations on the Voronoi meshes are benchmarked against a simulation on a regular hexahedral
mesh in which every elemerst cubic In each case, th@odel domairhasa left boundary with

high pressure (111325 Pa) and low temperature)Ll&nd a right boundary with lower pressure
(101325 Pa) and higher temperature®@5 The quassteady state pressure and temperature
distributions are both nearly linear gradients inxtrection and are shown on thexahedral
benchmark mesh iRigure 32.

Figure 33 shows the temperature and pressure profilenatbaervatiorpoint near the center of

the domain as a function of time. All except theckl mesh have extremely similar temperature
profiles, while the pressure profiles for the- 26hd 101cell meshes overshoot the change in
pressure at short timeResults obtainedn the2860 and 697cell meshes are nearly identical to
each other All Voronoi meshsimulationsresult in nearly the sanmtemperature and pressure
profiles at quassteady state. It is surprising thhis result is achieved on ti&- and 10%cell
meshes. The 1éell mesh has 15 of the cells connected to either the left or right boundary and
only one interior cell while the 18dell mesh has 41 boundary elements and only 60 interior nodes.

1A k-d tree is a data structure that utikzeset of input points to form a partition of the underlying space. The tree is
organizedsothat 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 hyperal@nnatedirections a®netraverssthe 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. Rgroints the tree will have maxium of 2 pointers TheVoroCrust
implementatiorhas developedmartk-d trees, which automatically balances as more points are added
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An unstructured tetrahedral mesh and an unstrucherdedralmesh eachwith approximately
2000 elementswere developed for comparison with the Voronoi mesh. The first has 2060
tetrahedral elements and the second has Bég@hedral elementlsat were deliberately distorted

to create notrthogonal connectits. Figure 34 shows the results of these simulationi
comparisorto the benchmark mesh (regular hexahedral mtshjetrahedral mestnd the 2860

cell Voronoi meshcapture the evolution of temperature as stestdie is approachedut the
hexahedrameshwith non-orthogonal connectiongerforms poorly.Pressure versus time time
Voronoi mesh is superior to the other two, particularly at early time. It is likely thaligis
difference inpressurdetween the benchmark mesid the Voronoi mesét quasisteady state is

due to theobservatiorpoint location not being identical between the meshes.

Figure3-1. VoroCrust meshes with 101, 697 and 2860 cells for the unit cube example.
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Figure 3-2. Steady state distribution of pressure (left) and temperature (right) on the unit cube. This
hexahedramesh is used as a benchmark.
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Figure3-3. Tempeature and pressure at@bservatiorpoint near the center of the domain. All simulations
have exactly the sanmservatiorpoint.
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Figure3-4. Temperature and pressure atabservatiorpoint near the center of the domain. Some of the
difference in the profiles is due to thbservatiorpoint moving slightly between the meshes.
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3.2.3 Test Problems with Heterogeneity

Grosset al.(2019) proposed a series of four simple test cases of increasmgexity tocompare
the meshing capability of VoroCrusiith that of othemeshing software such as LaGiilos
Alamos Grid Toolbox, Los Alamos National Laboratdnitps://lagrit.lanl.goy andCubit (Owen

et al, D19a, Owen et al, 2019bEach test case represents a comg@oiogic feature; layered
units, a pinckout, offset units, and a leng~or this work,the four test cases are meshed with
unstructured hexahedral meslgeserated using CutandVorocrustgenerated/oronoi meshes.
PFLOTRAN simulations are run on the Voronoi meshes for all four caselsthe hexahedral
meshes for three cases

In parallel work, Gross et.d2019) generatedoronoi meshegor each of the four test casesing
LaGrit. Because LaGrit uses a different methDel@uray triangulation to create Voronoi cells
than Vorocrust, the two generate dissimilar gridsie meshes generated with LaGvitre 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 interBalky. viewsof the
simulation meshes are showrFigure 35. The material propeds aren Table 31 and the initial


https://lagrit.lanl.gov/

GDSA Repository Systems Analysis FY19 Update
10 September 2019

and boundary conditions are shownTable 32. PFLOTRANOGSs Thkbsimadatee i s
variably-saturated singlphase flow @singRichards equation) coupled with heat transparbne
Voronoi cell mesh and two regular hexahedral mestms with 10,000 cubic elements, and one
with 90,000 cubic elements

The simulated temperature and liquid saturation oa@@00cell hexahedramesh after 0.1 years

of simulation time are showim Figure 36; 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 interiobservatiorpoints are showim Figure 37. Simulations orthe

Voronoi mesh and twhexahedraimeshes are shown. Albnnectionsn the heahedraimeshes

are orthogonal for this test case, so simulatiorth@hexahedraheshes will converge taccurate
temperature and saturation profiles with sufficient gafinement. The 90,00€ell hexahedral

mesh simulation is used as a benchmark.

At observatiorpoints M1 and M4the Voronoi mesh simulation results amebetter agreement
with the 90000-cell benchmark simulation ressitthan the 10,00@ell mesh, as can be seen in
Figure 37. 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.

- 40400
L3
2

B 1,0e+00

Figure 3-5. Simulation meshes for Test Case 1. Top: Voronoi mesh with 11,005 grid cells. Bottom:
Hexahedrabenchmark mesh with 10,000 grid cells showing Material ID assignments.

Material ID
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Table3-1. Material properties for Test Case 1. Material IDs are assigned as shbigare 35.

Layer1 | Layer 2 | Layer 3 | Layer 4
Porosity (%o 0.01 0.02 0.03 0.04
Tortuosity 1.0 1.0 1.0 1.0
Rock Density (kg/m?3) 2800 2900 3000 3100
Specific Heat (J/Kg-K) 1.0 15 2.0 2.5
Thermal Conductivity (W/K-m) 0.1 3.0 0.05 6.0
Permeability (In all directions) (m?) | 1310° | 1310 | 13101 | 131014

The Voronoi mesh result abservatiorpoint M3 has consistently lower temperature and pressure
than the benchmark. The temperature profile is not as close to the benchmark simulation as the
hexahedramesh with 10,000 grid cells, while the pressure profile is the same as the-&6élj000
simulation at short time and then gets very close to the 9@&80@enchmark. The error is small,

and it is not clear if part of the problem is the challenge of chooisgrvatiorpoints that are the

same across all the meshes. Running simulatiomsore refined Voronoi mesh for additional
validation is recommended.

Table3-2. Initial and boundary conditions for Test Case 1.

