Deep Borehole Disposal
Research.
Demonstration Site
Selection Guidelines,
Borehole Seals Design,
and RD&D Needs

Fuel Cycle Research & Development

Prepared for
U.S. Department of Energy
Used Fuel Disposition Campaign
Bill W. Arnold, Patrick Brady,
Susan Altman , Palmer Vaughn ,
Dennis Nielson, Joon Lee, Fergus Gibb,
Paul Mariner, Karl Travis, William Halsey,
John Beswick, and Jack Tillman
Sandia National Laboratories

October 25, 2013
FCRD-USED-2013-000409
SAND2013-9490P




DISCLAIMER

This information was prepared as an account of work sponsored by a
agency of the U.S. Government. Neither th& Government nor any
agency thereof, nor any of their employees, makes any warranty,
expressed or implied, or assumes any legal liability or responsibility fg
the accuracy, completeness, or usefulness, of any information, appar
product, or process disided, or represents that its use would not infrin
privately owned rights. References herein to any specific commercial
product, process, or service by trade name, trade mark, manufacturef
otherwise, does not necessarily constitute or imply its eadwst,
recommendation, or favoring by the U.S. Government or any agency
thereof. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the &B&ernment or any agency
thereof.

ﬂ'! Sandia National Laboratories

Sandia National Laboratories & multiprogram laboratory managed and

operated by Sandia Corporation, a wholly owned subsidiary of Lockheed

Martin Corporation, for the U.S. Department of
Security Administration under contract BEC04-94AL85000.



Deep Borehole Disposal Research
October 25, 2013 iii

Revision2
12/20/2012

APPENDIX E
FCT DOCUMENT COVER SHEET"

Deep Borehole Disposal Research: Demonstration Si
Selection Guidelines, Borehole Seals Design, and RI

Name/Title of Needs

Deliverable/Milestonérevision No. M2FT-13SN0817051

Work Package Title and Number DR Deep Borehole Dispos&l SNL, FT-13SN081705
Work Package WBS Number 1.02.08.17

Robert J. MacKinnon Wﬂm

(Name/Signature)

Responsible Work Package Manager

Date Submitter October 252013

Quality Rigor Level for  |[X] QRL-3 [ ] QRL-2 [ ] QRL-1 [ ] N/A*
Deliverable/Milestone [ ] Nuclear Data
This deliverable was prepared in accordanitk Sandia National Laboratories

(Participant/National Laboratory Name)
QA program which meets the requirements of

X DOE Order 414.1 [ ] NQA-1-2000 [ ] Other
This Deliverable was subjected to:
[X] Technical Review [ ] Peer Review
Technical Review TR) Peer Review (PR)
Review Documentation Provided Review Documentation Provided
[] Signed TR Report or, [] Signed PR Report or,
[ ] Signed TR Concurrence Sheet or, [ ] Signed PR Concurrence Sheet or,
X Signature of TR Reviewer(s) below [ ] Signature of PR Reviewer(s) below

Name and Signature of Reviewers
S. David Sevougian

< Daxp %bj&;

NOTE 1: Appendix EBshouldbefilled out andsubmittedwith the delverable. Or, if the PICSNE systenpermits,compleely
enter all applicable informatiorin the PICSNE Deliverable Form. Therequiremaet is to ensurethatall applicable informaiton
is enteredeitherin the PICS:NEsysem orby usingthe FCT DocumeniCoverSheet

NOTE 2: In somecasstheremaybe amilestonewhere an iémis beingfabricated,maintenaceis being perbrmedon a
facility, or a document is beingissuedthrougha formal documentontrol processvhereit specificallycalls out a formal review
of the document. In thesecases, documentatiofe.g., inspectionreport, mainterancerequest,work planning package
documetation or the docunentedreview of the issued documerthiroughthedocumet control process)f the completon of the
activity, alongwith the DocumentCover Sheet, isuficientto demonstrate ackvingthe nilestore. If QRL1, 2, or 3is not
assigned,hen te Lab/ Participant QA Program(no additional FCT QA requirements)boxmustbe checkd, andtheworkis
understoodto be performedandany deliverabledevelged in conformancewith therespectiveNational Laboratory/
Participant, DOE or NNSA-approvedQA Program.



Deep Borehole Disposal Research
October 25, 2013

This page intentionally left blank.



Deep Borehole Disposal Research
October 25, 2013 %

EXECUTIVE SUMMARY

The U.S. Department of Energy has beewestigatingdeep borehole disposal as @aiternative

for the disposal ofspent nuclear fuelndother radioactive waste forms, along with research and
development for mined repositories in salt, granite, and clay, as part of the used fuel disposition
(UFD) campaign. The deep borehole disposal concept is straightforward and consists of drilling
a boehole on the order of 5,000 m deep, emplacing waste canisters in the lower part of the
borehole, and sealing the upper part of the borehole with bentonite and concrete seals. A
reference design of the disposal system (Arnold et al. 2011a) includes emgiiaod 400 waste
canisters in the lower 2,000 m of the borehole, seals and plugs in the uncased borehole for
1,500m above the disposal zone, and standard borehole pluggingceagedupper 1,500 m of

the borehole. Safety of the disposal concept rgdrewarily on the great depth of burial, the
isolation provided by the deep natural geological environment, and the integrity of the borehole
seals. The DOE developed a research, development, and demonstration (RD&D) roadmap for
deep borehole disposal K¥12 (DOE 2012) that emphasized a {fstlale demonstration project
around whichresearch and developmeattivities would be organized.

The overarchinggoal of deep borehole disposal research for FY430 advance the deep
borehole disposal technical basneeded to site and implement a -Bdale demonstration
project. Given that identifying a demonstration project site is one of the first steps in a
demonstration project, a specific objective of the research is to establish technical and logistical
guidelines to be used in the evaluation of potential demonstration sites. An additional objective
is planning the experimental research programirfeestigation of alternative sealing methods,
including the timedependent properties of candidate seal maderimder a range of
environmental conditions. This objective is motivated by the recognition that the borehole seals
constitute the primary component of the engineered barrier system in the deep borehole disposal
concept. A final objective is to furtharstablish the preliminary safety framework for this
disposal concept and for a deep borehole disposal demonstration project.

Selection of a site for a deep borehole disposal demonstration project would be informed by
numerous factors that fall into sevecattegories, including technical factors, logistical/practical
factors, and sociopolitical factors. Numerous technical factors are potentially important to
drilling and construction of a deep borehole, successful completion of a deep borehole disposal
denonstration project, and the padbsure safety of the disposal system. Logistical factors for a
deep borehole disposal demonstration projectreleedto drilling activity in the petroleum
industry, geothermal industry, and, to a lesser extent, deeptifc drilling activity. Analysis

of social and political factors related to site selection is generally beyond the scope of this report,
but early engagement with local and regional stakeholders at any potential location, particularly
in the scientift and academic communities, would likely improve the chances of implementing a
demonstration project. Overall, the site selection strafi@gthe demonstration projeaimsto
maximize the probability of successfully completing the borehatlea site wih favorable
geological, hydrogeological, and geochemical conditiomghin budgetary and schedule
constraints.
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A number of geological, hydrogeological, and geophysical fattave been evaluated that are
potentialy relevant to successfully completirey deep borehole demonstration project and
demonstratingostclosure safetyor adeep boreholdisposal system

1 Depth to crystalline basemein{less than 2,000 m favorable)
1 Crystalline basement lithology(felsic intrusive rocks preferred)

1 Basementstructural complexityi (faults, shear zones, and tectonic complexes
unfavorable)

Horizontal stres$ (small differential in horizontal stress favorable)

Tectonic uplifti (low uplift rate favorable)

Geothermal heat fluk (low heat flux favorable)

Topograhic relief and hydraulic gradient(low regional topographic relief favorable)

Quaternary faults and volcanidgm{Quaternaryage faulting and volcanism unfavorable)

= =/ =2 4 A -2

Mineral resources potentidl (Higher potential for mineral resources in crystalline
basenent generally unfavorable)

Regarding logistical considerations for a demonstration project, deep drilling is now common
within the petroleum industry, but tteeare few examples where lardg@emeter wellgreater

than about 2 inches diameterhave beerdrilled in crystalline bedrock to depths 4f000 to

5,000 metergBeswick 2008) Although rigs large enough to drill a reference design borehole
are not common, there are at least seven drilling contractors in the US that have this capability.
These mys are located in the western and southwestern US. Drilling support sesucbhsas
completion and logging servicese available through companies that work with the petroleum
drilling sector. The supply chain within theSJis robust andt is expectedthat services and
supplies can be procured by competitive bid for each type of equipment or service.

The details of the legal and regulatory requirements for permitting a deep borehole disposal
demonstration project vary among states and for Bédersus private land; however, the
National Environmental Policy Act compliance framework provides guidance to inform the
decision on site selection. The project scope and duration are not of a magnitude that would
generally require an Environmental lagé Statement, so planning should be conducted for an
Environmental Assessment, which is considerably less rigorous than an Environmental Impact
Statement. Drilling, land, and water use permits are also generally subject to state regulation and
are routirely granted for other drilling operations in most states.

Key objectives of the borehole seals effort are to esesitu testing to: 1)demonstrate
performance of bentonite seals; @gasure brine/cement impact on bentonite permeability; 3)
build the techical basis for rockvelding of seals, and 4dlentify (any) effects of waste package
corrosion on seals. Avoiding bentonite shrinkage is one key to assuring low seal permeabilities.
Another is demonstrating that cement will not undergo faagde volumechanges over several
thousand years. Bentonite volume is reduced by high ionic strength and/or the introduction of
divalent cations, such as BaMg™, and Fé& (produced during the anoxic corrosion of steel
casing).
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Research on alternative seals Iheen directed at the main seals emplaced above the waste
disposal zone and at the sealing and support matrix that surrounds the waste canisters. Rock
welding in the main seals zone by partial melting and recrystallization of crushed rock within the
borehde andin the surrounding host rock would produce a robust seal of the borehole and the
excavation damage zone. A rock welding seal would be highly durable because, unlike bentonite
and cement, it would be in chemical and mineralogical equilibrium wi¢h pifysical and
chemical conditions at depth. Modeling work indicates that a rock melt volume of sufficient size

to form such a seal could be generated with an electrical resistance heater, with a modest power
requirement (about 11 kW) and in a reason#ible. The shape and size of the rock weld can be
controlled by varying the length and diameter of the heater. Materials such as bentonite, cement
grout, and low melting temperature metal alloys have been investigated as sealing and support
matrices; howeer, challenges remain concerning the operational emplacement and suitability of
these materials. Research is continuing to address these challenges and to evaluate candidate
formulations with regard to rheology, setting or thickening time, hardeningmaahanical
properties, geochemical reactions, and durability.

The technical bases for the safety framework have been updated or reevaluated with regard to
thermally driven groundwater flow, nuclear criticality and operational safety. Iismaje
thermal hydrologic modeling has been updated to incorporate more realistic geological and
hydrogeological conditions, and to provide input to an updated performance assessment (PA)
model of the deep borehole disposal systefhermathydrologic simulations indic¢e vertical

upward groundwater flux in the borehole aswurroundingdisturbed rock zonef the waste
disposal zone for an extended period of time. Significant, but lower vertical flux also occurs
above the waste disposal zone through potentially degradeld and/or the surrounding
disturbed rock zone. Criticality safety is not a design, operation or permitting issue for
conducting the demonstration project, because the use of actual nuclear fuel is not anticipated.

A systematic approach to the priordtion of RD&D activities uses information from several
previous PA analyses and from the updated PA model documented in this repoliasiBoé

this prioritization is primarily the postclosure safety of the deep borehole disposal system. A
synthesis bexisting PA analyses has identified the more important processes with regard to
disposal system safety and the characterization actividgesssary to help reduce uncertainties
associated with these processes

The updated deep borehole disposal PA mausdrporates the simulated vertical flow rates
from the updated thermdldrologic modeling and includes a significant conceptual
improvement relative to previous PA modeling through the implementation of lateral
radionuclide diffusion between the borel@nd the surrounding rock. The updated PA model

for a single boreholées implemented in th&oldSim® software code. Base case simulations
with the updated PA model demonstrate lateral diffusion of radionuclides from the borehole into
the surrounding bedck and indicate no releases of radionuclides to the biosphere within
1,000,000 years of deep borehole disposal. Sensitivity analyses for a case in which the vertical
groundwater flow rates are increased by a factor of 10 and the waste form degradatisn r
increased by a factor of 100 show a negligibly small peak mean annual dose at 1,000,000 years,
primarily from releases 0f129.

The primary objective of the safety framework study is to confirm the safety of disposing SNF
and/or other forms of radactive waste in a deep borehole disposal system. The initial safety
framework documented as a staaldne report in Appendix A focuses on a generic safety
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framework for the deep borehole disposal concept. This safety framework is developed using
information collected and analyses conducted prior to and during the course of the deep borehole
demonstration.

The Deep Borehole Disposal Consortium was established through the course of two meetings in
Albuquerque New Mexicoin 2011 and 2013 and consists oflustrial and academic partners

that were assembledo enhance efforts to complete a deep borehole demonstration. A
Memorandum of Understanding (MOU) was signed to enable collaboration between the parties

to Apromote the «const rpuworéholeodemoastration aopeeatuatd theo n o
feasibility of longt er m di sposal of nuclear waste. o Me m
Areva, CH2MHIill, DOSECC Exploration Servicedlassachusetts Institute of Technolpgy

Olympic Research, SandNational Latoratories University of Sheffield, and URS.

Important conclusions from this milestone report include the following:

1 Evaluation of technical and logistical site selection guidelines indicates that there are
large areas within the conterminous U.S. thatfawerable for the location of a deep
borehole disposal demonstration project, in particular, land-term deep borehole
disposal, in general.

1 Specific requirements for experimental evaluations of bentonite and cement as seals
materials have been idenéd.

1 Numerical modeling of rock melting and the formation of rock welding seals indicates
that this is a potentially viable alternative borehole sealing method.

91 Higher priority science and engineerinB&D activities for a deep borehole
demonstration projettave been identified, based on importance to-plostre safety.

1 Updated thermahydrologic modeling of a multipieorehole disposal system and
updated PA modeling that includes lateral diffusion from the borehole indicate no
radionuclide releases to throsphere within 1,000,000 years for the undisturbed-base
case scenario.

1 A Deep Borehole Disposal Consortium consisting of Sandia National Laboratories,

industrial, and academic partners was est
operation of a deepporehole demonstration to evaluate the feasibility of @mm
di sposal of nuclear waste. o0

1 A generic safety case study has been documented and indicates that a defensible safety
case can be developed for deep borehole disposal ofdvighnuclear wasteassuming
that the demonstration project confirms the technical bases underlying the deep borehole
disposal concept.
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1. INTRODUCTION

1.1 Background

Deepborehole disposgDBD) of high-level radioactive waste has begiwen consideratiofor
geological isolation for many years, including original evaluatiohsiuclear waste disposal
optionsby the U.S. National Academy of Sciences in 198AS 1957) Efforts by the United
States and the international commurotyer the last hal€entury toward disposal of higavel
waste (HLW) and spent nuclear fudlSNF) have primarily focused on mined repositories.
Nonetheless, evaluations of deep borehole disposa lpariodically continued in several
countries( O6 Br i el1879;#bodward and Clyde Consultants 1983; Juhlin and Sandstedt
1989; Heiken et all1996; Nrex 2004; Anderson 2004; Gibb et &008&). An updated
conceptual evaluation of deep borehole dsghaof SNF and a preliminary performance
assessment have also been compléBeddy et al.2009). A reference design and operations
were developed for deep borehole dispod@NFusing available drilling technology by Arnold

et al. (2014). Sitecharacterization methods weagalyzed using basic performance assessment
methodology and were described in Vaughn et al. (@01Zhese studies have identifiew
fundamental flaws regarding safety or implementation of the deep borehole disposal concept.

The referencedeep borehole disposal concept is straightforward and consists of drilling a
borehole on the order of 5,000 m deep, emplacing waste canisters in the lower part of the
borehole, and sealing the upper part of the borehole with bentonite anckteoseals. A
reference design of the disposal system (Arnold et al. 20dayles emplacement of 400 waste
canisters in the lower 2,000 m of the borehole, seals and plugs in the uncased borehole for
1,500m above the disposal zone, and standard ltegblugging in the upper 1,500 m of the
borehole. Safety of the disposal concept relies primarily on the great depth of burial, the
isolation provided by the deep natural geological environment, and the integrity of the borehole
seals. In contrast, midegeological repositories, with thmssibleexception ofthose located in
extensivesalt or argillaceous formationgely on engineered systems, such as waste canisters
and/or buffer material, to a greater degree.

Factors suggestg that the deep boreholdisposal concept is viable and sdiave been
summarized previously in Brady et al. (2009) and Arnold et al. @01Crystalline basement

rocks are relatively common in stable continental regieitiser at the surface or within 2,000 m
depth. Existingdrilling technologyshould permitthe reliable construction of sufficiently large
diameter boreholes to @&pth of 5,000m, although this remains to be demonstrated. Total costs

for a deep borehole disposal systean SNF, including drilling, casing, bahole completion,

waste canister fabrication and loading, emplacement, and borehole sealing have been estimated
at about $US 40 million per borehole (Arnold et al., 201 For the reference borehole disposal
design this cost is equivalent to about $U8/k§ heavy metal.The projected waste inventory

from the current fleet of nuclear reactors in the UoPerating through 205%puld be disposed

in about580boreholesbased on the reference design, which includes fuel rod consolidation
nornttechnical advantage that the deep borehole concept offers over a mined repository concept is
that of facilitating incremental construction and loading at multiple, perhaps regional, locations.

Low permeability and high salinity in the deep contiaércrystalline basement at many
locations suggest extremely limited interaction with shallow fresh groundwater res(Racks

et al. 2009)which is the most lig&ly pathway for human exposuieradionuclides released from

a deep borehole disposal systef@eochemically reducing conditions in the deep subsurface
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limit the solubility and enhancthe sorption of many radionuclides in the waste, leading to
reducedmobility in groundwater Preliminarydisposal system modeling analyses indicate that
radiological doses from deep borehole disposal wouldgigaificantly less thamepresentative
postclosure exposure regulatigi@sady et al. 2009, Lee et al. 2012, Swift et al. 2012)

The U.S. Department of EnergDOE) has beemnvestigatingdeep borehole dispdsas oneof

the alternativefor the disposal ofSNF and other radioactive waste formalong with research
and development (R&D) for mined repositories in salt, granite, and clay, as parUsettié-uel
Disposition(UFD) campaign.The DOE developed agearch, development, and demonstration
(RD&D) roadmap for deep borehole disposal in FY12 (DOE apitatemphasized a fulicale
demonstration project around which R&D activities would be organized.

1.2 Objectives and Scope

The overarchinggoal of deep beehole disposal research for FY18to advance the deep
borehole disposal technical basis neededsite and implement full-scale demonstration
project Given that identifying a demonstration project site is one of the first steps in a
demonstration mject, a specific objective of the research is to establish technical and logistical
guidelines to be used in the evaluation of potential demonstration siteadditional objective

is planning the experimental research programirfeestigation of alterative sealing methods,
including the timedependent properties of candidate seal materials under a range of
environmental conditions. This objective is motivated by the recognition that the borehole seals
constitute the primary component of the engingdyarrier system (EBS) in the deep borehole
disposal concept. A final objective is to further establish the preliminary safety framework for
this disposal concept and for a deep borehole disposal demonstration project.

The scope of the deep boreholepdisal work package consists of three tasks: (1) an evaluation

of site selection guidelines for a deep borehole demonstration project, (2) an assessment of deep
borehole seals and waste emplacement, and (3) development of a safety framework for deep
borehoé disposal.

Task 1 establishesits selection guidelinedy considering technicauidelines that are
potentially related to the drilling and completion of a deep borehole and tolpsste safety of

the deep borehole disposal system. A deep boreleot®nstration project could be successfully
conducted at a wide variety of locations in the U.S. and the site selection guidelines therefore
focus on increasing the probability of success by screening sites for characteristics that are
potentially unsuitale or inappropriate. Evaluation of a number of technical factors (see Section
2.3) is conducted at a regional scale using existatg. This evaluation activity leverages and is
integrated with theUFD campaign work package establishing a Geographitirrhation
System (GIS) database on regional geology for alternative mined repository disposal concepts in
salt, granite, and clafDOE 2012b) Qualitative evaluations of guidelines related to drilling
logistical and permitting factors are alseingcondicted.

Task 2 reviews and develops candidate borehole seal delages] on bentonite and cement
borehole plugs, as well adternative seals designs, such as rock welding and canister support
matrices. The spe includes a literature survey and teshpiag for testing longerm integrity

of candidate seal materials, such as cement and bentonite, under representativmlelown
temperature, pressure, and geochemical conditions. Work ibeailspconducted on numerical
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simulation of heat transport angherational evaluations for rock melting for the rock welding
seals concept.

Task 3 consists of several related activities, all directed toward updating and improving the
safety framework for the deep borehole disposal concept. Existing information dpseana

have beercompiled to identify science and engineerlRgD needs important to safetysing a
systems engineering approach to prioritizatidrhis R&D prioritization is based in part on an
updated performance assessment (PA) model of the deep leodedmosal system that utilizes
results from a thermdlydrologic simulation of multiple disposal boreholes. A preliminary
safety case report for deep borehole disposal has been written to document the overall safety
framework for the deep borehole dispbconcept (see Appendix A).

This report is organized around the three primary taglssribed above Section 2 discusses
geological, hydrological, and geophysical guidelines for selecting a site for a deep borehole
demonstration project and disposalteys, and presents relevant data at a regional scale for the
conterminous U.S.Section 2 also discusses logistical factors bearing on site selection for the
demonstration project, including associated permitting considerations. These logistical factors
are related to the local availability of drilling and support services needed for a demonstration or
long-term disposal project.Borehole seals testing strategy and alternative seals research are
discussed in Section 3 of the report. Section 4 documewtsatedopics related to the safety
framework for deep borehole disposal, including updated themguablogic modeling,
discussions of nuclear criticality and operational sagetgynthesis of PA analyses regarding
importance ofphysicalchemical proeesses andelated R&D characterizatiomctivities an
updatedPA model, and ageneric safety casestudy of deep borehole dispaosalSection 5
discusses planning for a deep borehole demonstration project and the rol®eéfigorehole
Disposal Consortium in this effort. A summary and conclusions are presented in Sg@ction
Appendix A contains a staralone preliminary safety case report on the deep borehole disposal
concept.
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2. DEMONSTRATION SITE SELECTION GUIDELINES

2.1 Demonstration Site Selection Strategy

Selection of a site for a deep borehole disposal demonstration pshati be informed by
numerous factors that fall into several categories, including technical factors, lotgisdciadal
factors, and sociopolitical factorsTecmical factors include geological and hydrogeological
characteristics that are related to the suitability of the site for waste disposal and tte¥rfong
safety of the deep borehole disposal system. Technical factors also include geological
characteristis of the site that could impact the drilling, borehole construction, and waste
emplacementesting activitiesat the site. Logistical and practical factors include the local or
regional availability of drilling equipment, engineering services, mateaals,research support

for theDBD demonstration project. Social and political factors include the support or opposition
of local and state entiti¢e the demonstration project.

Numerous technical factors are potentially important to the-gostre safgt of the deep
borehole disposal system. Although the demonstration project does not include waste disposal or
testing with radioactive materials, it is highly desirable that the deep geological and
hydrogeological environment at the demonstration sitednsistent wittphysical and chemical
characteristics important to pedbsure safety of the disposal systerm particular, disposal
zone depths should be in crystalline basement rodg&ep fluids should be highly saline,
geochemical conditions shoulte reducing, deep fluids should exhibit evidence of mm
isolation from shallow groundwater resources, laigpEe structural features should be absent,
and deep economically attractive resources should be abbectnical factors for postlosure
safety are identified at a high level by preliminary analysiéeafures, events, and processes
(FEPS in previous studies (Brady et al., 2009 and DOE, 2D12 successful demonstration
project should demonstrate the ability to characterize the gealogystem with regard to
important components of the safety case for deep borehole disposal.

Many technical factors related to drilling and borehole completion exist, but are more difficult to
assess usingjite-selectionguidelines prior to drilling. Borehole stability and borehole deviation
control are important to successfully drilling and constructing the borelni#ing operations
always involve elements of uncertainty; however, somessiection guidelines maye useful,
including information on the anisotropy in horizontal stress and the potential for borehole
breakouts, and heterogeneity and foliation of crystalline basement rocks, as they relate to
borehole deviation. Previous drilling experience near paledemonstration sites may be
useful, although drilling experience to depths of 5,000 m in crystalline rock is limited.

Logistical factors for a deep borehole disposal demonstration project are linked to drilling
activity in the petroleum industry, gémtrmal industry, and, to a lesser extent, deep scientific
drilling activity. The availability of drilling equipment, personnel, and support services is greater
in regions with significant drilling activity, although drilling services may be acquired e¢ mo
distant locations at higher costs for mobilization and demobilization. Assuming that drilling and
borehole construction is provided by a private drilling contractor, the availability of drilling
services may also be a factor of competing drilling tsje other industries.

Analysis of social and political factors related to site selection for a deep borehole disposal
demonstration project is beyond the scope of this reptotvever, early engagement with local
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and regional stakeholders at any i location, particularly in the scientific and academic
communities, would likely improve the chancessiding a demonstration project and hasten its
initiation. Engagement with scientific communities, such as state geological surveys and state
university faculty also providetocal and regional geoscientiflmowledge that is important to
evaluatingthe suitability of potential deep borehole demonstration sites.

Overall, the goal of the sigelection guidelines for the demonstration project is twimmae the
probability of successfully completing a borehole in geological, hydrogeological, and
geochemical conditions favorable for waste isolation, within budgetary and schedule constraints.
These guidelines are based in part on a set of importahsitacteristics, described in Sections

2.3 and 2.4, that influence the performance of the disposal systeralate to logistical
considerations

2.2 Relationship of Site Selection to the Disposal Safety Framework

The focus of this section is to illustratine linkages between site selection, concept
demonstration, and the development of a deep borehole disposal safety framework. The term
safety frameworkather tharsafety casés used herein because the goal of a demonstration is not

to build asafety cag but rather to collect and develop the generic information needed to confirm
that deep borehole disposal technology can be implemented safely if properly sited and
implemented.

2.2.1 Components of Safety Case and Relationship to Site Selection

A safety cases an integrated collection of evidence, analyses, and other qualitative and
guantitative arguments used to demonstrate the safety of the repasitbisa widely accepted
approach for documenting the basis for the understanding of the disposal, system
descrileskey justifications for its safety, and acknowledgnresolved uncertainties and of their
safety significance@ECD 2004 andAEA 2006). A safety framework is similar to a safety
case, but is developed for a generic disposal system. Arnggal of deep borehole
demonstration is to develop and verify a safety framewatk information obtained froma
deepboreholedemonstration using nemuclear surrogate waste packages.

The safety framework is a living document that evolves throughoeit ctiurse of the
demonstration fronsite selection and characterization (including facility design), construction,
operation and closure As the @monstratiorprogram evolves from siting closure, théevel of
completeness and rigor increases and tlseciated safetyrameworkbecomes more detailed

with the addition of more data from site characterization, system design, and safety assessment
activities.

The linkages between site selection, demonstration, and the safety framework can best be
understod by examining the major elements of the safety framewdnkthis study, the mjor
elements of the safety framewoake patterned after the NEA padosure safety case (NEA

2004) and also include aspects of-plesure safety as follows (see Appendix#this report for
additional detail):
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Statement of Purpose

This element dscribes the current stagd the demonstratiorprogram and the current
completenes®f the safetyframework At the site selection step much of the information is
gualitative and has a high level of uncertaintjowever, there is a significant amount of data
that can be usedtidentify general siting guidiees. This information can then be used to
inform preiminary screening oFEPsand to perform preliminary safety assessments for evaluate
risks from potential sites that are consistent with the identified guidelines within the current level
of uncertainty.

SafetyFrameworkStrateqy

This is the higHevel appoach adopted fodemonstrating safetyand includes (a) an overall
management strategfor the demonstratign(b) a siting and design strategy, and (c) a
demonstratiorssessment strategy.

Section 2.1 describes the general siting strategy including-potital aspects, whil&ection
2.3 describes the technical basis for siting and section 2.4 describes other siting consideration
such as availability of services and other infrastructuppart.

Site Characterization arideep Borehol®isposal System Design

This elementcontains key portions of thdemonstrationassessment basisand includes a
description of (a) the primary characteristics and features of eéhsomistrationsite, (b) the
location of thedeep boreholg(c) a description of thdeep boreholengineered barriers, and (d)
a discussion of how thaleep boreholeengineered and natural barriers  will function
synergistically.

The information collected to develop and evaluatetdfodanical siting guidelines discussed in
Section 2.3include geological and hydrogeological characteristics related to the suitability of the
site for successful demonstrationThis information also serves as initial site characterization
data, which suports the technical baseline, the screening of FEPs, and performance assessment
modeling. These factors also influence the disposal system design and operations associated
with drilling, borehole construction, and waste emplacement testing seal desig and
emplacement.

Preclosure and Postlosure Safety Evaluation

This includes a quantitative safety assessment of potential radiological consequences associated
with a range of possible evolutions of the system over time, i.e., for a range of scenarios, both
before and after closure af generic deep borehotbsposalsystem. As note previously, the

deep borehole demonstration will not involve radioactive waste. For the purposes of
demonstrating safety, a hypothetical waste form and inventory will be selected that is
representative of the waste form for which the destration is being conducted.

Performance assessment is a quantitaixeduationof postclosure safety through a systematic
analysis ofdisposal systemerformance and a comparison of this performance with quantitative
design requirements amgkrformame measuresalong with an estimation of how quantifiable
uncertainties might affectisposal systerperformance.Such an assessment regsitenceptual

and computational models that induthe relevant FERbBat could be important to safetyA

key objetive of the postlosure performance assessment is to indicate which FEPs are most
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important to safety and are therefore candidates for future R&D if their current state of
knowledge includes a significant degree of uncertainty.