Initial Recharge Release
. . West Face East Face
Region Assigned Al (small x boundary) | (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

Ion

» 9.0e+01

=
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Figure3-6. Temperature (left) and liquid saturation (right) for Test Casftet 0.1 years of simulation.
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Figure 3-7. Profiles of temperature (left) and liquid saturation (right) for tluleservatiorpoints in Test
Case 1. Two simulations ¢trexahedraineshes are shown alongth the simulation on the Voronoi mesh.
M1 is in Material 1, M3 is in Material 3 and M4 is in Material 4.

3232 TestCase?2 Pinch Out

The second test case contains three materials which intersect at a point where Material 2 pinches
out. The simulation meshasad material domains are shoimrFigure 38, the material properties

arein Table 33, while the initial and boundary conditions arlable 34. The Voronoi mesh has

8,541 cells, while the coarse and fihexahedralmeshes have 8,600 cells and 78,0@0s¢
respectively.

In this test case tHe=xahedramesh 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 thrgh) the highly flexed cells near the pircht of Material 2,

the 78,00€cell simulation still serves as a good comparative simulation for the Voronoi mesh.

Material ID

14
[ 1.2 Y
1.0e+00 P
Figure 3-8. Coarsehexahedralleft) and Voronoi (right) meshes for Test Case 2 whichMaterial 2
pinching out in the interior of the domain.
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Table3-3. Material properties for Test Case 2. Material IDs are assigned as shbignri@e3-8.

Material 1 | Material 2 | Material 3
Porosity (%o 0.01 0.01 0.01
Tortuosity 1.0 1.0 1.0
Rock Density (kg/m?3) 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) (m?) 13107 13101 1310°°

Table3-4. Initial and boundary conditions for Test Case 2.

Initial Infiltration Release
Pressure (Pa) 100000 100000 5000
Temperature (C) 5.0 90.0 10.0
Liquid Flux (cm/min) N/A 1.0 N/A
Region Assigned All Top Face Bottom Face

Figure 39 stows the simulated temperature and pressure on the charsdredramesh afteone

hour of simulated time. The thermal conductivity and permeability of Material 2 have deliberately
been chosen to beery low (see Table 3l) forcing both the fluid and thermal front to travel
between Materials 1 and 3 around the weslgg@ped region. Though unrealistic, this serves as a
challenging simulation for this test case.

A comparison of the saturation and temgtere profiles abbservationpoints in each of the
materials is showin Figure 310. The Voronoi mesh results are very similar to the refined
hexahedramesh at points M2a and M3, while at M1 both profiles are quite different. This is
likely because e observationpoint 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 interiopbbservationpoints between meshes is not always a sings& when
comparing across unstructured meshes. In the present wasksalivatiorpoints are chosen to
be the seed of a cell in the Voronoi mesh near the center of a material don@isesation
points are captured exactly in the Voronoi mesh satiuts. Thecoordinates of thegmoints are
inputto PFLOTRAN simulations on the other meshes. PFLOTRAbbseshe cell centewithin
the same cell ashe input coordinates as the observation ppiat difference in solution
corresponding to the differea in location is expectedfFor example, at point M2a it was not
possible to get a good match to the Voronoi cell seed on the-8ei0xahedramesh In Figure
3-10temperatur@and liquid saturatioatthe two verticallyadjacent cells nearest M2&e plotted
instead
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Figure3-9. Simulatediquid saturation (left) and temperature (right) on the coaes@hedrammesh on Test
Cas2at1l hour.
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Figure3-10. Simulated temperature (left) and saturation (rigltsus timeat threeobservatiorpoints 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.

3233 TestCase 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 moddbmain Figure 311 slows the surface Voronoi mesh for Test
Case3, while Figure 312 shows théhexaedralmesh for this modelln Figure 312 slices of the
hexahedrainesh model are cut away to show the interior lens, which is assigned Material 2, while
the rest of the domain is Material 1. Thexahedramesh for this case has 511,000 cells and
contans a number odlistorted hexahedrorkie to the difficulty in capturing the pindut of the

lens in all directions using onlyexahedrons In contrast the Voronoi mesh of this model is just
22,000 elements.
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Figure3-11. Voronoi surface mesh for Test Case 3. This mesh has approximately 22,000 elements.
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Figure3-12. Hexahedramesh 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 milliometgs.
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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 shajighly irregular this method will

not work for Test Case 3. PFLOTRAN also accepts region assignment by the ID numbers of the
cellsin each region, which is how materials are assigned on dletkehedrameshes for the test
cases. In the future VoCrust 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 suitabldatiolumesh. In this simulation the

cube fromx,y, 2) =(7.4,7.4,- 3.5) to (10.610.6,- 4.0) inside the lens has a source term in it with

an injection rate of 10 ffday foroneday, until the saturation in the observation cells begins to
reach quassteady state. The entire domain is Material 1 from Test Case 2, with the properties
shownin Table 33. All four side boundaries are open, but the top and bottom are sealed.
Obsenationpoints are locatedh from each boundary at a deptteef- 4 m directly north, south,

east and west of the center of the model.

The saturation and pressure profiles at dbservationpoints are showrn Figure 313. As
expected, the pressure agaturation increasmost rapidlyat the southernbservatiorpoint, as it
is closest to the injection region, amdre slowlyat the norternobservatiorpoint, as it is furthest
from the injection regionThis simulation demonstrates that the Voronoi imissfunctional; no
comparison can be made becanseimulation was run otme hexahedral mesh
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Figure3-13. Simulated pressure (left) and saturation (right) profiles at theotmservatiorpoints for Test
Case 3.0Observatiorpoints are all in the plane of the lens at a deptth—of4m.

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 angleTwo of the simulation meshes and the material domains are shown in
Figure3-14, the material properties areTable 35, while the initial and boundary conditions are

in Table 36. The Voronoi mesh has 10,813 cells, while the coarse andhéxehedrameshes

have 4,180 cells and 66,000 cells, respectivi$yin Test Case 2, theexahedrameshes of this

model are flexed to the model features and-oxhogonal and so they are not a rigorous
benchmark of the simulation on the Voronoi mesh.
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Figure3-14. Hexahedra(left) and Voronoi (right) meshes for Test Case 4 which has an offset fault through
the interior of the domain.

V4

Table3-5. Material propertiesor Test Case 4. Material IDs are assigned as showigure 314.

Material 1 | Material 2 | Material 3
Porosity (%o 0.01 0.01 0.01
Tortuosity 1.0 1.0 1.0
Rock Density (kg/m?) 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) (m?) 1310°° 13101 13108

Table3-6. Initial and boundary conditions for Test Case 4.