Demonstrating confidencen ipreclosure safety is also an important element of the safety
framework and includes transportation safety and operational safety. Theogtge safety
assessment identifies the potential natural and operational hazards for-thespre period,;
as®sses potential initiating events and event sequences and their consequences; and identifies
the structures, systems, and components (SSCs) and procedural safety controls intended to
prevent or reduce the probability of an event sequence or mitigatertbeqeences of an event
sequence, should it occur

The information collected during the site selection probegssinforms FEPsscreeningandthe
conceptual design of the padbsure safety evaluationdgormance assessment modeling)

Statement of Confience and Synthesis of Evidence

A statement of confidence is based on a synthesis of safety arguments and analyses and includes
a discussion of completeness to ensure that no important issues have been overlooked in the
safetyframework A statement of aufidence recognizes the existence of any open issues and
residual uncertainties, and perspectives about how they can be addressed in the next phase(s) of
demonstrationif they are considered to be important to establishing saftg. strength of the

sakty confidence statement is dependent on the appropriate selection of the site and its
robustness with respect to the technical guidelines developed in section 2.3.

2.2.2 Summary of Technical Site Selection Guidelines Supporting the Safety
Framework

Section 2.3 identifies and describes in detail the techsiakelections guidelinedn addition

to supporting the site selection of a deep borehole demonstration, these guidelinestelsate

to the safety framework by providing part of the tachhbasis for the postlosure safety
assessment. Examples of how these guidelines are related to disposal system safety are
identified below.

Depth to Crystalline Basement

The depth to crystalline basement could be anything less than 2,000 m. Akedksariier, this
guideline would be satisfied by either depths of less than 2,000 m to the basement or by locations
with surface outcrops of crystalline rock. Areas with outcropping crystalline basement rocks
would have the advantage of direct accestheorocks for detailed surface geological mapping

and sampling. Major structural features in the basement rocks, such as faults and shear zones,
could also be more directly observed. One potential disadvantage from a safety perspective is
that major thraghgoing vertical structural features could have uninterrupted continuity between
the deep borehole disposal zone and the shallow subsurface, potentially providing higher
permeability pathways for radionuclide migration. Regions with the crystalline basem
2,000m or shallower are generally covered by stratified sedimentary rocks on stable continental
platforms or at the margins of sedimentary basins. An advantage of sedimentary rock cover is
the low vertical effective permeability created by typicdemiating layers of coarsgained

clastic rocks, carbonate rocks, and fgrained sedimentary rocks, such as shales. Sedimentary
rocks in the stable continental interior typically contain saline connate fluids at depths of greater
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than a few hundred mas, inhibiting vertical flow by density stratification and precluding
utilization of deep fluids as a groundwater supply resource. Sedimentary rocks may also
function as a fAcapo on throughgoing vertical
basement, disrupting potential pathways for radionclide migration to the shallow subsurface. A
disadvantage of locations with sedimentary cover is that crystalline basement rocks cannot
directly be mapped and there would be uncertainty about the lith@ogy structure of
crystalline basement rocks that would be encountered in drilling.

Crystalline Basement Lithology

The deep borehole safetyamework may bestrongly enhanced for boreholésat penetrate
extensive thicknesses of older crystalline rock, amgarticular if the seal and disposal zones
(the lower 3km of the borehole) are within this crystalline basemetiowever, this is
dependent othe particularlithology of the crystalline basement rockncreased confidence in

the stability ad robustess of the drill holeesults from the advantageous mechanical properties
characteristic of older homogenous granitic batholiffisese characteristics lead to more ease in
drilling a vertical holeandincrease the confidence that waste package strengoe emplaced
without incident. Conversely, crystalline rocks of a layered or foliated metamorphic nature can
result in deflection of drill bits leading to less directional contratditionally, because stress
conditions are more uniform and differetstresss less in homogenous crystalline rocks than

in layered metamorphic rocks, boreholes constructed in homogenous crystalline rock would be
expected to result in increased borehole stability and less wall breaKtid. increases the
confidence inthe safety of propecanisteremplacement as well as increased confidence in the
robustness of borehole sealing and grouting at the interface of the seals and borehole walls.

With respect to long term pestosure safetyplutonic rocks, and large felsigneous intrusive

rocks in particular tend to be more homogeneous and contain fewer preferential pathways than
metamorphic rocks or volcanic igneous unithiusplutonic rocks would be expected to enhance

the isolative capability of the natural systemhaitgh large features such as fault zones can also
be presenplutonic rock.

Basement Structural Complexity

Crystalline basement structural complexity, in the form of major faults, shear zones, and tectonic
features could impact drilling operations, borehole construction, andclossire safety
characteristics of a deep borehole demonstration site. Althoudh features are generally
poorly understood in the crystalline basement where covered byesgdry rocks, geophysical
dataand inferences from Precambrrifithology and geochronologyave been used to infer the
locations of some of thessubsurfacecompkxities. Basement structural complexity is not a
disqualifying characteristic of a potential site, but it does increase the probability of drilling
difficulties and hydrogeological characteristics that potentially are not favorable to waste
isolation.

Horizontal Stress

The degree of horizontal stress differential at depth in the waste emplacement zone can be an
important consideration in demonstration site selection. If a large differential in horizontal stress
exists at depth, this may be an indicatopotential difficulties in drilling and instability of a

drilled borehole. Becausthe process osetting borehole casing consists of lowering casing
strings into holes with tight clearance, it is important that the borehole be smooth and stable.
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Collapseof borehole walls could compromise or make more difficult the process of setting
casing as well as compromise the integrity of the disturbed rock zone (DRZ) around the borehole
or the seal rock contact. The dominant release pathway from waste emplaakzbmborehole

is vertically up either through the DRZ or through the seal system and its contact with the
surrounding rock. A smaller differential in horizontal stress at depth would result in reduced
uncertainty, provide for a more isolative capabijlapd provide for smoother safer operations.

Tectonic Uplift

Tectonic uplift is an increase in elevation of the earth surface due to tectonic processes. Tectonic
uplift is important to deep borehole disposal, not because it has a direct impact on peEdorma

but because in areas of tectonic activity there is an increased risk of seismicity, volcanism, and
active faulting and these process could impact deep borehole performance.

Geothermal Heat Flux

Geothermal heat flux and geothermal gradient are releyadelines for siting a deep borehole
disposal demonstration project or disposal system in several ways, including 1) temperature
conditions at deptlas they affecdrilling, emplacement operations, EBS materials, and waste
forms, 2) potential for futurdhuman intrusion by drilling for geothermal resowwcaend 3) as
indicators of ambient vertical groundwater flow in the regional flow system.

Elimination of sites with significant geothermal heat flux results in reduced likelihood of human
intrusion. Lowervertical temperature gradients can help reduce vertical flow and instabilities
that can develop resulting in increased isolation capacity and reduced vertical transport.
Degradaibn processes and mineral transformation tend to occur at faster rates igmeéer h
temperature conditions, so lower temperatures dogle@aseconfidence in the isolative capacity

of EBS componenisalthough higher temperatures would facilitate the melting of a-degisity
support matrix, as described in Section 3.3.Zinally, temperatures at depth can imptut
strength of downhole equipmesid waste canisters angderating ranges for instrumentatico
reduced temperature conditions can help reduce difficulties in drilling and waste emplacement
operations, whicltanincrease confidencin thesafetyof pre-closure operations

Topodraphic Relief and Hydraulic Gradient

Groundwater flow is dominantly driven by topographic relief in most flow systems. The rate of
topographically driven groundwater flow, both horizontally aratically, is determined by
recharge rates, the pattern of topographic relief, the permeability structure of the subsurface, and
depth. Recharge rates vary both gapgically and topographically and generally decrease with
increasing depth so thtte safety of deep borehole disposal would be less sensitive to regional
groundwater flow conditions than a mined repository because of the deeper disposal depth.

Because sitewith low topographic relief are likely to have extremely low groundwater flow
ratesat deep borehole disposal deptlsch siteswould be expected to provide increased
confidence in isolation capability because aflecreasen the likelihood ofvertical hydraulic
gradients a decrease in communication with upper ground wated an increasein the
likelihood of very old, highly saline fluids at deptitigher salinity at deptlalso contributes to

an increase in fluid density gradient, which further acts to reduce upper vertical flow and
migration of dissolved radionuclides.
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Quaternaryaults and Volcanism

The assessment of Quaternary faults is important to safety confidence. The presence of these
faults is strong evidence for tectonic activity in the geologically recent past, which can be
extrapolated to potential future activity. Asposal site with limited or no active faults implies

low likelihood of future seismic activity and structural disruption. This will determine whether

the consequences of seismic activity on radiological release need to be accounted for in the
performanceassessment. If this can be eliminated on the basis of low probability then
uncertainty is reduced, the performance assessment model is simpler, and confidence in safety
increased.

A deep borehole placed in a location with minimal faulting or evidenceolohinic activity

implies robust isolative capacity because of the low possibility of high permeability pathways
connecting the waste emplacement zone with the surface or potential for direct release of waste
by a volcanic eruption.

Mineral Resources Pottal

Risk from inadvertent human intrusion, related to direct intrusion into the waste disposal zone
and disruption of seals or other features, is a large component of the total risk and often the
dominant source of risk for geologic repositories, e.g. EIXD08 and DOE 2009). While risk

from human intrusion is expected to be lower for deep boreholes because of (a) increased depth
of waste emplacement relative to a mined repository, (b) small-seati®nal area of the
disposal footprint, and (c) higtrength crystalline rock that hosts the borehole, it is prudent to
avoid locations that have known natural resource potential. Sites with lower potential for natural
resources will result in a lower probability of future drilling activity for these reseuacel
therefore lower risk from this scenario. This increases the confidence in thietongafety of

the deep borehole disposal option compared to those sites that have potential for economically
exploitable resources at depth.

2.3 Technical Selection Guidelines

2.3.1 Depth to Crystalline Basement

The reference deep borehole disposal concept uses crystalline basement rock as the preferred
host rock because of its long geological history, general association with tectonic stability within
the continental crusgnd relative homogeneity, particularly in the case of granite batholiths. The
depth to the crystalline basement is a significant consideration in selecting a site for a deep
borehole disposal demonstration site.

For a borehole disposal zone occupying hb&om 2,000 m of a borehole and allowing for an
overlying 1,000 m length seal zone within crystalline rocks, the maximum depth to the
crystalline basement would be 2,000fon a borehole depth of 5000 m or lesEhe depth to
crystalline basement coulde anything less than 2,000 m this basis, including a site with
crystalline basement rocks that outcrop at the surface. As with many other site selection
guidelines in this section, definitiva quantitative guidelines have nget been establishedut

are instead based on qualitative aspects of the deep borehole disposal system. For example, it
has not been shown that 1,000 m of borehole length in the crystalline basement is necessary for
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the borehole seal zone to provide adequate -feng safetyfor the disposal system.
Nonetheless, the 2,000 m maximum depth to crystalline basement provides a useful general
guideline for delineating areas that would be potentially favorable for a deep borehole disposal
demonstration project.

A regionatscale dathase for the depth to crystalline basement for most of the continental U.S.
has beermssembled by the UFD campaign in the form Gfl& data set (Perry, 2013)Figure 2

1 shows a contour plot of depth to crystalline basement and outcrops of crystalksenroed.
Contour filling with brown to tan to yellow colors indicate depths of less than 2,000 m to the
crystalline basement. Light green to blue to purple colors indicate increasing depths to
crystalline basement. Major sedimentary basins, sucheadichiganbasin in Michigan, the
lllinois basin in southern lllinois and Indiana, the Willistoasin in North Dakota and Montana,

and theGulf of Mexico basin in southern Texas, Louisiana, and Mississippi stand out as large
areas of cool colors and gteadepths to crystalline basement in Figuk 2

Figure 2-1. Depth to crystalline basement outcrops in the continental U.S. (Perry 2013). Depth of 2,000
m shown with the bold contour line and crystalline basement outcrops shown in red.

It is important to note several limitations to the dataset and interpretation of depth to crystalline
basement shown in Figurel2 White areas indicate lack of data and/or areas that have greater
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geological complexity that make interpretation of the ket crystalline basement difficult.

Areas immediately adjacent to outcrops of crystalline basement generally have a shallow depth
to crystalline rocks, except where major faults have displaced the basement to greater depths
near the outcrops. The whiggeas in northern Minnesota, Wiscandichigan, and the New
England states correspond to varying thicknesses of glacial deposits and have relatively shallow
depths to crystalline basement. Much of the western U.S., with the exception of the central
valley of California, is plotted in white because of lack of data and relatively greater structural
complexity Interpretation of the depth to crystalline basement in the western U.S. would require
more intensive, locadcale data analysis or acquisitiow/hite areas in Figure-2 should not be
interpreted as areas that are necessarily unsuitable for deep borehole disposal or for a deep
borehole demonstration project.

Overall, the analysis of depth to crystalline basement rocks indicates large areas of the
continental U.S. with depths of less than 2,000 m. Figu2esRows the same interpretation of
depth to crystalline basement with the areas of less than 2,000 m depth shown with brown
shadingfor emphasis Very large areas of the central and northern Matweeet this guideline.
Another large area consists of the Atlantic coastal plain to the east and south of the Appalachian
Mountains. In addition, there are marother smaller areas in Texas and the western states with
depths of less than 2,000 m to tdrgstalline basement. As described earlier, much of northern
Minnesota, Wisconsin, and Michigan, and the New England states have outcrops of crystalline
rock or have relatively thin covers of glacial deposits. Also, as noted before, there are many
smalle areas with depths of less than 2,000 m to the crystalline basement that are scattered
across the more structurally complex western U.S.

As described earlier, this guideline for depth to crystalline basement rocks would be satisfied by
depths of less tha’,000 m to the basement or for locations with surface outcrops of crystalline
rock. Areas with outcropping crystalline basement rocks would have the advantage of direct
access to the rocks for detailed surface geological mapping and sampling; altheugh th
characteristics of the crystalline rocks may be significantly different at the disposal depths.
Major structural features in the basement rocks, such as faults and shear zones, could also be
more directly observed. One potential disadvantage from edyspérspective is that major
throughgoing vertical structural features could have uninterrupted continuity between the deep
borehole disposal zone and the shallow subsurface, potentially providing-peghezability
pathways for radionuclide migrationAreas with depths to the crystalline basement of up to
2,000 m are generally covered by stratified sedimentary rocks on stable continental platforms or
on the margins of sedimentary basins. An advantage of sedimentary rock cover is the low
vertical effecive permeability created by typical alternating layers of cegramed clastic

rocks, carbonate rocks, and figeined sedimentary rocks, such as shales. Sedimentary rocks in
the stable continental interior typically contain saline connate fluidspahsl®f greater than a

few hundred meters, inhibiting vertical flow by density stratification and precluding utilization of
deep fluids as a groundwater supply resource.
on throughgoing vertical structuralaiirres in the underlying crystalline basement, disrupting
potential pathways for radionclide migration to the shallow subsurface. A disadvantage of
locations with sedimentary cover is that crystalline basement rocks cannot directly be mapped
and there wod be uncertainty about the lithology and structure of crystalline basement rocks
that would be encountered in drilling.
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E Basement depth < 2000 m

- granitic outcrop

Figure 2-2. Depth to crystalline basement outcrops in the continental U.S. (Perry 2013). Depth of 2,000
m or less shown with brown shading and crystalline basement outcrops shown in red.