Initial | Infiltration Release
Pressure (Pa) 1000 100000 1000
Temperature (C) 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 magnituttever 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 satuaato
temperature on the 66,0@@ll hexahedraimeshin Figure 315.
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Temperature and saturation as functions of fonall three simulations at fombservatiorpoints

in the domain are showon Figure 316. 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 Begme

3-16, the conductiondominated thermal profiles at all of tbbservatiompoints are wetlmodeled

by the Voronoi mesh and both of the flexeekahedralmeshes. The refinedexahedramesh
predicts a later increase in water saturation than the other two modiélsaatd M2 LT. This
could be because of changes to the location dajltservatiorpoints, or because of the coarse grid
refinement in the Voronoi and coatsexahedramesh.
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Figure3-15. Simulatediquid saturation (left) and temperature (right)lmexahedraimesh on Test Cast 4
after 10 years.
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Figure3-16. Simulated temperature (left) and saturation (rigletsus timeat fourobservatiorpoints 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 refinechexahedraimesh 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 qaemessfully used for
PFLOTRAN simulations and four of them were compared with simulatiohgxahedrameshes

with similar and higher resolution. These reswudisfy that solutions obtained aforonoi meshes

agree with solutions obtained on other nessbr models of increasing complexity. The longer

term goal is to create Voronoi meshes of subsurfpm@ogic and engineeredeatures with
VoroCrust and use them for repository simulations in PFLOTRAN. Additional code development
and testing is necesyaas outlined in the following subsections.

3.2.4.1 PFLOTRAN Simulation Testing

To do a thorough simulation validation of Voronoi meshes for use in PFLOTRAdtional
simulation work should be done:

1 Finer Voronoi meshes of Test Case® 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, thexahedraimeshes and other unstructured meshes such as
tetrahedral elements.

T Al tests so far have been conducted in PF
would be useful tacompare solutions and computation times on problems run using
PFLOTRANOGSs G HN, BvRch simulates twphase miscible flow coupled to
energy transport Reactive transportsimulations may also present unique grid
discretization requirements

1 Voronoi mesheof increasingly complefeaturescouldbe built andsimulations on these
compaed tosimulations orhexahedraimeshes.
3.2.4.2 VoroCrust/PFLOTRAN Interface Developments
Two main features should be added to the VoroCrust/PFLOTRAN interface:

1 The first is twe and threedimensional 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/

1 The second is to have VoroCrugnerate 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 celby-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 nawppsed test case is shownFigure 317.
PFLOTRAN simulationganbe 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 accuratelyThe tradeoff is that cells become extremely small in all directions in these thin
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regions, which can result in prohibitively large numbers of cells for complex models. Similar
issues were encountered in creatimgrahedramesh of the shale GFM in Sext5.1.1.3. Future
development of anisotropic meshing capability in VoroCrust will allow thin regions to be meshed
with cells that aréonger in thex- andy-directionsthan in thez-direction

Figure3-17. Voronoi mesh of a highly anisotropgeologicmodel 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 gitlof simulated results. The second is development of agemogic
framework mode(GFM) (Gross et al, 2019)Progress irthe former effort is described here in
Section 4.1, while the latter is briefly described in Sectidn 4.

4.1 Post-Closure Repository Modelling

The conceptual modé&br a repository in unsaturated alluvinmas developed by Sevougian et al
(201%) and Mariner et al2018). Theunsaturated zonepository is assumed to be 250 m below
surface level in a highermeability part of the alluum formation. The advantage of putting the
repository in this part of the formation is lower initial saturatwmich results in less steam
generation whewaste packages with high heat laademplaced The high permeability allows
for the steam toseape more easily, preventing build of pressure in the repository in the first
decadesfterclosure. This was discussed in more detail in Sevowggiah(201D). All simulation
parameters are identical to those usesimulations oR4-PWRwaste packagedd0-year OoR in
the alluvium reference case in Sevouga@al.(2019) 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 pesibsure. To achieve numerical stability, simulation timestep size is
limited by the CouranrFEriedrichLewy (CFL) condition, which states that flowing fluids can
traverse at most a single grid cell in a single timest@mestep size is limited by the ratewhich

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 durihg first few hundred years of the
simulations. If the simulator attempts to take timesteps that are too large, the solution may diverge
which will causehe simulatiorto stop. This limitation on timestep size is intrinsic to the physics

of the problembut the time to converge at each timestep is salependent.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. 2006& TR algorithm has not

yet been fully tested in PFLOTRAN but, based on research'1® Fit appears to converge much

more quickly than the default Newt onfThesTRmet ho d
algorithm is benchmar ked agai psecale (mulbdeft) WZe wt on 6
simulations in the sections below.

Two adlitional options have been made in PFLOTRAN to improve simulations of the UZ case
(see Section 3)1 The first isto have watemole fraction inthe gas phase abe independent
variablewhen only the gas phase is present in a grid cell, rather thaefthétcir mole fraction.

When steam is rapidly generated, the cells near the waste packages anygl the gas phase
becomesalmost entirely steam. Using air mole fraction as the independent variable means the
solverhas to operate on very small nungevhich may contribute to problems with convergence.
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The other option added was alternative pressure governibrat limits timestep size based on
only the gagphase pressure in the typhase region. During dryut theliquid pressurgwhich is
equalto gas pressure minus capillary presssteeply drops to large negative values as the residual
liquid saturation is approached@y limiting timestep based only on gas pressursdtiveris able

to take larger timestehiring this process

4.2 Site-scale Models

In this sectionresults of simulations conducted arseries omeshewith varyingdiscretization
arecompared The purpose of this modelling exercisdddest the robustness and speed of the
Newton TR solver on numerical meshes of differe@sblution and to compare the results among

the meshesvhere 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.@.2.412.1 of Sevougian

et al (201%) 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 50and centeto-center spacing of
packages along the drift is 20 m. The mblas ano-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 ofRPWR waste packages 198arOoR are used. The repository

layout, maerial propertiesandheat source termere identical tdhoseused in Sevougian et.al
(201%).

Fourmeshe®f varyinggrid resolution have been buftir the UZ model

1. Fully-resolvedmesh(Mesh 1) Thismeshresolves the waste packageackfilleddrifts,
shafts and hallghe disturbed rock zon®RZ), and the surrounding alluvium formation.
This model has two levels of local grid refinement, resulting in somertbongonal cells
around the drifts and around the repository. It has 2.4 milliahagils. Seetop left of
Figures 41, 4-2, and 43.)