2.3.2 Crystalline Basement Lithology

The preferredhost rock for deep borehole disposal is crystalline basement rock, which is a
generic term that includes a diversityrotks ofigneous and metamorpharigin. Crystalline
basement generally refers to the older, often Precamagan rocks that underlie the
sedimentary cover in stable continental interior regions and sedimentary badwesterm
crystalline basement may also apfo geologically youngergneous and metamorphiocks in

more recent tectoradly activeterrans, such as the Mesozeageplutonicrocks exposed in the
Sierra Nevadand similar rocksinderlying the Central Valley in California

The lithology of the rystalline basement may be important to deep borehole disposal in terms of
drilling and borehole completion, and with regard to fmdesure safety of the disposal system.
Plutonic rocks in general, and granitic batholiths, in particular, tend to be lithmiegically,
mineralogically, and meeimicallyhomogeneous than volcanic or metamorphic roeksiough
variations in fracturing and the presence of fracture zones can make them hydrogeologically
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heterogeneous. Geological interpretation of crystallinbasement lithology in areas with
sedimentary or surficial cover tends to be highly simplified due to limited availability of drilling
data and the uncertainties associated with the interpretation of geophysical data. Hibwever,
should be expeced thatcovered crystalline basement rocks exhibit the same lithologic and
structural complexityhat is observed in similar outcropping geologic terranes.

Drilling operations may be affected by crystalline basement lithology in several ways.
Directional control ofdrilling is generally easier in homogeneous crystalline rock, such as
plutonic rocks. The drill bit can be strongly deflected by layered or foliated metamorphic rocks
in which the fabric of the crystalline rock is oriented at an angle to the desiratydtirection

(i.e., steeply dipping layers or foliatiam a vertical borehole)Inability to control the verticality

of a deep borehole can lead to a large deviation in the location of the borehole at depth and to
curvature in the borehole that caneiriere with drilling and borehole completion operations
Various drilling technologies exist for deviation control, but may add significant cost to drilling
the borehole under extreme conditions. Crystalline basement lithology may also impact drilling
rate and bit life. Some rock types, such as quartzite, can be particularly problematic in this
regard. Changes in drilling methods and bit type can compensate for some variations in
crystalline basement lithology; howeveawoiding sites with known occumees of extrenig

hard rock, such as quartziteould be advisable. Stress conditions in more homogeneous
crystalline rocks, such as granite, tend to be more uniform relative to layered or foliated
metamorphic rocks in which stress concentrated in theidgher strength rocks. Thus high
differential stress conditions and resulting borehole breakouts may be more prevalent in deep
boreholes penetrating heterogeneous metamorphic rocks versus plutonic rocks in the crystalline
basement.Drilling operations camlso be adversely affected by lost circulation of drilling fluids

in high-permeability zones and washouts of the host ro&kich drilling problems are more

likely associated with structural features such as fracture zones, which can occur in any rock

type.

The relationship between crystalline basement lithology and-ghusire safety for deep
borehole disposal of higlevel radioactive aste has not been explicitly evaluated and is a
complex topic related to variations in the hydrological, geochemical, mineralogical, and
geomechanical characteristics of different crystalline rock typétwever, some general
statements can be made abihig relationship. Plutonic rocks, aladge felsic igneous intrusive
rocksin particular, tend to be more homogeneous than metamorphic rocks or volcanic igneous
units. The relative homogeneity of felsic plutonic rocks may contribute to the isolation of
radioactive waste by presenting fewer heterogeneous features that could serve as preferential
pathways for contaminant migration. However, it is important to note that throughgoing
structurd features, such as fault zon#sat might actas preferential ghways can occur in
plutonic rocks, as well as other crystalline rock lithologies. The analysis and assessment of a
more homogeneous host rock for deep borehole disposal system waighy be more
straightforward and less uncertain than for a highlyedogteneous crystalline basement
lithology. The relationship between crystalline basement lithology and permeability is not well
understood. However, data presented by Stober and Bucher (2007) from the crystalline
basement of the Black Forest region im@any indicate that average permeabitaydepths of

1,000 min gneiss is lower than in granit€ermeability in both granitic and metamorphic rocks
generally decreases with depth, as indicated by data from a number of seugcellgnning

and Ingebrgen 1999 and Stober and BucBe07).
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Information on crystalline basement lithology is available from a number of sources. Detailed
geological maps are available for most areas in the U.S. where crystalline basement rocks
outcrop at the surface and theprovide the most accurate information on lithology for the
crystalline basement. Definitive data ooveredcrystalline basement lithology are available at
point locations from borehole drill cuttings and core that have penetrated the basement. Because
most deeper boreholes are drilled through the sedimentary cover for hydrocarbon exploration
purposesdrilling is usually terminated soon after the crystalline basement is encountered and
sampling is limited to the very upper portion of the crystallireebsent.

Interpretation of borehole data on Precambrian lithology and age, combined with outcrop data,
has been made at the continental scale by Reed (1998. effort providessomeinformation

on crystalline basement lithology at the regional scalejgprimarily aimed at unraveling the
tectonic and structural history of North America in the Precambrian, particularly over the broad
regions in which basement rocks are obscured by sedimentary cdagious provinces or
terranes identified in the glegic interpretation of Reed (1993) can provide infation on the
lithologic typesand structural nature of the subsurface crystalline basement, although this
information lacks the spatial resolution provided by surface outcrops.

In very general termghe Precambrian basement map of Reed (1993) shows older Aiatpean
crystalline rocks of the Superior and Wyoming Cratons across much nbttiecentral part of

the U.S., andconsising of structurally complex metasedimentary, metavolcanic, and plutonic
rocks. Several provinces of Proterozage rocks form the Precambrian basement to the south
and southeast of the Superior Craton, representing accretionary growth of the North American
continent in the later Precambrian. These provinces also congisttamorphic and igneous
rocks, but some tend to be dominated by felsic volcanic and plutonic rocks. Granitic batholiths
in these Proterozoiage provinces tend to be smaller in size than the large batholiths present in
the Archean cratonsuch as the WbRiver Batholith in Wisconsin (Reed 1993Lrystalline

rocks of late Proterozoic and Cambrian age constitute the Appalachian Orogen in the eastern and
southeastern U.S. and dominantly consist of-ltavintermediategrade metasedimentary and
metavolcanicocks, with minor occurrences of granitic and mafic plutonic rocks.

Some states maintain databases of boreholes intersecting the Precambrian basement and these
data are brought together for geological interpretadicsm more detailed resolution thae thrork

of Reed (1993) Figure 23 shows an example plot of these data and interpretation of the
Precambrian basement geology for the state of South Dakota, as taken from McCormick (2010).
Major bounding faults in the crystalline basement are bas#teamterpretation of aeromagnetic

data and samples of the basement from drilling. Most of the Precambrian basement consists of
rocks of the Superior Craton, transitioning into early Protereagérocks in the southern part

of the state. The most commordgpcountered crystalline basement lithology from drilling is
granite, with quartzite occurring over a relatively large area in the southeastern part of South
Dakota. Another example of relatively detailed geological interpretation of the Precambrian
baserent in lowa is shown in Figure-£2, from Anderson (2006).This map of the crystalline
basement shows a wide variety of lithology, generally progressing from older Precambrian rocks
in the northwest part of lowa toward younger terranes in eastern anckastetin lowa, with

middle Proterozoiage clastic sedimentary and mafic volcanic rocks of theawmdinent rift
complex(see Section 2.3.3uperimposed across the central part of the state.

Geophysical data may also provide information on the natute@xtent of certain rock types on
the crystalline basement, particularly when combined with lithologic data from previous drilling.
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For example, Figure-8 shows the first horizontal derivative of gravity data for South Dakota
from McCormick (2010). Twavoid features in the image that occur in the-eastral part of

the state and are elongated in the -eastheast to westouthwest direction between the two
major thrust faults shown in yellow have been interpreted as potential large granite batholiths
This interpretation is supported by the uniformity of lithologic data from drill holes in the area.
Another example is the aeromagnetic data from Kansas shown in Figufeo@ Xia et al.
(1995). Several magnetic highs shown by the red colors ieraakansasn Figure 26 are
interpreted to be relatively small magnetiearing granite intrusions. This interpretation is
confirmed by drilling data and is part of a trend of such plutonic rocks extending from
southeastern Nebraska (Reed 1993) acrastem Kansas.

Overall, data on crystalline basement lithology are available over large areas on the
conterminous U.S., with variations in the resolution of supporting data and the geological
interpretation among states. In the absence ofpeeificinformation on crystalline basement
lithology (e.g., a previous borehole that has sampled the basement) there would be uncertainty in
the rock type encountered at depth by a deep borehole disposal demonstration project, but
existing geological interpretains of subsurface geology would significantly improve the
probability of correctly predicting the lithology of the basement at many locatiss general
guideline for siting a deep borehole demonstration project, a felsic intrusion, such as granite,
would be preferable to layered or highly foliated metamorphic rocks. Smaller granitic plutons
may be preferable to larger plutons because of possibly lower fracture density in smaller granite
intrusions relative to older, larger Archeage granitic bodies.However, the geometry of
typically smaller granitic plutons in the Precambrian Proterozoic provinces of the central U.S. is
not well known, and it is possible that a deep demonstration borehole to a depth of 5 km could
fully penetrate a diapiric intrusmand exit the granite into lower metamorphic or volcanic host
rocks.
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Plate 1:
Terrane Map of the
Precambrian Basement
of South Dakota
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Figure 2-3. Terrane map of the Precambrian basement of South Dakota (from McCormick 2010)
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Geology of the Precambrian Surface of Iowa
and surrounding area LEGEND

Raymond R. Anderson (ages given in millions of years - Ma)
Towa Geological Survey PROTEROZOIC (2500 - 530 Ma)

‘GRENVILLE INTERVAL (1350-1000 Ma)
[aia | Keweenawan Clastic Sedimentary Rocks
iiar] Kewosnawan Upper Red Clastic Group
| Kewoenawan Lower Rod Clastic Group
3] Kevwoenawan Volcanic / Plutonis Rocks
8| Keweenawan Thor Volcanic Group
B Northeast lowa Plutonic Complex
B Osbome Mafic Complex
SOUTHERN GRANITE / REYOLITE INTERVAL (1380 - 1310 Ma)
9] Granitic plutons
EASTERN GRANITE / RHYOLITE INTERVAL (1500 -1430 Ma)
[ Mgz Rhyolite and granitic plutons
|0 Granitic pluions
[l Quimby granite (1433 % 6 Ma)
16§ Green Island Plutonic Group (1485 = 10 Ma)
I Spencer Norite
[86sE] Spencer Granite (1373 + 7 Ma)
[ Central lowa Arch Granites
Mazatzal Orogenic Belt(1650-1620 Ma)
[ granitic plutons dominant
gociss dominant
BARABOO INTERVAL (1700 - 1500 Ma)

CENTRAL PLAINS INTERVAL (1800-1700 Ma)
Yavapai Orogenic Belt
(Bt orogesic gaciss and granite
[ | Camp Quest Gneiss (2065 + 10 Ma)
[¥#8] post-orogenic granitic pltons.
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Figure 2-4. Geology of the Precambrian surface of lowa and surrounding area (from Anderson 2006)
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Map shows county boundaries, outline of the Precambrian outcrop area, and basement structures (see pl. 1)
Black lines = faults; lines dashed where uncertain, dotted where inferred
Yellow lines = structural boundaries

Figure 2-5. Map of the first horizontal derivative of the gravity data for South Dakota, with hillshade (from McCormick 2010)



Deep Borehole Disposal Research
20 October 25, 2013

99.40 99.00

Figure 2-6. Residual aeromagnetic map of Kansas, second order regional trend removed (from Xia et al. 1995)
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2.3.3 Basement Structural Complexity

Major structural features such as faults, shear zones, folding, and tectonic complexes in the
crystalline basement could have significant, generally negative impacts on drilling, borehole
construction, and posflosure safety charaaistics of a deep borehole demonstration site.
Faults and shear zones in the crystalline basement may be associated with highly fractured rock
that could result in washouts or loss of drilling fluid circulation during the drilling process
causing delays$n drilling or potentially requiring abandonment of the borehole. Major faults
may also be throughgoing, higilermeability pathways in the crystalline basement that could be
routes of enhanced migration of radionuclides to the shallow subsurface oesutiéah has
potential negative consequences for fmbssure safety of a disposal systemmtense folding of
layered or foliated metamorphic rocks is common in older crystalline basement terranes and
could make control of borehole deviation during drdlidifficult, as described in Section 2.3.2.
Some largescale Precambrian tectonic features, such as the midcontinent rift complex in the
north-central U.S.are characterized by faulting and anomalous lithology.

Largescale structural features in theystalline basement are often inferred from geophysical
data, particularly where outcrops of Precambrian rocks are obscured by sedimentary cover.
Figure 27 shows aeromagnetic data for the conterminous U.S. and the associated interpretation
of large strutural features from Sims et al2qQ08). In many parts of the countrizig
interpretation is based largely dimear discontinuities in the aeromagnetic values that are
assumed to coincide with offsets in the crystalline basement and the juxtapositigstalfice
basement rocks with contrasting magnetic characteristi®ructural features have been
projected from surface outcrops into the subsurface in some locations.

The midcontinent rift system in the Precambrian basement is a large tectonicifetiteraorth

central part of the U.S. that has significance for site selection of a deep borehole disposal
demonstration project. As shown in Figur8,2his structural system extends from Kansas to
Lake Superior in a serziontinuous fashion. This ext@onal tectonic feature was active in
middle to late Proterozoic times and consists of thick clastic sedimentary and mafic volcanic
rocks filling an elongated structural basin that is bounded by a complex system of normal faults.
The arkosic sandstonesdhhasalts that dominate the midcontinent rift system are not the target
lithology for deep borehole disposal and are potentially more permeable than typical crystalline
basement rocks at the depths of deep borehole disposal. In addition, the rifhfautaind this
structural system could have higher permeability and constitute potential pathways for deep
groundwater circulation and radionuclide migration from a deep borehole disposal system.

Overall, zones of structural complexity and faulting ia trystalline basement constitute areas

of potential drilling problems and hydrogeological conditions potentially adverse to waste
isolation. As a site selection guideline, such areas are not necessarily excluded, but they do
increase the risk of an unsgssful outcome to a deep borehole demonstration project.
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Figure 2-7. Precambrian basement structure map and aeromagnetic data. (Perry, 2013, source: Sims et
al. 2008)

2.34 Horizontal Stress

It is important to understand regional and localized horizosttalss in order to best ensure
borehole integrity and characterize the disturbed rock zoR&Z)Rround the borehole. Witee
the magnitude of the two principle directions of horizontal stress differ (Bientation of least
horizontalin situ stress andsy = orientation of greatesh situ horizontal stress), the borehole
walls may spall and form breakoutalong the direction 06,. Thus, when borehole breakout
occurs, the borehole becomes more of an oval witldithension of the borehole being greater
in the direction of the minimum horizontal stréBgure 29).
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Figure 2-8. Generalized geologic map of the midcontinent rift system. (from Van Schmus and

Hinze, 1985)

With boreholebreakout, adeeperdisturbed rock zonevould develop along the sides of the

boreholein the direction of minimal horizontal streggmtentiallycompromising both borehole

and seal integrity. This DRZ could exist along the whole length of the borehole, depending on
Therefgrin site selection for a deep borehdeEmonstrationt is best to

the stress fields.
choose a site with minimal differential horizontal stress.
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Figure 2-9. Cross section of a borehole wall showing two diametrically opposed breakouts with major and
minor horizontal in situ stress axis displayed. (source: Lee and Haimson, 1993).

Horizontal stress data have been compiled as part of The World Stress Map (Rityedic
app314.gfzpotsdam.de/publ/introduction/introduction_frame.fptmData for the United States

are presenteth Figure 210. Breakouts (lines with inneflacing arrows) have been measured
along theWest Coast, in Texas, Oklahoma and Colorado. In the-wedt the majority of
borehole breakouts are measured in southern lllinois and Indiana. Borehole breakouts have also
been measured in Ohio, Kentucky, VirginWest Virginia, Ohio, Pennsylvania and New York.
North Dakota South Dakotalowa, Michigan, Alabama and North Carolina are void of stress
measurements and very few have been made in Kansas, Minnesota, and northern Missouri.

The color of the symbolshown in Figure 210 gives an indication of the streaggimes in the
different areas in the country. California appears to be dominated by-Sipki@reen) and

thrust (blue) faulting. East of the coastal states (Idaho, Nevada, Utah, Arizona, and New
Mexico) is dominated yoa normal faulting regime. New England and New York appears to be
dominated by thrust faulting. Zoback and Zoback (1989) generalize the stress fields on the
United States (Figure-20)


http://dc-app3-14.gfz-potsdam.de/pub/introduction/introduction_frame.html
http://dc-app3-14.gfz-potsdam.de/pub/introduction/introduction_frame.html
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Figure 2-10. Horizontal stress data for the United States compiled by the World Stress Map Project
(source: Heidbach et al, 2008).

Regional stress regimes can be defined by the relative magnitudes of vertical shressl (S
minimum and maximum horizontal stress as depicted in the legend in Big0Ore

Normal faulting stress regime: S,>$,> §,
Strike-slip faulting stress regime:Sy >S, > §,
Thrust faulting stress regime: S4>S,> S,

Zoback et al. (1989) and Zoback (1992) also discuss transitional stress regimes, which are a
combination of twastress fields. For example, whendS 1S S, a combination ohormal and
strike-slip faulting will occur. Likewise, $> S &  Bads to a combination of strilglip and

thrust faulting. Given these definitions of stréiséds and available in the World Stress Map

data (Heidbach et a008),Zoback and Zoback (1989) define generalized sfiekk regimes

for the United State@~igure 211).

The premise of Zoback and Zobackoldisthat@aBe9) str
tectonics is the source for the stres&hile this may be true when studying stress fields at a
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regional scale, there are other factors impactitrgss fields at a local scale.Erosion,
denudation, over consolidation of sediments, and the sequence of glacial loading, unloading,
isostatic movements and postglacial uplift can also impact horizetteds (Amedei and
Stephanssoh997).

Figure 2-11. Generalized stress provinces for the United States (source: Zoback and Zoback 1989).

Overall, data and interpretations of the stress state in the upper crust provide a general picture of
the stress regimes and the stress orientations on a regiomalstgdrovide little information on

the magnitude of the anisotropy in horizontal stress. Observations of borehole breakouts, or lack
thereof, in individual existing boreholes at the segional scale would likely provide a
reasonable indication of thiesk of deep borehole instability. Broad areas of uniform orientation

in horizontal stress, such as the northsasithwest compressive stress state over much of the
mid-continental U.S., probably offer a more predictable and homogeneous regime imtigfere
horizontal stress than the tectonically more complex western and southwesternnUi8s

sense, the miglate region of the U.S. (see Figurd2) may be more favorable for siting a deep
borehole demonstration project.

2.3.5 Tectonic Uplift

Tectonic uplift is an increase in elevation of the earth surface due to tectomsostatic
processes.Two converging plates can cause continental atdickening leading to tectonic

uplift. The elevation of the earth can also increase due to statisoresponse to unloading, thus

the two processes need to be distinguished. Tectonic uplift is important to deep borehole
disposal, not because it has a direct impact on performance, but because in areas of tectonic
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activity there is an increased risK seismicity, volcanism, and active faulting (see Section
2.3.8). The risk of exhumation of waste from deep borehole dispeihin a regulatory time
frameis much lower than for a mined repository because of the greater disposal depth.

Isostaticuplift, or postglacial rebound, is the increase in elevation, or rise of the land surface
that was lowered during past glaciations. The isostatic uplift rates in the continental United
States are greater in the northern states (closer to the margihesiog sheet seeFigure 212)
decreasing to the south.

Rates of isostatic uplift have beestimated (e.g., Paulsen at 2005); however less data are
readily available for tectonic uplift rates. Areas where the arrows are pointing towards each
other in Figure 211 are areas where tectonic uplift is more likely. However, this figure does not
give any indication of the rates of uplift and whether or not they are significant.

Quaternary faulting and volcanism, high tectonic uplift rates and horlzstress are all
indicators of tectonic activity. As stated above, tectonic activignigmportant process that
could negatively impact deep borehglerformance due to amcreased risk of seismicity,
volcanism, and active faulting. Afterd@monstraon study area for deep borehole disposal has
been chosen, a more detailed study of the potential of tectonic impacts dentbastration
should be under taken.
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1000Km

Fig. 1. lce sheet margins in North America at LGM with major place names and ice lobe names. 1, Anticosti Island; 2, Axel Heiberg Island; 3, Baffin
Bay; 4. Baffin Island; 5, Banks Island; 6, Brock Island; 7, Bylot Island; &, Cape Aston; 9, Cape Breton Island; 10, Cape Cod; 11, Cumberland
Peninsula; 12, Cumberland Sound; 13, Des Moines Lobe; 14, Ellesmere Island; 15, Erie Lobe; 16, Eurcka Sound; 17, Foxe Basin; 18, Frobisher Bay;
19, Gaspé Peninsula; 20, Glacial Lake Old Crow; 21, Grand Banks; 22, Gulf of St. Lawrence: 23, Herschel Island; 24, Hudson Bay; 25, Hudson
Strait; 26, James Lobe; 27, Jones Sound; 28, Keewatin; 29, Labrador; 30, Lake Erig; 31, Lake Michigan; 32, Lake Ontario; 33, Lancaster Sound; 34,
Laurentian Channel; 35, Long Island; 36, Mackenzie River and Lobe; 37, Magdalen Islands; 38, Massey Channel; 39, Melville Island; 40, Montana;
41, Nares Strait; 42, Newfoundland; 43, Notre Dame Channel; 44, Nova Scotia; 45, Parry Channel; 46, Prince Patrick Island; 47, Remote Lake: 48,
Torngat Mountains; 49, Trinity Trough; 50, Wellington Channel.

Figure 2-12. The extent of the ice sheet margins in North America at the last glacial maximum (LGM)
(source: Dyke et al. 2002).

2.3.6 Geothermal Heat Flux

Geothermal heat flux and geothermal gradient are relevant guidelines for siting a deep borehole
disposal demonstration project or disposal system in several ways, including 1) temperature
conditions at depthas they affecdrilling, emplacement operations, EBS materials, and waste
forms, 2) potential for future human intrusion by drilling for geothermal resource exploitation,
and 3) as indicators of ambient vertical groundwater flow in the regional flow sysiém.
maximum temperatures in the borehole affect drilling operations in usevays, including

the strength of downhole equipment, operating ranges for instrumentation, and management of
heat from drilling fluids. The mechanical strength of waste canisters and their ability to
withstand hydrostatic pressures is affected by teatpee, with the strength of steel being
significantly reduced at higher operating temperatures. Chemical reactions associated with



Deep Borehole Disposal Research
October 25, 2013 29

corrosion, mineralogical transformations, and waste form degradation generally occur more
rapidly at higher temperaturesA number of technical factors, such as ambient temperature,
permeability, and stress state influence the attractiveness of a site for geothermal resource
development and potential inadvertent intrusion by future drilling; however, geothermal gradient
and emperature at depthre the primary factors in determining future geothermal drilling.
Inadvertent human intrusion by drilling for any purpose could result in the release of
radionuclides from the deep borehole disposal system to the biosphere in catedrfliids

and/or drill cuttings. Finally, in some cases the geothermal heat flux and temperature gradients
may provide information on deep groundwater circulation. Upward or downward groundwater
flow, even at moderate flow rates, can significantlyrabte geothermal temperature gradient
from the value expected from purely conductive vertical heat transpdptvard groundwater

flow tends to increase the observed geothermal gradient and would increase the potential for
upward transport of radionuclidé®m the deep borehole disposal system.

Geothermal heat flux is generally calculated from the temperature gradient measured in a
borehole and estimated values of thermal conductivity for the rocks penetrated by the borehole.
Figures 213, 2-14, and 215 show maps of the geothermal heat flow, estimated geothermal
gradient, and estimated temperature at a depth of 4 km for the continental U.S. The analysis can
be complicated by vertical groundwater flow and variations in thermal conductivity and
geothermh gradient. The geothermal gradient has been measured in numerous shallow
boreholes, bufar fewer measurements are available for deep boreholes. Consequently, there can
be significant uncertainty in thdepthaverageddeep geothermal gradient and thdcokted

value of temperaturat 4 km depttat many locations

‘Geothermal Power Plants §
Springs + Hot & Warm Land Heat Flow
Pleistocene and Holocene Volcano & ¥ (b aversged 6%
Geothermal Area Wells Low Quality Land Heat Flow
Bottom Hole Temperatures (BHTT) - b (danaveraged 05)

Heat Flow

SMU Geothiermal Lab, Geothiernal Map of United Siates, 2004

Figure 2-13. Geothermal heat flow in the continental U.S. (source: SMU Geothermal Laboratory 2004).
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Figure 2-14. Estimated geothermal gradient in the continental U.S. (source: SMU Geothermal
Laboratory 2004).
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Figure 2-15. Estimated temperature at 4 km depth in the continental U.S. (source: SMU Geothermal
Laboratory 2004)
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The map of geothermal heat flow in Figurel2 shows large variability in heat flux, with
generally higher values in the western U.S. and lower values in eastern U.S. Exceptions include
relatively low heat flow in the coast ranges of Washington, Oregon, and northern California, and
the Central Valley of California. Notably higher heat flow also occurs in south central South
Dakota, in a broad area from eastern Texas to western Mississippi, and in isolated areas scattered
in the eastern U.S. The area of high heat flow in south central South Dakaieets with an

area of anomalouslpw heat flow in west central South Dakota, centered on the topographically
elevated Black Hills. This feature has been interpreted as the result of a rsgaleal
groundwater flow system in which downward flow suggses the heat flux in the Black Hills

and emerges as deep upward groundwater flow near the lowlands of the Missouri River in south
central South Dakota, enhancing the geothermal heat flow in that area.

The maps of geothermal gradient and estimated textyerat 4 km depth in Figuresl2 and 2

15 show similar patterns to the heat flux map, but have information that is more directly related
to the temperature conditions expected at depths of interest for the deep borehole demonstration
project. The geotlermal gradient is generally low to moderate in the central and eastern parts of
the U.S., with generally higher values of the geothermal gradient in the west. Very high values
of the geothermal gradient extend from the Yellowstone volcanic area in nstnwe
Wyoming, across the Snake River plain and into southeastern Oregon and northwestern Nevada.
Note that temperatures at a depth of 4 km have not been projected for most of the western U.S. in
Figure 215 because of the high variability in temperatgradients and lack of data.

Overall, the analysis of geothermal heat flux and temperature gradient with depth indicates that
there are large areas of low to moderate geothermal gradient in the Midwestern and eastern parts
of the U.S., with some smallereas of low to moderate geothermal gradient in the western U.S.
There is nadefinitive basis for setting a threshold value for average geothermal gradibaat

flux to use as a guideline for siting a deep borehole demonstration prajéetmperatureange

of 160 °C to 180 °@vould correspond to a geothermal gradient of abo®C3km for a 5,000 m

deep borehole.In terms of attractiveness for geothermal resource development, current deep
drilling for erhanced geothermal systems (EGS), such asatiSoultz, France and the Cooper
Basin, Australia, is in locations with geothermal gradiesftgreater than 3@/km (MIT 2006).

Given the abundance of potential locations with geothermal gradients of greater #dkn3@n

the U.S., it is unlikely thalbcations with lower values of geothermal gradient would be at risk
for deep drilling for EGS development in the future.

2.3.7 Topographic Relief and Hydraulic Gradient

Groundwater flow is dominantly driven by topographic relief in most flow systems. Sweh fl
occurs in local, intermediate, and regional flow patterns, as identified in the classical analysis of
topographically driven flow by6th, (1963). The rate of topographically driven groundwater
flow, both horizontally and vertically, is determined legharge rates, the pattern of topographic
relief, the permeability structure of the subsurface, and depth. Recharge rates vary both
geographically and topographically. Topographic relief varies both locally and regionally, with
extensive areas dfighertopographic relief occurring in mountainous regions, such as much of
the western U.Sand the Appalachian Mountains in the eastern U.S. One measure of
topographic relief is the average local slope, as plotted for the continental U.S. in Fitfure 2
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This figure illustrates the regional potential impact of topographic relief as a factor in
topographically driven groundwater flow rates. Figurg6lhows that areas with steep slopes

of greater than Sare much more common in the western U.S., relativeheorést of the
continental U.S. It should also be noted that the absolute differences in topographic elevation, on
a regional scale, are significantly greater in the western U.S. The geometric structure of
permeability in the subsurface resulting fromasfication of aquifers and aquitards, and from
structural features can have a profound influence on the pattern, magnitude, and depth of
groundwater flow in regional flow system&roundwater flow tends to be higher in shallower,
regionally continuousauifers that are separated by horizontally extensive aquitards. However,
higherper meabi | ity faults and fracture zones
stratified sedimentary rocks and may be the dominant flow pathways in fractured crystalline
rocks. Topographically driven groundwater flow rates generally decrease significantly with
increasing depthccording to thdéth, (1963) model of regional flgwvith exceptions occurring

for some deep artesian aquifers and some-pagmeability structtal features.
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Figure 2-16. Topographic slope in the continental U.S. (Perry 2013)

In generalthe safety ofdeep borehole disposal would be less sensitive to regional groundwater
flow conditions than a mined repository because of the deeper disposal démtetheless,
consideration of factors related to topographically driven groundwater flow rates coulasancre
the probability that conditions favorable to waste disposal would be encountered
demonstratiorborehole In particular, lack of topographic driving forces would decrease the

c

a
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likelihood of upward hydraulic gradients in fluid potential and incrahselikelihood of very
old, highly saline fluids at depth.