2. Meshthat resolves waste packagdgdlesh 2) Thismeshresolves each waste package as
a single grid cell and includes drifts and the surrounding halls. The shafte®®Z are
not in this model.This model has flexing in the mesh and one level of local grid refinement,
resulting in nororthogonal cells around and above the repository. It has 215,000 grid cells.
(Seetop right of Figures 41, 4-2, and 43.)

3. Meshthat resolves drifts(Mesh 3) Thismeshresolves each drift asvolumeone grid
cell wide. Waste packages are nesolved and the entire drifvolumeis assignedhe
material properties dfackfill. Each drift gridcell contains one waste packdgsat source
This model haflexing in the mesh, resulting in nanthogonal cells around and above the
repository. It has 105,000 grid cellsSeebottom left ofFigures 41, 4-2, and 43.)

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
source Two simulations are ruon this mesh, one withackfill materialthroughout the
repository and one with alluvium material throughout. The meshissmodel does not
contain any flexing or local grid refinement so that all cells are orthogonal. It has 64,000
grid cells. Seebottom right d Figures 41, 4-2, and 43.)
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Figure4-1. Planview (XY slice)of the northeast corner of the repositoryhe fourmeshe®f varying grid
resolution

Figure4-2. Vertical crosssection KZ slice) through the repository including the repository area and full
model depth. All grids presergtraigraphicfeaturesFourmeshef varying grid resolutiormre shown
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Figure4-3. Vertical crosssection(XZ slice) through the repository including only the area around the three
drifts on the eastern edge of the repositadriie four meshesf varying grid resolutiomre shown

Legend for Figures-4, 42, and 43: Thefully resolved mesh (Mesh 1) on the top left of each of 1
above three figures includes the DRZ (material 7). réselved waste packagesesh (Mesh 2) on thq
top right resolves the waste packages but does not include the DR&sbhed drifts mesh (Mesh 3)
on thebottom left resolves the drifts, but not individual waste packagesallbhackfill mesh (Mesh 4)
on the bottom right does not resolve drifts or waste packages boatiddl properties throughout th
repository. An additional set of simulations, edlfin o b a cakefcontlutted @n a mesh identical
the all backfill simulation (Mesh 4), but with alluvium rock properties throughout the repository.

4.2.1 A Question of Solvers

The Newton TR solver algorithm in PFLOTRAN is skiling tested for stabilitgnd accuracyso
the first task in the present study is to validhie newTR solver against the default Newton LS
algorithm,which reaches convergence in most settenys is used in simulatiored other host
rock concepts (shale, crystalline, bedddt) sa

Simulations were run on dibur of themeshes using both the TR and LS solvers for up to 1000
yearssimulation time or 48 hours wall clock timeSimulation results are summarizedTable

4-1. Parameters specifying iteration behavior, timestep tr@and limitations, and convergence
criteria are identical among all simulations

Neither solver algorithm completed the 10@far simulation on the fullyesolved mesh (top left

in Figures 41, 4-2, and 43). The LS algorithm diverged after just over §¢lar, while the TR
algorithm had only progressed 81.7 years of simulation after 48 hours of computation time on 64
coresof a parallel supecomputer.
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Table4-1. 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.
Maximumwall clocktime was set t@l8 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 0.1yr Solution diverged
2 Resolved WP TR 1000 yr i
2 Resolved WP LS 19.3yr Linear solver failure
3 Resolved drifts TR 1000 yr i
3 Resolved drifts LS 349 yr Time limit with small timesteps
4 All drifts TR 1000 yr i
4 All drifts LS 1000 yr T
4 No drifts TR 1000 yr i
4 No drifts LS 1000 yr i

Forthe three coarser mesHg&sp right bottom left, and bottom riglm Figures 41, 4-2, and 43),
simulation resultare shown belown Figure 44. The results for the abackfill and altalluvium
simulationsare nearly identical, so only the-akhckfill simulation is shown. The TR algorithm is
able to simulate all of theseeshedor 1000 yearshutthe LS solver runsnly 19.3 years on the
resolved waste package®sh (Mesh 2and 349 years for the resolvefts mesh (Mesh 3)efore
falling into small timesteps and timiraut after 48 hours.

The comparison of gas saturation and temperatureggure 44 shows that for each mesh the TR

and LS simulations are identical for nearly all times. The only exaeithat 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. Theotesd 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 100§ear simulations.

The simulations using the TR algorithm are neatbntical to the LS model wherever the LS
results are available. Simulation time on the fuéigolved mesh remains prohibitive because the
simulation fell into very small timesteps. It is likely that solver or tstepper options could be
fine-tuned toget 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 to4FélteSection 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 resbkalrifts cannot predict
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temperatures, pressures, or saturations within the repository, but may still produce acceptable
results above and below the repository.

Saturation between the drifts for TR and LS solvers Temperature between the drifts for TR and LS solvers
100
1000 1 — resolved WP no DRZ TR
na7s resolved W_F' no DRZ LS a0
—— resolved drifts no WP TR
0.950 resolved drifts no WP LS 80
o — repo all backfill TR =
§ 09257 . repo all backfill LS u
= 3 0
= m
% 0900 E
Y 0875 £
I [
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40
0.800
102 1 10° 10t 109 107 1072 10 10° 10! 10° 10°
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Figure4-4. Comparison of simulated gadwation (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 [/

The simulatiorchosen as the benchmarkhat run orMesh 2 whichresolves the individual 24
PWRwaste packagdsut not theDRZ. Thissimulationwas chosen because #imulation on the
fully-resolvedmesh (Mesh 1)only ran for 82 years.Figure4-5 shavs 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 driftedaot 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 theadiigegion is
localized in tle repository.

The temperature in the waste packages reaches a maximum temperatu?€ afr@00d 20 years
postclosure. The repository between the waste packages does not reach its maximum temperature
of 100°C until nearly 400 years pestosure. Thes results are identical to those observed in
Sevougiaret al(201%) and are discussed in more detail in that work.

4.2.22 Simulation Results Across Model Refinement

Figures 46, 47, and 48 showgas saturation in the repository at 20 years (the time of maximu
temperature in the waste packages), at 80 years (the final time step for tedolyed 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 gggesk 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
direction for the mesh thatts the DRZ (Mesh 2) due to the large grid cells inytarection.