Topographic slope, as shown in Figurd& provides a gross measure of the potential for
significant deep groundwater circulation that could be important to the deep borehole disposal
concept. As described above, groundwater flow rates at depth are affected by several factors in
addition to topographic relief. In particular, the variability and structure of permeability can be
highly important in determining hydraulic gradients and flow raedepth. Areas with high
topographic slope and relief may have very low groundwater flow rates at depths of several
thousand meteysf the low recharge rates and the distribution of permeability within the rocks
preclude such flow. Areas with low topaghic relief are very likely to have extremely low
groundwater flow rates at deep borehole disposal depths, regardless of recharge rates and
permeability structureLow groundwater flow rates at depth would be further reduced from the
density stratificabn of highly saline groundwatéPark et al2009)thattypically develofs over
geological time scales in such stagnant deep groundwater systémshould be noted that
topographically driven deep groundwater circulation can be transmitted over horizontal distances
of greater than 100 km in some cases, as illustrated by the anomalous geothermal heat flow
pattern inferred to be related to the tomgarically high Black Hills in South Dakota described

in Section 2.3.6.

Overall,regional topographic relief is a rough guideline for site selection regarding the potential
for deep circulation of groundwater and the potential intrusion of younger, -Ealiaity
groundwater into the crystalline basement at the depths of deep borehole disposal. In some
hydrogeologic settings loywermeability aquitards and the decrease in permeability with depth
would preclude deep groundwater circulation regardless ofjtaphic driving forces; however,
proximity to high topographic relief increases the probability of deep circulation and upward
hydraulic gradients, which are characteristics that are unfavorable for waste isolation.

2.3.8  Quaternary Faults and Volcanism

Deep lorehole disposal sites should not be located in the vicinity of active faults or volcanoes.
Volcanism could lead to a direct release and dispersal of radionuclides by vemyptibn
through the disposal zoneActive faults should be avoided because h# increased risk of
seismicity and the greater potential of high permeability pathways through the rejuvenated faults.

As a guide, Quaternary faults and volcanism are of importance to deep borehole disposal because
of their greater likelihood of being & in comparison to older faults and volcanoes. However,
being close to &uaternary fault or volcano does not disqualify a site for a deep borehole
demonstration project It does means that the area should be studied in greater detail to
determine thdikelihood of active faulting or volcanismat the site

Figure 217 showsPlio-Quaternary volcanic fields and Quaternary faults in the continental
United States. Quaternary faults and Roaternary volcanic fields are primarily located in
western UnitedStates. A few Quaternary faults are located in Kansas, Oklahoma, and Texas up
the Rio Grande Valley to Colorado. Moving west, the number of faults increase. Large volcanic
fields can be seen in Idaho, Oregon, and northern California.
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2.39 Mineral Resources Potential

The potential for mineral resources in deep crystalline basementisogksertain at any given
location that has not been drillegarticularly in areas where the basement is overlain by
sedimentary rocks. Geophysical and geochemical exmlaratethods for mineral resources are
generally limited to depths of less than 1,000 m and are rarely undertaken where there is thick
overburden above the crystalline basement. However, there are some general associations
between geological terrane typesdahe potential for mineral resources. Petroleum reservoirs
very rarely occur in crystalline basement rocks and are not considered in the following
discussion. The potential for geothermal resources in the crystalline basesseitcussed in

Section 23.6.

Figure 2-17. Quaternary faults (blue) and Plio-Quaternary volcanic fields (black) in the continental U.S.
(source: USGS 2006 and Garrity and Soller 2009).

The presence of mineral or other resources at the depth of deep borehole disposal would
potentially impact disposal system performance through direct intrusion by future exploratory
drilling and mining activities. Exploratory drilling for mineral resources to the depths of the
deep borehole disposal system is unusual under current pracittegenerally is undertaken

only when shallower mineral resources have been discovered at the location. Intersection of a
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future exploratory borehole with waste in a vertical deep disposal borehole would be unlikely
due to the relatively small target peesed by a vertical disposal zone. However, a future
mineral exploratory borehole could encounter radionuclide contamination that had migrated
laterally from the waste disposal interv&urrent mining is conducted at deep borehole disposal
depths at adw locations, notably gold mines in South Africa. The size of the ore body must be
large and the ore grade must be high to make mining operations at such depths economically
viable. In addition, mines to these depths are typically developed by follmsndownward

from shallower deposits.

A number of ore deposits are associated with felsic intrusive rocks, such asdhsisiered for

deep borehole disposal in crystalline basement, including porphyry base metal deposits, iron
deposits, cordilleran veitype base angbrecious metal deposits, pegmatites, and granitic tin and
uranum deposits (Guilbert and Pat®86). Of these deposit types, porphyry base metal deposits
and cordilleran ventype base and precious metal deposits would be the ones thatheseld
sufficiently high ore grade and economic value to warrant underground mining to depths of
several kilometers. These magmatic and pestagmatic hydrothermal ore deposits are
uncommon occurrences in the total area of the associated intrusive rotkarebwidely
distributed in crystalline basement rocks that can potentially host them. They are typically
formed within 1 km of the surface at the time of their genesi)esovould be unlikely to occur

in crystalline basement terranes that have expee® significant erosion and denudation.
Alteration halos for porphyry base metal deposits and cordillerantyggnbase and precious
metal deposits may indicate their potential existence at depth, but initial discoveries of such
deposits typically occsrin surface outcrops. Prediction the locationof these types of ore
deposits in the cstalline basement under significant sedimentary rock cover would be very
difficult, although randomly encountering such an ore deposit in a deep disposal boretidie w

be very unlikely.

Some of the worldoés richest gold deposits ar.
minerals in Precambrian conglomerates, such as those in the Witwatersrand gold deposits in
South Africa (Guilbert and Park1986) The® deposits formed under low oxygenated
atmospheric conditions about 2.7 to 2.4 billion years ago, which permitted fluvial transport of
minerals without oxidation and dissolution. Such geochemical conditions existed in the
Archean, but ended in the Proteoic period, limiting the potential time period under which
these deposits could have formddost of the crystalline basement Precambrian rocks south of
the SuperiorCraton in the miedwvestern and southern U.8te younger than about 2.0 billion

years (Red 1993), implying that Witwatersrand type gold deposits would not be present in the
crystalline basement rocks over most of the U.S. In addition, the clastic metamorphic rocks that
would host this type of ore deposite not the target host rock for tloeep borehole disposal
demonstration project.

Deposits related to subaerial volcanism that might exist in the crystalline basement include
epithermal silvegold deposits, bulk lovgrade silver deposits, andasaltandesite copper
deposits (Guilbe and ParkL986). Of these deposit types, epithermal sitgetd deposits could

have sufficient economic value to warrant mining at depths of several kilometers, although no
suchore deposits have been mined to the depths of deep borehole disposalgrade or
disseminated precious metal deposits can be economically mined by open pit methods, but are
not amenable to mining by underground methods at the depths of deep borehole disposal.
Epithermal gold deposits could be present in the felsic intrusive vat@hnic geological
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environment of the crystalline basement, such as the large Southern and Eastern Granite
Rhyolite Provinces identified in Reed (1993).

Mineral deposits that are related to submarine volcanism include massive sulfide deposits and
bandediron formations. Massive sulfide deposits potentially could be of sufficient size and
economic value to warrant mining to great depths. Such ore deposits are formed in oceanic crust
and are subsequently incorporated into the continental crystalline éxtskyntectonic accretion

of the host terrane. Such geological conditions more commonly occur in Archean age rocks of
the older continental craton that exist in the northernwedtern region of the U.S. Very large
massive sulfide deposits potentialgncbe detectable at great depths using geophysical methods.

Another class of large mineral deposits is related to layered mafic intrusions, including the
Bushveld igneous complex chromiyptatinum deposit and the Sudbury complex copper, nickel
platinumdeposit (Guilbert and Park986). Such deposits are mined to depths of over 2 km, thus
having some potential for human intrusion into a deep borehole disposal system. The layered
mafic rocks that host this type of ore deposit are not the target host raitle fdeep borehole
disposal demonstration project. Very large layered mafic deposits potentially can be detectable
at great depths using geophysical methods.

Athabascaype unconformityrelated uranium depositsan occur near the interface between
overlying sandstone and underlying crystalline basement rocks containing, in particular,
graphitic schists that are hypothesized to have been the source of geochemical reducing agents
for precipitation of uranium oreSuch uranium deposits can be quite largd aconomically
exploitable by underground mining; however, mining depths are not as great as deep borehole
disposal. Precambrian unconformisiated uranium deposits could occur in the basement rocks

of the U.S. in the midontinent rift structure (se&ection 2.3.3), which contains arkosic
sandstones overlying the crystalline basement.

Overall, there is a low probability of mineral deposits at a given site that could be economically
exploited in crystalline basement rocks of the U.S. at the depthserbbelometersthat pose a

risk of inadvertent human intrusion &godeep borehole dispossystem. The existence of most
mineral deposits in the crystalline basement at depths of s&ileraéterstypically could not be
determined by existing geophyalor geochemical methods. General guidelines on the potential
for mineral depos#tare based on the assumpttbat large gold and base metal deposits are less
likely to occurin felsic Proterozoikage rocks than in heterogeneous Archean crystalline
basenent.

2.4 Logistical and Other Selection Guidelines

2.4.1  Drilling Contractor Availability

Although deep drilling is now common within the petroleum industry, there are few examples
where large diameter wells have been drilled in crystalline bedrock to depth306frieters.

The well most closely resembling the objectives of deep boreholedisposaldemonstration
project is the KTB Hauptbohrurggientific hole that was drilled in Germany in 1990 to 1994 to

a depth of 9,101 m. Casing of-b8 inch diameter was installed to a depth of 6,000 m in-a 14
3/4 inch borehole. In reality, the KTB was a technology development hole and provided
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experiene on automated drilling, bit technology, directional control and other issues related to
deep drilling in crystalline bedrock.

The drilling industry is highly specializedith drilling contractors normally providing only the
drilling rig, fluid circulaion system and drill pipe. Drilling supervision is the responsibility of
the client's representative, idompany maa Other support services, equipment and materials
are available from other specialized contractors and will be discussed in the rniext. s€xl

field rigs and support services are available throughout the US, but costs will vary depending on
distance from supply points and regional offices.

The borehole reference design presented in Arnold et al. §2@4quires a 2,000 horsepower
drilling rig with a minimum hook load of 1,000,000 pounds. Although rigs this large are not
common, there are at least seven drilling contractors in iBethat have this capability. These

rigs are located in the western and southweste® Uheir availhility and cost are dependent

on demand, and utilization rates are presently approaching 80% industry wide. Demand is
expected to increase in the short terbased on current trends of expanding petroleum
exploration and production

2.4.2  Drilling Support Services Availability

Drilling support services are available through companies that work with the petroleum drilling
sector. The supply chain within the US is robust iaislexpecedthat services and supplies can

be procured by competitive baldddressedot a number of different suppliers for eaisipe of
equipment or service. A few of the major support items are discussed below. Major support
contractors have offerings in a number of these areas and can also provide comprehensive
management services.

A significant advance in drilling technology is Measurement While Driling (MWD) that
measures borehole parameters and transmits data to the surface in real time. The DBD
demonstrationwill have strict tolerances for dog legs and deviations from vertiddWD
provides the ability to perform quality control as the borehole is being drilled. Should the
borehole start to exceed specifications, corrections can be made using steerable drilling
assemblies.

The borehole reference design has called for thraagcarings that will be cemented in place

plus afguidance lined that will provide the conduit for the emplacement of the waste canisters.
The casing strings are of standard oil field size and are available from a number of different
suppliers. Cemeintg the casing also requires a specialized contractor who can provide an
analysis of the borehole requirements, cement mixtures to satisfy those requirements and
specialized equipment to install the cement. Cement may also be used during the driing of t
well to aid in sealing zones of lost circulation.

Drilling fluid, or fimudd, will be required and can become a significant cost in the drilling of the
well. Mud is used to lubricate and cool the bit, transport cuttings to the surface and condition the
hole to prevent loss of fluids to the formation. The quality of the mud is controlled by mud
engineers, and returns of formation chips as well as gasses are monitored by mud loggers. The
loggers compile a running lithologic log of the hole and the cheygmidtthe mud returns gives

an indication of permeable zones and the character of formation fluids.
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Well-head equipment is used to control any high pressure encountered in the well. Generally
this will consist of a master valve and blowt prevention egpment (BOPe).The master valve

is connected to the casing that is sealed against the formation. In the case of the DBD
demonstrationthere will probably be a master valve that will be udeding the drilling process.

Upon completion, this will be régced with a second master valve that is specifically designed to
permit the passage of the waste canisters. Above the master valve, a blow out prevention stack,
consisting of blind and pipe rams, will be used to control potential fluid and gas flovg diaein

drilling of the well.

Down-hole geophysical logging suitésive been listed and described in Vaughn et al. (2012a)
Logging will take place after each segment of the borehole is drilled and before casing is
installed. With the rotary drilling pross, only chips from the bedrock are returned to the
surface; therefore, geophysical logs are extremely important for documenting lithologic
properties of the borehole. The logging industry is very mature and equipment is available in
major petroleum cente throughout the 1$.

2.4.3  Permitting Considerations

The details of the legal and regulatory requirements for permitting a DBD demonstration project
will be initiated during the planning process for the site selection and continue through the
technical planning and drilling of the demonstration boreholaceSihe regulatory environment

is different in different states and for Federal versus private land, it is important to initiate the
process early to allow specific state and local requirements to be considered. At the initial
planning level, the permitonsiderations for the DBD project can be summarized by addressing
the major requirements found in the National Environmental Policy Actrilieg permit, and
thelandusepermit.

Because the demonstration project would not include emplacement ofctadioaaterials,
regulations pertaining to nuclear waste disposal do not apply. Nonetheless, RD&D activities in
the DBD demonstration project would be conducted in a manner consistent with their potential
future utilization in the regulatory processesoasated with licensing a disposal facility.

2431 National Environmental Policy Act

The project team will utilizeNational Environmental Policy Ac{NEPA) compliance as
guidance to inform the decision on site selection. The legal and regulatory frameworkCior DB
of SNF and HLWwill be addressed in subsequent work.

As a Federally funded project, compliance with BePA is a requirement.Some uncertainty
exists regarding the level of effort required to comply with this requiremEm. project scope

and duratio is not of a magnitude that would generally require an Environmental Impact
Statement, so for planning purpeseme and money has been included to perform an
Environmental Assessmeninitial work has begun to prepare an Environmental Checklisaand
meeting is planned #h the NNSA Sandia Site Offic€lEPA Compliance Officer. This
discussion will allowfinalization of aNEPA compliance strategy.

Generally an Environmental Assessment will consider and evaluate the potential impact of the
following:
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Air Quality-The Clean Air Act (CAA) provides for the establishment of national air quality
standards to protect public health and the environment from the harmful effects of air pollution.
The act requires the establishment of national standards of perf@nm@noew stationary
sources of emissions, limitations for a new or modified structure that emits or may emit an air
pollutant, and standards for emission of hazardous air pollutants. In addition, the CAA requires
that specific emission increases be eatilito prevent a significant deterioration in air quality.

For this demonstratiorproject, air quality permits may be required for the drilling operation
since the activity represents a point source for emissiBose states are much more restrictive
than others and may requiteat Tier 3 engines on the drill rig and associated power units meet
strict emi ssion guidelines. Al so, some | oca
permits that apply when significant soil areas are disturbedshwimay be the case fahis
project.

NoiseThe Noise Pollution and Abatement Act of 1970 required th8. Environmental
Protection AgencyEPA) to establish the Office of Noise and Abatement Control. The Noise
Control Act (NCA) was legislated in 1972 émsure that environments are free from noises that
jeopardize the health and welfare of Americans. Congress has not funded the Office of Noise
and Abatement Control since 1982 based on the argument that noise pollution is best handled at
the state and lat level. Many local/state regulators have established guidelines for noise
pollution that must be followed.

Clean Water- The Clean Water Act (CWA) establishes the basic structure for regulating
discharges of pollutants into the waters of the United State regulating quality standards for
surface waters. The basis of the CWA was enacted in 1948 and was called the Federal Water
Pollution Control Act, but the Act was significantly reorganized and expanded in 1972. Under
the CWA, EPA has implemented pgion control programs such as setting wastewater
standards for industry.

The CWA made it unlawful to discharge any pollutant from a point source into navigable waters,
unless a permit was obtained. EPA's National Pollutant Discharge Elimination SKR&&ES$)

permit program controls discharges. TheretbeDBD demonstratioproject would require a
NPDES StorrWater Discharge permit prior to the beginning of construction. This permit would
likely require that both a Storwater Pollution Prevention Riaand Sediment Control Plan be
prepared and a Notice of Intent to discharge storm water be filed with EPA. Specific erosion and
sedimentation controls, and other best management practices required by the permit would limit
the amount of erosion that ocsuwn site, and restrict potential impacts to the immediate area.

Biological ResourceThe NEPA analysis will include an evaluation of potential effectthef

DBD demonstrationproject to vegetation, wildlife, and threatened and endangered species.
Certain plants and animal species are protected by the Federal government under the Endangered
Species Act or by thgtateregulating agencynder sate authority.

Cultural Resources These include archaeological, traditional and built environmental
resources, including districts, sites, buildings, structures, or objects from both the prehistoric and
historic eras of human history. Federdiate, and local laws direct the presematiand
protection of cultural resources that are historically significant. Preservation and protection of
the resources are required by a number or Fedets| but as part of the NEPA procetse

DBD demonstration projecat a minimum, will be requideto perform an archaeological survey

of the proposed sites.
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Waste ManagementSince the project will generate nonhazardous wastes and possibly
hazardous wastes the activities must be managed in an appropriate manner. If hazardous waste is
generated it musbe stored and disposed in accordance with the Resource Conservation and
Recovery Act.

2432 Drilling Permits

A permit to drill a demonstration well will be required from ttate agency regulating wells.

The request for a drilling permit will generally reguithat a borehole plan be submitted.
Regulators will be interested in seeing a casing program that isolates aquifers and assures
effective control of dowshole pressure (BlovDut Prevention System).They will also be
interested in the mud system andte@mment and disposal of drill cuttings.

2.4.3.3 Land/Water Use Permits

Land use permits will be required on public lands; whereas land owner agreements and leases
will be required on private lands. In many instances, the surface and subsurface rights may be
sepaate. The drilling operation will consume large amounts of water; therefore it is likely that a
water well will be drilled on location to eliminate the use of water hatilsis water well, if
required, will be permitted through the appropriatgestgeng of water rights.
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3. BOREHOLE SEALS AND WASTE EMPLACEMENT

Key objectives of the borehole seals effort are to usesigk testing to 1) demonstrate
performance of bentonite seals; Beasure brine/cement imgiaon bentonite permeability; 3)

build thetechnical basis for roewelding of seals, and 4dlentify (any) effects of waste package
corrosion on seals. Although no waste will be emplaced in a demonstration borehole, the
demonstration borehole effort will invohdetailed planning ofvaste emplagaent steps.

3.1 Seal Materials Testing Strategy

Avoiding bentonite shrinkage is one key to assuring low seal permeabilithasother is
demonstrating that cement will not undergo lasgele volume changes over several thousand
years. Laboratory testing will quantify the sensitivity of bentonite volume to: baseline downhole
brine composition, alkaline cement leachate, wésien corrosion effluenwith a low redox
potentia] and temperature. A limited number of lownd hightemperature cemeihtrine
equilibration measurements will be used to calibrate a theoretical geochemical model that will be
used to assess the lotegm stability of borehole cements.

3.2 Review of Bentonite and Cement Seals Stability

Bentonite volume is reduced by high ionic strength and/or the introduction of divalent cations,
such as C%, Mg*?, and Fé& (produced during the anoxic corrosion of steel cdsingrines at

the bottom of the borehole are expected to have high ionic strengths and appreciable levels of
divalent cations; fluids above the waste emplacement zone will be more dilute; bentonites near
cement may be subjected to high'€lavels;and batonitesnear degrading steel may see high

Fe'? and Ni? concentrations. Temperatures in the upper reaches of the borehole will e 25
75°C; they may approach 1%D at depth. Hydrostatic pressures will approach 1380 bar

(11.5- 34.0 MPa)at depth High temperatures should accelerate reactions, but may also shift the
mineral equilibria that influence dissolved concentrations. For example, higher temperatures
will favor dissolution of feldspars, thereby increasitigsolvedNa“, K*, and SiQ levels, and
possibly prompting the formation of new clay minerals.

Batch bentonite equilibration experiments will be done at 50 antC1&€ a function of salinity

and divalent catiorroncentratiorto measure volume and mineralogy changes as a function of
tempeature. Reactants will be loaded into either a flexible gold or titanium bag and fixed into a
500 mL Gasket Confined Closure reactor (Seyfried et al. 10&88e Figure3-1. Experiments

will be pressurized to 150 160 bar(15.07 16.0 MPa)and heatedo follow two different
temperature profileg1) 120°C for 2 weeks, 22Q for 2 weeks, and then 300 °C for 1 week and
(2) isothermal at 300 °C for 6 weeks. Reaction liquids extracted during the experiments will be
analyzed to investigate the agueous geocba&mevolution in relationship to mineralogical
alterations. Geochemical modeling will be used to develop a methodology for predicting limits
of bentonite reactivity as a function of depth, time, and proximity to degrading steels and
cements.
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Figure 3-1. Gold bag (left) and gasket confined closure reactor (right) i Courtesy, Florie Caporuscio, Los
Alamos National Laboratory.

Bentonite+cement and cemenntly equilibration experiments will be done to quantifg effects

of varying water chemisg on cement degradation in borehole brines and what happens when
bentonite seals encounter hyperalkaline (pH > 10) cement leachate and (possibly) react to form
mixed layer illitesmectites, nomxpandable illites and zeolites. Reactitansport modelingf

the cemenbentonite reaction similar to thatonductedfor the French High Level Waste
Repsitory (e.g. Gaucher and Bla@006; Gaucher et al. 2004) will be used to model the batch
experimental results, and ultimately used to predict cement duamlity)chemical evolution at

the cemenbentonite interface

3.3 Alternative Seals Research

In the generic DBD concept there are two areas where effective, verliMedgseals are either
necessary or highly desirable. First, iingportantthat the boreholetself does not provide an

easier route back to the biosphere for any fluids or gasses containing radionuclides than does the
undisturbedhostrock It is thus necessary to completely and permanently seal the borehole
above the waste package disposal zbg). Thi s i s someti mes referr
seal (s) o. S mlesbarmednature df thet DiBE concept i$ to be credibly maintained,
particularly from the perspective of the leteym safety case, it is important that the waste
packages arsurrounded by a barriér a sealing and support matrix (SSM)made from an
impermeable and durable material with high compressive strength.
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The use of bentonite and cements for the main seal(s) hasliseassedn Section3.2, while

the use of bentoret silica, graphite sand and other materials to surround and support the waste
packages has been described elsewhege @rady etal. 2009; Sapiie & Driscol2009) This
section considers alternative and potentially better ways of achieving the mgcesda in both
contexts.

3.3.1 Borehole Sealing by Rock Welding

Oil, gas and geothermal energy wells are conventionally sealed in various ways for different
reasons with materials such as cement, concrete, clay, resin or asphalt/bitumen. Emplacing such
seals is not a simple matter and the difficulties of anchoringsaating the casing to the wall

rock with cements in deep hydrocarbon gedthermaknergy wells are well known. For DBD

the contact between the host rock &ondehole sealmust be as good as it can be and thus would
require removal of any casing or ImeCutting the casing in or above the DZ and withdrawing it,
possibly for reuse, has been suggested @ibh et al.2012), but withdrawing such a length and
weight of casing is not an easy engineering option. A simpler, quicker and more cost effective
alternative would be to cut or grind away the casing over severararat the borehole to
expose the rock where the seals are to be located.

Whatever material is used, the contact surface between the seal material and wall rock is a
potential zone of wakness and this could be exacerbated by longitudinal pressures in the
borehole, tectonic stresses or geochemical reactions between the seal material(s) and saline
groundwaters at elevated temperatures. Over time this could become a path of leasteresistanc
for any fluids seeking to flow up or down the borehole.

A further complicationarises from the existence ofRRZ around the boreholeln hard rocks
like granite this may be limited to tens of centierefor less but it would be almost impossible to
getany sealing material, even where it is in pregsgricontact with the wall rock, to penetrate
sufficiently far into the micrdractures of theDRZ to render it impermeable to fluid flow. A
permeableDRZ is a potential bypass of the borehole seals forradionuclide bearing fluids
and must be eliminated. Ways of reducing the impact oD&2, such as widening of the hole
and seal at intervals, have been suggested but are difficult to impjemittnho guarantee of
success.

To create a better seal aatiminate theDRZ it has been propose&ibb et al.2008a; 2008b;

2012) that a short length of the borehole, from which the casing has been removed, be backfilled
with finely crushed host rock that is theartially melted along with a significant thiclgse of

the wall rock by downthole electrical heating. On cooling at an appropriate rate the melt
recrystallizes to effectively seal the hole dabBZ with material essentially identical to, and
continuous with, the host rodk a process that has been refdrret o as @Arock wel d
could be repeated at intervals, determined by the geology, with the borehole between welds
being simply backfilled or, for further Ains.i
cement. The number, length and posithgy of the rock welds can be varied to suit the borehole
geology. The ideal location for sealing the borehole is at the top of the DZ a short distance
above the uppermost waste package, thus sealing the hole as deep as possible re thaximi
geologicalbarrier provided by DBD. Locating the seal(s) above the DZ could entail cutting
through concentric layers of casing but doing so in the upper part of the DZ requires removal of
only the DZ casingl/liner.



Deep Borehole Disposal Research
44 October 25, 2013

Our approach to rock welding R&D began by develgpanbaseline engineering concept then,
using theheat flow softwaréSRANITE(Gibb et al.2008a; 201P, modeing various scenarios to
determine the -® distributions of temperature with time in and around the borehole. This
information is then combined witour knowledge of the melting and recrystallization of granitic
rock, refined as necessary, to ascertain the feasibility of creating rock welds of various lengths,
shapes and volumes. Data from this process are then used to inform the design-bbldown
electrical heaters and their deployment engineering. Beyond this, the concept would proceed to
larger scale testing under DBD conditions, including an investigation of properties such as the
mechanical strength of the seals, and ultimately to a dembostia an actual borehole. Given

that the weld itself is holocrystalline rock identical in every respect to the host rock (except
possibly for minor differences in grain size) there should be no issues about the permeability or
longevity of the seal.

The baseline engineering concept involves backfilling the borehole with crushed host rock for a
few meers above the topmost waste package then inserting a bridge plug or simple cement plug.
Above this plug several mas of the DZ casing/liner is cut or gnad away to expose the wall

rock and the hole is flushed with fresh water. A concentrated aqueous slurry of finely crushed
host rock is emplaced on top of the plug, filling the borehole almost to the top of the exposed
wall rock section, and the soliddaled to settle. A sacrificial electrical heating package, which

is connected to the surface by an umbilical cord, is then deployed on top of this and allowed to
sink a short way into the backfill. More crushed rock is added to fill the borehole fonlseve
meters above the heateA recoverable or sacrificial pressure seal, through which the umbilical
cord must pass, is set above the backfill. Power is then supplied to the heater at the required rate
to partially melt the enclosing backfill and hostkofor an appropriate distance beyond the
borehole wall. From what is known about granitic systems (see below) this is likely to require
temperatures between 700°C and 800AS.melting proceeds, the viscous silicate magma flows
into any gaps, reducingné backfilled volume, causing the supercritical fluid phase to migrate
upwards and allowing the heater package to settle slightly. During this process the water in the
heated part of the borehole is anticipated to remain above its critical point andrfuasthe
pressure medium for watsaturated melting. After a prescribed period (days to weeks), the
power to the heater is switched off or reduced in a controlled manner so the melt recrystallizes
completely by the time it reaches its solidus (~ 550°Q)is should take a matter of months.

It has been demonstrateditifill and Gibb2003a; 2003pthat granite can be partially melted and
recrystallized under achievable conditions and on practical timescales in the context of DBD.
However, the work of Atill and Gibb was carried out with a view to higémperature DBD

(Gibb 2000; 2010under pressures of 150 MPa (1.5 Rbapproximating to the ambient pressure

in the continental crust at a depth of 4 km. Until the borehole is sealed and the pressure gradually
recovers to ambient values, the pressure at any depth in the hole will be equal only to the weight
of the overlyirg fluid column, which in the case of 3 km of water would be around 29.5 MPa
(295 bar). To translate the temperatures generated in rock welding scenarios into meaningful
amounts of partial melting it is therefore necessary to repeat some of the expénmoektaf

Attrill and Gibb at lower pressures, the effects of which could raise the solidus by up to 50°C
(but probably less). Eventually, when a site and actual host rock have been selected, further
experimental work may be needed to refine the datsplecific application.

Initial modeling focsed on two basic casésa 0.43 m diameter boreholarnold et al.2011a)
and a 0.56 m diameter borelGibb et al2012), both with a 2 m long hter having a diameter
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of 0.4 times that of the borehole. Fomglicity in these baseline cases the heater was assumed
to be made of homogeneous material with a uniform heat generation, neither of which would
actually be the case in practic&he details of the modlag are beyond the scope of this report

but the GRANITE codes used are beingirther developed to enable mdidg of more
sophisticated rock welding scenarios, particularly within the heater itself. However, the initial
results Figures3-2(a) and 32(b)) areenough to confirm that rock welding could beéniaved

with modest power inputs over realistic times.
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Figure 3-2. Peak temperatures generated in and around a 0.43 m (a) and a 0.56 m (b) diameter borehole
by a 2 m long, 0.172 m diameter heater with a power output of 240 kwm™ (a) and 0.224 m diameter with
a power output of 150 kwm™ (b) (see text). Isotherms are at 100°C intervals with the 700°C isotherm (~

granite solidus) in red.