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 resokotitory
(Mesh 4) eventually reaches residual gas saturation of 10%, but never dries out at all.
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Temperature in the repository for no DRZ model
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Figure 4-5. Temperature and gas saturation as a function of time for the niadealesolves the waste
packages but not tHeRZ (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 midpointfoetween
waste packages. Temature (bottom left) and gas saturation (bottom right) in the formation that contains
the repository (ubf 3 over anthf 3belowd observatiomoaints in the upper basin fill just above and beneath

the repository horizonand in the confining beds above (G§omg 2) and below (confining) the
repository.

4.2.2.2.1 In the Waste Package

As can be seen in Figure% 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 packagesalhyiare

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 S@0lenthe model waste
packages are 13.77mso the temperature at the tamof 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 achievedslightly later in the coarsest model (Mesh 3).
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Figure4-6. Planview (XY slice) of saturation in the north east corner of the repository atttsm20 yr.
This is near timef the maximum temperatuie the waste packages for the refined simulatidiap left
(Mesh 1) fully resolved simulation. Top riglfMesh 2):simulation that resolves waste packages but not
the DRZ. Bottom left (Mesh 3) simulation that resolves drifts but not waste packadgsttom right
(Mesh4): Simulation that does not resolve the repository andaelfill throughout the repository area.

Figure4-7. Planview (XY slice) of saturation in the north east corner of the repogiat timet = 80 yr.

This is the finalsnapshobf the simulation on thdully -resolvel 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): simulationthat resolves drifts but not waste packages. Bottom right (MesBimulation that

does not resolve the repository and baskfill throughout the repository area.
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Figure4-8. Planview (XY slice) of sauration in the north east corner of the repository at timé&00 yr.

This is near timef the maximum dry oubetween the drifts for the refined simulatiofep left (Mesh 1):

fully resolvedsimulation is not shown because it did nor progress totitns 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 (MéshSimulation that does not resolve the repository and

hasbackfill throughout the repository area.
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Figure4-9. Gas saturation (left) and temperature (right) in the waste package for all 5 sinsulation

4.2.2.2.2 In the Repository Between Dirifts

Temperature and saturation at the midpoint between the two centermost drifts are shown in
Figure4-10. 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 preditglatlg more rapid increase in
temperature than the fully resolved model duertbanceshumericaldispersion

The saturation between the drifts in the first few hundred years is oniynediled by the mesh
that resolves the waste packages. In thatehthe 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 gasr@pdiséory The

model that resolves the drifts smears this-8i&p process, and the coarsest models do not capture

the evaporation of the residual water at all.

4.2.2.2.3 In SurroundingMedia

Figure 411 shows the gas saturation and temperature below the repository for all five siraulation
As can be seen, the three meshes that resolve the drifieeditt a decrease followed by an
increase ingas saturation ansimilar increasesn temperature below the repository. The two
simulations on the medhat dasnot resolve the repository overestimate the gas saturation and
underestimate the temperature at all times. Sewvdrsérvation poirst above and below the
repository were comparedhd the results were qualitatively similar.

Saturation equidistant between 4 waste packages for all grid refinements Temperature equidistant between 4 waste packages for all grid refinements
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Figure 4-10. Gas saturation (left) and temperature (right) between two central drifts for all 5 simulation
models.
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Figure4-11. Gas saturation (left) and temperature (right) in the confining zone below the repository for all
5 simulation models.

4.2 23 Grid Refinement Conclusions

The simulation results have been compared for the five models with vaegolgtion. The two
simulation meshe@esh 1 and Mesh 2hat explicitly grid the waste packages abéeto resolve
sharptemperature and saturation changes in the repogkayre 49), but only the fully resolved
grid (Mesh 1) seems accurate enougltapture the true peak value$he 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 modeldidhadt resolve the
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repositey (Mesh 4)performed poorly at albbservation poirst and are likely too coarse to be
useful.

4.2.3 Single WP Model

In addition to thesite-scalemodels in the previous section, a highly refined mesh of % of a waste
package was built. The geometry of this model is loosely based on the model in Section 6.2 of
Sevougiaret al.(201%). It uses closed boundaries on all 4 lateral sides to simuletevaste
package in the center of an infinite array of waste packages. The model is 150 m tall so that for
heat sources representative ofl/Rwaste packagel0Gyear OoR, changes in temperature and
saturation do not reach the top and bottom of the dgméiich are both held constant at the initial
condition.

The ¥4 waste package model has identical dimensions to a package iA2iea@%y of the PA

scale model and should be a good representation of the centermost waste packages in the array.
The blackrectanglen Figure 412 shows arXZ sideview of the part of the array captured in the

Y, waste package model. The single waste package model has dimen8ib@®s126 m to
represent 50 m drift spacing with 20 m between waste packages along the drifte$ite-scale

array. This model has 37,440 elements with the mesh shown on the rigiftiSigiere 413. The

waste packages, drift, and damaged zionEigure 413 have identical dimension to the fully
resolvedsite-scalemodel. The lowpermeabilityalluvium material above and below the repository
have the same distance to the waste packages. All material properties are taken froradile full
simulations. The initial conditions are equilibrated to have the same initial saturation, pressure
and emperature as thate-scalemodel.

Figure4-12. Section of thesite-scaledomain represented by the single waste package model is shown in
the black square.
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Figure4-13. Left: Materials in the center section of the single waste package model. Waste package is
Material 8, drift isMaterial 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. Thihitkness of the
model in thez direction is not shown.
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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 sitescale array. Furthermore, a model with nearly orthogonal cells everywhere will be
numerically easier to simulate and have less potential for-otas®rvation errors than the model

with a radially flexed grid. Simulations with the Newton TR solver hoav#, as it was far more
computationally efficient in this model and has been benchmarked satisfactorily in tbeatste

array section above.

4.2.3.1 Simulation Results for The Single Waste Package Model

Simulated saturation and temperature are shown for twaste package model with a-PAWR
waste package00 years OoR in the alluvium formationFigure 414, while Figure 415 shows
saturation and temperature at selectieservatiorpoints in and around the waste package.

Even though the waste package, daifid damaged zone have rectangular esession in this

model, heat and the dry out zone propagate radially outward into the formation from very early
time. For the first tw@napshots in timan Figure 414, after 10 years and 50 years the dry out
zoneexpands radially. At later times as the waste packages cool, the gas begins to migrate upward,
and the dryout zone forms a teairop shape. After 1000 years a large dry out zone still exists,
even though the formation in the area shown near the waskageis a relatively constant
temperature a few degrees warmer than the initial temperature.

This highly-refined model predistthat the region between drifts wilever dry out completely, as
can be seem Figure 415 and the saturation profile on thap rightof Figure 415. 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.

Figure4-14. Top Left: simulated liquid saturation (left) and temperature (right) fdP\&/R waste package

at 10 yrs, the time of peak temperature in the waste package. Top right: simulated liquid saturation (left)
and temperature (righ&t50 years. Bottom left: simulated liquid saturation (left) and temperature (@ight)

250 years. Bottom right: simulated liquid saturation (left) and temperature @tdi®)0 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 % 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 {rift), 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 beldavobservatiorpoints in the upper basin fill just abovedebeneath the repository
horizon) and in the confining beds above (confining 2) and below (confining 3) the repository.

The bottom left subfigure in Figure-¥6 shows that in the formation above and below the
repository, temperature increases, but neeaches 10 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 fran the waste package. When it reaches a cooler region it forrrsoadensation

front, which can be seen in the top left of Figuré44 as a ring of higher water saturation
surrounding the driedut region. The condensed water is pulled downward bytgrawreasing

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 415.

4.2.4 Comparison Across Model Scales

The most refinedsite-scaledomain had waste packages modelled as three grid aredithe
intermediate domain had waste packages as a single grid Wloitd thehighly refined%2 waste
package model represents each waste packageta8 4 128 grid cells(of which % are mirrors

in the closed boundariesThe ¥4 waste package model provides a benchmark to test what physics
at the smalkcale are smoothed out by even the fullgolved model with 2.4 million grid cells.

Figure 416 showsa conparison of the temperature and gas saturation between the % waste
package model and the centermost waste package in thatémsoalemodels that resolve the
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waste packages. The top left subfigure shows thasiteescale 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 %4
waste package model with closed boundaries represents a waste patik@ageraer of an infinite

array, so it may oveestimate the temperature of the real array that has dimensi®®S @/aste
packages. The top right subfigure shows that the waste package dries out almost immediately in
all the models and does notsaturae during the 100§@ear simulation.

The bottom ofigure 416 shows that the temperature and gas saturation between the drifts is very
well modeled by the fully resolvesite-scalemodel for the 82 years that it was able to simulate.

The model that resobs the waste packages but not the drifts predicts completaitiof the area
between the drifts, which is not observed in the ¥ waste package model. The temperature between
drifts is also consistently overestimated by about 10 degrees. Over estirh&ginperature 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.
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Figure4-16. Saturation (left) and temperature (right) in and between the waste packages for the ¥4 waste
package model and the twite-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. Infale models benchmarked this solver gave
the same results as the default Newton LS method. The Tidwhas also much faster, allowing

all except the finest mesh simulation to run to 1000 years within thed8cutoff.
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The study of multiple simulation models of asiee-scaleconceptual 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 package$00 years OoR. Of théive models, the most refined was unable to
complete the simulation aride two least refined had unsuitable results for all observation points
considered. The two intermediate models provided broadly acceptable resalitsentation
points and could be improved through a suitable upscaling study.

Finally, a highly refind, ¥ waste package model was run to study dry out of the repository in
detail. These results were also compared with the results sftéscalemodels. This study
served to highlight the impact of numerical dispersion, even isititscalemodels tlat resolved

the waste packages.

Possible next steps for the alluvium reference case include:

1. Run simulations beyond 1000 years. The 198&r simulation time in this work was too
short to include the rsaturation process. Fsaturation can be challengimo 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 fullyresolved 2.4 million grid cell model to completion. The comparison with
the ¥ wate package model highlighted the eestimation of the driedut region in the
resolved waste packages model.

3. Develop intermediatscale model that contains several waste packages, but is small
enough to have a highly refined mesh. It could be useadiditional benchmarking.

4. Simulate transport on one or more of the mesbdest the effects of grid refinement on
radionuclide movement, including the impact of the-ouy zone The grid resolution
required for longterm radionuclide transport may fieer or coarser than required for the
transient heat and fluid flow simulation.

4.4 Geologic Framework Model

A separate document by Grossal. (2019) details the first steps in the development of a new
geologic frameworkmodel (GFM) for an alluvial basin. h 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 thgeologicelements thanayimpactperformancef apotential repository,

such asbasin geometrystratigraphy, lithofacieshydrofaciesand geologic structures. The first
step, and the focus of Gross al.(2019), is to establish the geologic elements that define the
boundaries of the alluvial stii|msin, such as depth to bedrock, bdsinnding andntra-basin

faults, and the geometry of the bed rock on which the alluvial idlssediments were deposited.

The current basin structure GFM contains limited detail of the internal characteristics of the
alluvium within the basin and these featured &l added as part of future workventually, the
genericregionatscale GFM (whethean alluvial basin or other concgptill interface with the
GDSA site-scale generic reference case.
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5 GENERIC SHALE REFERENCE CASE

This section builds on the genesgbaldargillite/clay reference case reported in Mariner et al.
(2017), the shale Geologic Framework Model (GFM) presented in Sevougian et ah) (201D
thenearfield simulations addressing evolution of the disturbed rock zone (DRZ) in Sevougian et
al. (201%). Sectiorb.1 discusses additions to the shale GFM and the shale conceptual model for
the features and process in the region of the GFM. Setfquresents a geomechanical analysis

of buffer resaturation and DRZ evolution on a fswale (i.e.high resolution grid) singldrift

grid, developed for the eventual goal of showing how processes at this scale can be coupled to a
coarserscale PA grid. Finally, SectioB.3 presents the reference case and deterministic
simulations of a generic shale dhorock repository containing Z2WR and 37PWR DPG
canisterized commercial SNF, supplementing th®¥¥R and 4PWR reference cases in Mariner

et al (2017).

5.1 Geologic Model for the Shale Reference Case

The geologic model for the shale (argillite) referenase includes a conceptual model of the
geologic and hydrologic environment and a geologic framework model (GFifctamentand
interpretthe key features of a representative shale environment (the NBS). The methodology used
to develop the shale GFM imcumented in detail in Sevougian et 201%). The methodology
includedselection 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 f@FM, a
decisionson how to represent the stratigraphy of the region given incomplete data. The data used
to develop the GFM were primaribil and gasorehole logs that define the top elevation of each
formation represented in the GFM. Interpolation of tlee&tion data from the boreholes was used

to model the upper surfaces of each formation (Sevougian2&ti#h).

The Pierre Shale was chosen as the basis of the shale conceptual model due to its large areal extent,
thickness (>400 meters), accessible depthble 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 (Bidiire
Thedimensions of the region are 69 km\(B by 83 km (NS). In this region, the Pierre Shale is

near the top of a thick sequence (~12000 meters) of sedimentary rocks dominated by marine
shales in the upper part and sandstones and limestones in thedower p

In this section, updasetothe features of the shale GFRivie presentednd analytical methodse
usedto document the relationships between features represented in theABeMipdatd are
features and processes specific to the region of the shale Gtdvshale GFM was developed
using RockWorks17® software (Rockware Inesww.rockware.coj 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 presemtnew features andnalyses that represeah update to the Shale GFM
presented in Sevougian et a20(%). The new features are a synthetwlf that offsets the
stratigraphy of the GFMnd inclusion of thevater table in this region. ®also conduct series

of analysesising the GIS and GFM softwaredocument the relationships between the reference
repository horizon, the hoBirmation,and hydrologic featuregpresenteth the GFM. Although


http://www.rockware.com/
http://www.esri.com/
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these analyses are applied to a relatively simple geologimament, thg demonstrate how the
analytical tools availablen GIS and GFM softwarean be used tevaluate areas where a
repository could be located using basic criteria such as depth and thickness of the potential host
formation.
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Figure5-1. Location of theshaleGFM and boreholes used asalaiputsThe surfacgeologyshown within

the boundaryf the GFM region is from Martin et al. (2004). Thickness contours for the Pierre &leal
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-1B00 meters of sedimentary

rock, dependig 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 shaleseftteeSPiale 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 \sbhla
confining units (Figures-2). The Pierre Shale ante 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 GFMIn the northern portion of the GFM, the Pierre Shale is overlain by the Fox
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Hills and Hell Creek Brmations (combined in the GFM due to lack of borehole data; PigRye
The sandstone facies within these formations comprise the Fox Hills/Hell Creek aquifer.

500
1,000

Stratigraphy

- Fox Hills Sandstone
- Pierre Shale

D Niobrara Formation
[ undifr. K-shales

[ inyan Kara Group
EI Undiff. J-Tr shale/ss
- Minnekahta Limestone
[l Opeche Shale

D Minnelusa Formation
- Madison Group

Figure5-2. Block diagram of the stratigraphrepresented in the GFM. View is from the northeast &t 10
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 (McCormidkd®) 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)@0 firfeters (Madison aquifer;
Driscoll et al. 2002). Groundwater floiw these aquiferss 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 GFMr{&oll 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 7% oketbe
Madison Group, where fractures apdleokarsticsoluion features have created secondary
porosity within the limeston@Greene, 1993Driscoll et al. 2002

Other aquifers in the region are considered minor or local aquifers. The Niobrara egodée
identified as an aquifer by Driscoll et al. (2002) in their discussions of Black Hills hydrology and
Bredehoefet al. (1983) consider it a minor aquifer. The Greenhorn Limestone, which lies below
the Niobrara Formation and is separated from itheyCarlile Shale, is also considered a minor
aquifer (Bredehoeft et al. 1983)he 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 iy the Skull Creek shal@(edehoefet 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 andnlestone aquifers that lie above the Inyan Kara Group are included as
part of t he Aundi fferentiated %) eWithrc this us Sh
undifferentiated interval, the Newcastle Sandstone is part of the Graneros Group, which includes
threeshale formations and the Newcastle Sandstone (Fahrenbach et al. 2007).

Estimates of the permeability and porosity of the formations in the GFM are summarized in
Table5-1. These estimates are based on data summarized in Driscoll et al. (2002) anddPerry an
Kelley (2017). A few permeability estimates are inferred based on like rock types.

Table5-1. Stratigraphic and hydrologic properties of formations represented in the GFM

5 Permeabilit Porosit
Borehole ) . i Reprc_esent y y
Stratigraphy Lithology GFM stratigraphy | Thickness (m) _atlve
thickness m2 %

Fox Hills Sandstone, shale,
Sandstone/Hell Creek | siltstone Fox Hills Sandstone 0-209 60 le-13 20
Fm.
Pierre Shale Shale with minor

sand or silt Pierre Shale 250-598 450 le-19 10-30

intervals
Niobrara Formation I$ha|e, chalky Niobrara Formation 33-159 50 le-14 40

imestone
Carlile Shale Shale 315-509

- - Undifferentiated

Greenhorn Formation | Shale, limestone Cretaceous Shales 350 le-20
Graneros Group Shale, sandstone 20
Inyan Kara Group | Sandstone, shale | . . kara Group 26-136 50 le-13 20
(regional aquifer)
Morrison Formation Shale, sandstone Undifferentiated
Sundance Formation | Sandstone, shale Jurassic-Triassic 106-259 200 le-20 20
Spearfish Formation | Shale, gypsum Shales/Sandstones
Minnekahta Limestone Minnekahta
Limestone (regional Limestone 12-18 15 le-12 10
aquifer)
Opeche Shale Shale Opeche Shale 12-34 20 le-20 20
Mlnnelusa Fo_rmahon Sandstone Minnelusa Formation 219-239 230 le-12 10
(regional aquifer)
Madison Group Limestone Madison Group 150-160 150 le-12 35
(regional aquifer)

5.1.1.1.1 Faulting

The GFM is in a stable region of the US that has been largely unaffect@aghbsrnaryectonism

or faulting. No faults are documented within the area of the GFM, althomighal and reverse
faulting with displacements of several tens of mekexrs been documentéiectly the east of the

GFM area Nichols et al. 1994 Given the occurrencef 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 haventarestin introducing more complex
features in the GFM for thaurpose of developing a meshing capabfiitythesdeatures. 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 digpiaat of 250neters,

to clearlysee the offset of the formation surfaces within the GFM.

To create a fault modailatais neededor thelocation and orientation of the fault (fault trace), the
fault dip (observed or inferredJhe amount of offset on a fault can beaoned from suurface
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markers that indicate the displacement of surfaces on either side of the fault. These markers can
be obtained from boreholiatg geophysical imaging, or in some cases surface observations and
mapping. In many areas where subsuri@a® is sparse, the geometry of a fault or fault system
andthedisplacement of faulted surfacemistbe estimated from simplified assumptions based on
limited knowledge of the fault system.

For the synthetic fault, we assumed a constant offset of 2tfds1ier all the stratigraphic surfaces
(Figure5-3). We then manually offset each of the surfaces at the fault boundary usiagténer

grid math utilities that are available in either ArcGIS or Rockworks. The workflow to create the
syntheticfault is as follows:

1. Draw (from a map view) a NNEending 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
surface into two surfaces separated by the fault.

3. Usegrid math tools to calculate a 250eter offset of the downthrown surface.

4. Repeat these steps for all the straphia surfaces included in the GEM

Figure 5-3. Synthetic fault(red surfacepffsetting the upper four stratigraphic units in the Shale GFM.
View is from the northeast at 10x vertical exaggeratifime fault is vertical and offsets each of the
stratigraphic units by 250 meters.

The results of the workflow are shown in Fig&r8. Only the upper four stratigraphic units were
calculated for this example. The resulting model demonstrates the capabiligate a fault
surface and offset stratigraphic surfaces. These surfaces can be meshed using CuddTinfor
simulation modeling

Rockworks is not intended to model complexly faulted systems that include multiple faults or fault
intersections. Higitesoldion geophysical imaginig 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 fautésorfa
fault/fault intersectionso ensure thato ggs 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 sétgr and unsaturated zones. Groundwater levels were
obtained from water well data that resides in the USGS National Water Information System
Groundwater Levels databaséttps://nwis.waterda.usgs.gov/usa/nwis/gwlevils 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 (Figureb-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 t@pgeipn of the GFM is

at a depth of less an@ Pneters (Figuré-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 grimath (Figures-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 Shedelsdito

the water table lies above the top of the Pierre Shale in much of the northern portion of the GFM
(Figure5-5). These areas correspond to areas where the Fox Hills Formation is present; within
these areas the water table lies within the Fox Hdlsrfation.

lQ/ C:H Water Table Water Table
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08P S ) %igjg [1650-700
/ o [ 40 50 1700 - 750
[ ]50-60 [ ]750- 800
_ 'O 2 [ ]eo-70 [1800-850
) [ J7o-80 J [ 1850-900
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Figure5-4. Depth (left) and elevation (right) of the water table in the GFM.
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Figure5-5. 3-D view of the relationship betweehe top ofthe Pierre Shale (gyasurface) and the water
table (blue surface). View is from the northeagh a vertical exaggeration of 10k much of the area,
the water table lies above the top of the Pierre Shale within the Fox Hills Formation. The wasertabée
is the equivalent of #tamap view of elevation in FiguBe4. Vertical scale isn 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 analyttee relationships betweenettieatures 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 featureheEBe relationships can be analyzed using the analytical
capabilities of GIS and GFM software with the results displayeeCamaps or & visualizations.

Determining the quantitative relationship of featureghimgeologicenvironment to a reference
repasitory horizoninvolves grid math calculations to determine distances (e.g., thickness, depth,
vertical separation) betweedhe repository horizon and the featurestlod GFM. Thespatial
relationships of these features camstrainthe areasof a host rack thatare suitable for locating a
repository. Similar analyses of the depth and thickness of the host rock rétape¢ential
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 Repogity 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, theadapt
repository is not constant over the area of the repository but dapesnding on thsurface relief

above the repository. As an example, the depth of the proposed Yucca Mountain repository block
varied by more than 100 meters depending on locaélative 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 GFsoftware we constructed a constdepth surface of the
repository horizory subtracting 400 meters from the DEM representing the ground surface. The
repository horizon surface represents the-d@@er depth from the surface at every grid point in

the GFM.It thereforemimics the surface relieff the GFM.

The relationship between the repository horizon and the top and base of the Pierre Shale is shown
in Figure5-6. The 400meter repository horizon lies within the Pierre Shale over most of the area
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of the GFM(Figure5-6, bottom) In the northern 2/3 of th@FM, 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 formaffeigure5-6, top left). Along the southern

margin of theGFM the repository horizoles below the base of the Pierre Shale and a repository
could not be located in these ardabhe 400meter repository horizon was honored (Figb@,

top left). The depth of the repository horizon below the top of the P&hrede 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 (Figiéetop right).
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Figure5-6. 2-D and 3D representations of the relationships between a reference repository depth of 400
meters and the top and bottom of the Pierre Shale. In-Ehei8w (bottom panel) the repository depth is

the red surface and the setrd@nsparent gray volume ike Pierre Shale. The base of the Pierre shale is
shown in yellow. View is from the southwest at a vertical exaggeratiorxof3i®own for scale is the shale
reference repository footprint (black) that is pinned to the repository depth surface (frarfitdeftom

panel).

5.1.1.2.2 Relationship of Repository Horizon to Hydrologic Features of the Region

Hydrologic features includeoh the GFM are the water tabend major aquifersThe vertical
distances between the water table, the Inyan Kara aquifer areptstory 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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Thewater table in the region of the GFM typically lies ategtth of 1620 meters (Figuré-7),

well above the reference repository horizon. The distance from the repository horizon to the water
tablerangesfrom 265 metes almost 400 meters (Figube7). Ove most of the GFM aredhe

water tablas 380to 400 metes above the repository horizon, which defines the typical thickness

of the saturated zone above the repository horizon.
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Figure5-7. Distance of thevater table from 400n depth repository horizoiThe distance represents the
thickness of the saturated zone above the repository horizon.
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The water table in the region of the GFM typically lies aeptd of 1620 meters (Figuré-7),

well above the refence repository horizon. The distance from the repository horizon to the water
tablerangesfrom 265 metes almost 400 meters (Figube7). Over most of the GFM arethe

water tablas 380to 400 metes above the repository horizon, which defines thecafghickness

of the saturated zone above the repository horizon.

The Inyan Kara aquifer is thérst regional aquiferlying below the Pierre Shale and the
undifferentiated Cretaceous Shales (Figth®. The thickness of shale between the reference
repostory horizon and the Inyan Kara aquifer thus represents a thiclpéosmeability barrier
between the repository and a potential pathway for radionuclide migration. The distance between
the repository horizon and the Inyan Kara Group ranges from lesd@Baneters in the southern

part of the GFM to more than 700 meters in the northern part (FBeRirel he 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 @-guréhe
northern area of the GFMus provides a thicker loywermeability 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 al3 visualization of tke GFM (Figures-9).
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Figure5-8. Depth (distance) of the Inyan Kara aquifer below the ®Oflepth repository horizon

Figure5-9. View of the GFM from the arthwest showing the relationships between the water table and
Inyan Kara aquifer (blue surfaces), the Pierre Shale {samsparent gy, base is yellow) and the reference
repository depth (red surface). The base of the Fox Hills aquifer is approximaitatydent with the top

of the Pierre Shale.

5.1.1.3 Meshing 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 modelinigisTis accomplished by expgmng the
geologic surfaces (formation tops) shown in Figtw#0 for input into the meshing software
Generating a simulation mesh fraime geologicsurfaces generated by Rockk®rrequired a
multistep process usimython, CUBIT andSCULPT software (Owen et al, 2019a; Owen et al,
2019b)







































































































