For the cases illustrated, the power densities of the hemte40 kWm?* and 1% kwm?,

equivalent toactual inputs of 115 kW and 1182 kW respectivelyreflecting the small volume
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of the heaters. In practice there would be benefits from using larger heaters but there is likely to
be an optimum balance between s@al cost. The preliminary mddeg has highlighted a
number of important issues that need to be addressed early in the rock welding R&D program.
These include:

1 For uniform heat outputs along the length of the heater, temperatures are lower at the top
and bottom than in the middland the zoes of partial melting (the welds) have the
shapes indicated by the 700°C isothermBigures 31(a) and 3L(b). It is essential that
the melt zone completely encloses the heater, at least around its lower end, but it need
only extend far enough out intbe backfill and wall rock at the extremities of the heater
to ensure the eventual weld has adequate mechanical strength. Provided the weld
eliminates theDRZ for a sufficient distance into the wall rock around the middle of the
heater, it need not do sdong its full length, although the ideal would be for it to do so.

It is highly probable that subolidus recrystallization (annealing) wouldgseal theDRZ
for some distance beyond the zone of actual melting but the extent and efficacy of such
sealingwould have to be determined experimentally.

1 The shape and size of the weld can be controlled by varying the length and diameter of
the heater, the power input and the distribution of heat output within the héateore
extensive heat flow motlag studyis required to ascertain the effects of such variations
and hence to determine how the most appropriate weld may best be generated. The
results would then inform the design of a practical heater to achieve such a weld.

1 Itis clear from the baseline modehat there is a possibility that temperatures inside the
heater could be unacceptably high from the perspective of the materials available to
construct it. To avoid this it will be necessary to consider a range of heater sizes,
geometries and differemti vertical and radial power distributions within the heater.
More sophisticated heat flow mdaey will be employed to evaluate the outcomes to
feed back into the evolution of heater design and use of the most appropriate materials.

1 The isotherms showmiFigures 31(a) and 31(b) are for thepeaktemperatures attained
in and around the borehole irrespective of the time taken to reach them. The further away
from the axis, the longer it takes to reach peak temperature and even at tiodeboedh
these iimes can be months or even ye@gibb et al.2008d) It would not be practicair
cost effectiveto go on supplyng power to the heater for tHeng periodsneeded to
achieve peak temperaturaad one objective of the R&D program is to deuisaters
thatcan generate the necessaones of partial melting irelatively short periods (e.g., a
few weeks) before switching off or reducing the power. The next stage pfdgeam
would consider such scenarios through the cooling interval to recrystallization.

The design, and eventual construction and testing, of electrical heaters for sealing the borehole
by rock welding are key aspects of the research program and the necessary electrical engineering
expertise is already involved through collaboration with epartment of Electrical &
Electronic Engineering at the University of Sheffield (UK). There is little doubt that suitable
heaters can be constructed to operate under the temperatures, pressures and chemical
environment of DBD. That the necessary lew@igpower can be supplied dovinole via an
umbilical cord is already known, e.g., by analogy with the electrical power supplied in this way

to remotely operated submersible vehicles that function at much greater depths and pressures
than in DBD. Howeversome development work may be required to adapt the technology used
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for downhole electrical supplies in the drilling industry to the heavier duty umbilical cords
needed and their possible recovery.

Significant progress has been made with the rock weldisgarchprogram and the essential
modding work continues, as do the investigations of heater designs (with an early focus on
resistance heating) and deployment engineeridigwever, given the importance of sealing the
borehole to the viability of the DBDoncept, more urgency needs to be attached to the project,
particularly the related experimental work on granite melting and the development, construction
and practical testing of dowmole heaters. Significant acceleration of these aspects would
requireincreased resources.

3.3.2 Waste Package Sealing and Waste Package Support Matrices

Deep boreholes are potentially suitable for the disposal of a wide variety efelighwvastes,
especiallySNF, vitrified reprocessing waste and plutonium, and diffek@mtants of the DBD
concept have been proposed for specific typeas, (dalsey et al1995;Gibb 2000; 2010; Hoag

2006; Gibb et al2008a; 2008cBrady et al2009). Common to almost all of these are the use of

a cylindrical metal container and the fabiat the wastes generate significant, but varying,
amounts of heat. For the concept to work the integrity of the containers need survive only until
the borehole is sealed above the, bt it would be beneficial to the safety case to prolong this
far into the future by protecting the containers from the saline groundwater. This could be
achieved by inserting an impermeable materighe SSMT into the annulus between the
container and the casing and, ideally, the gaps between the casing and borehdepeiiding

on the material used, the SSM could also act as a barrier to the escape of any radionuclides that
eventually leak out of the container.

The primary function of the SSM is to prevent (or substantially delay) access of the groundwater
to the cotainer, maintain reducing conditions and miraenicorrosion but it also has an
important secondary function. It can provide physical support to the waste packages to prevent
buckling and load damage to the containers arising from the weight of theingestsick of,
potentially very heavy, waste packages. While it would be possible to design steel containers
with sufficient wall thickness to withstand these stresses it would be at a cost and with loss of
valuable disposal space. The use of a SSM wgh bompressive strength would eliminate the
need for this or the use of alternative methods of support, such as bridge plugs inserted at
intervals up the DZ.

3.3.2.1 High Density Support Matrices

For waste packages that generate high enough temperatures in the annulus between the container
and borehole wall the use of a novel hagnsity support matrix (HDSM) has been proposed

(Gibb et al.2008b). Such packages could contain large numbers of tisgdrods, relatively

young used fuel, high buup fuel or any combination of these.

The HDSM consists of a Fiased alloy in the form of a fine shot that is delivered in carefully
calculated amounts down the drill pipe (or deployment tube) followingriq@acement of each

waste package, or batch of packages. The shot will run into all the spaces around and between
the packages and, via weiglgducing perforations in the DZ casing, into the gaps between the
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casing and wall rock. Decay heat from the twasill soon cause the temperature to exceed the

solidus of the alloy (~ 185°C), which will melt to a dense liquid and fill any remaining voids
between the container and the borehole wall. Over a period of years to decades, as the heat
output of the wastdeclines, the alloy willrs o | i di f vy, effectively fdAsol
the borehole. The use and workings of HDSMs have been discussed atbiergjthb et al

(2008b; 2012) and need not be descrihethér here.

For waste packages that do nengrate sufficient heat for the use of an alloy HDSMhich
could include much of the inventory of older UNF, especially where there is no fuel rod
consolidatiori an alternative SSM is needed.

3.3.2.2 Cementitious Sealing and Support Matrices

In many mined repsitory concepts, such as the Swedish KB$he primary barrier around the

SNF containers is a layer of bentonite and some DBD concepts have proposed similar material
be used to fill the annulus between the waste packages and thg @agn Juhlin and
Sandstedfi989; Arnold et al.2011a). However, the successful use of a Bwg clay like
bentonite as a SSM depends on its insertion under pressure into the annulus in a dehydrated state
so that subsequent hydration and swelling create a barrier impéemeabater. In a mined
repository this is best attempted by using@enpacted and shaped blocks but the difficulties of
doing this are well known and it would be all but impossible to emplace dry bentonite around the
waste packages at the bottom of atevfilled borehole. Further, there is a temperature limit
(~100°C) above which the performance of bentonite as a seal is questionable. Consexquently,
alternativematerial for the SSM in DB®not generating enough heat to use an alloy HDSM
would appar to be some form of cementitious grout, as suggest®ddoglward Clyde (1983).

Cements are relatively inexpensive, can be pumped or deliveredhddesin their more fluid

forms, remain soft long enough to be emplaced, have good compressive strengtlsedrel
excellent radiation shielding properties. Previoushbbp et al. 2008a; 2008d; 2013) was
suggestedhat the cement grolt ep imp ed d o wn tahithe dril pipe éobowihgehe v i
deployment of the waste package(s). This assumes theg gould settle into the annulus
between the container and casing and, ideally, flow into the gaps between the casing and wall
rock before setting. However, the reality is that delivery and emplacement of the SSM are much
more complex engineering issuett. is well known that cementing operations are one of the
most difficult procedures that the drilling industry has to undertake and success at the depths and
pressures of a DBDsystem will require that a number of specific issues are resolved.
Preliminay studies suggest existing, commercially available, cement formulations used by the
hydrocarborand geothermal energy industries (mainly for cementing casing) and their delivery
methods are unlikely to be suitable for SSM applications in DBD.

A research pgram underway at the University of Sheffield (Wd€Qd funded by the Engineering
andPhysical Sciences Research Couseitks to integrate borehole delivery engineering with a
study of cement formulations and their properties. The aim of this program is to come up with a
suitable formulation and delivery method such that a ceimes#d SSM can be successfully
implementedin the DBD systemfor low heat generating waste The program began with
modding the dynamic thermiaenvironment of a range of DBD concepts determine the
Acondi t i, da,the @rigeswfpressure, temperature and chemical conditions over which
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the SSM will have tdunction. For the initial modmg, a Class G oil well cement with 40%
silica flour added was used to simulate the cement SSM.

Figure 3-3 illustratesthe evolution of temperatures at the container surface and at the borehole
wall for the deep borehole disposaf a single package containing one complgtessurized

water reactorFWR) UO, fuel assembly with a burn up of 55 GWAWF and a outof-reactor

age of 25 years. Figurg4 is the corresponding diagram for a batch of five suatkpges
emplaced at onday intervals. These should be typical of the kind of temperatures likely to be
generated in DBD of used YQuel where no fuel rod consolidation is involved and ambient
temperatures in the DZ are relatively low (~ 80°C). The tyatpres generated around the
waste packages are well below what is required for the use of a Pb alloy HDSM and, unless the
ambient temperature is significantly higher, would be appropriate for the use of a cement SSM.

105 F T T T T =
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Figure 3-3. Evolution of temperature at 6 points around a single 4.6 m long waste package, 0.36 m in
diameter, containing one 25 year old used PWR fuel assembly with a burn up of 55 GWd/MT. Borehole
diameter = 0.56 m; ambient temperature = 80°C. Solid lines are for the outer surface of the container;

dashed lines are for the borehole wall. Blue = Top of the package; Red = Middle of the package; Green =
Bottom of the package.
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Figure 3-4. Evolution of temperature at 6 points around a batch of 5 waste packages the same as in
Figure 3-3 inserted at 1 day intervals. Borehole diameter = 0.56 m; ambient temperature = 80°C. Solid
lines are for the outer surface of the containers; dashed lines are for the borehole wall. Blue = Top of the

batch; Red = Middle of the batch; Green = Bottom of the batch.

Two main approaches to the emplacement of the SSM are being investigated. In the first
approactthe waste package(s) are empladetiowed by the cementvhich then has to find its

way into the spaces around the package(s) before setting. In the second, delivery of the cement
precedes deployment of the waste package(s), which thssto sank into the cementefore it

sets. Both gmroaches wuld have significant implications for the number of packages that could

be emplaced at a tin{er in a batchand for the key properties required of the cement.

For candidate formulations the key properties are beusjuatedexperimentally usig a wide
range of physical and chemical tests and measurements and will be compartx veitfuired
values of these properties necesdargnsurehat the cementan be deployed around the waste
packages, fill all the necessary voids, deliver theilimgand support functions and survive on
the necessary timescale. The program has identified five such key properties.

1 Rheology If the grout is to be delivered after the package(s) via the drill pipe, it must
remain sufficiently fluid to be pumped fat least 4 km but dense enough to settle
quickly under gravity into the relatively confined spaces around the waste package(s)
before setting. Alternatively, if an amount of grout is to be delivered to the bottom of the
hole before emplacement of the wapackage(s) which then has to sink through the
cement, different rheological properties will be required, possibly along with delayed
setting. The research program is investigating the rheological properties associated with
all options.

9 Setting or Thickning Time To provide support for the waste packages the grout must
set and develop sufficient compressive strength before too many more packages are
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emplaced on top. Given that deployments could be less than 24 hours sagart (
Section3.4.2), this caild require quite rapid setting. On the other hand, the grout must
not set before penetrating and completely filling the annulus around the package (and,
ideally, as much of the gap between the casing and wall rock as possible). This might
necessitate da@ying of a normally rapid set through the use of special formulations or
additives, or by developing cement that does not set until a critical temperature is
attained. These seemingly conflicting requirements require a thorough understanding and
carefulcontrol of setting time and other properties.

1 Hardening & Mechanical Properties Ensuring the containers can withstand the load
stresses in the borehole, especially during filling of the DZ, is a key safety requirement of
the concept. Depending on theights of the packages and the inherent strength of the
containers, the grout might be required to have quite high compressive strength when set.
Also, if the sealing function is not to be jeopastl, the material used must have a
relatively low thermalexpansion coefficient, although this is not likely to be a major
problem with most cement formulations.

1 Geochemical Reactions.The grout could react with the container, casing, host rock or
groundwater under the high pressure, temperature and chemmcitiaas encountered.
Any such reactions are likely to be minor and of significance only to thetéwny
containment (sealing) function of the grout but, if they did occur rapidly, they could
affect the setting process and mechanical properties of timenteand so must be
understood and quantified.

91 Durability. Once the borehole is sealed above the DZ (by the main seal(s)), it is not
essential that the grout continues to support the waste packages, protect them from
groundwater and function as a barrier radionuclide escape. However, from the
perspective of the lonterm safety case, the longer it continues to fuliese functions
the better. It is therefore important that the durability of the cement and its leaching
properties in saline solutisrare known and understood.

Evaluation of the candidate cements in the research program against theyablelieesmay
reveal a suitable materjdut it appears likely that improvements will be necessary to develop a
formulation that is fit for purpose. Should no such formulation emdéngeproject will attempt

to develop one that can be taken forward to an experimental testing program andligyeaot
trials in a demonstration borehpf@nding additional R&D funding

3.4 Waste Package Deployment

It is generally assumed that in DBD the waste packages would be deployed singly but it has been
suggested that they might be deployed in small batdegsarated by time intervals and/or
physicalspacers (Gibb et ak008a ) or even in long strings of up to 40 with a total leldth

nearly 200 m (Arnold et ak011a). Emplacement is usually taken to be by lowering on the end

of the drill pipe using the drilling rig or a lighter emplacement rig but other, potentially more
efficient, mechanisms such as wireline and coiled tubing have been congiBlesadck 2008)

and ae discussed further below.

For economic, operational and practical reasons, DBD requires that the waste packages can be
emplaced at rageof the order of one per dayVhile the deployment strategy will depend on a
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number of things, such as the weight tbk packages, their heat output, the mechanism
employed, the capacity of the emplacement rig, etc., the two main factors controlling the rate at
which waste packages can be deployed in DBD are

1 The rate at which the packages can be delivered to thehezell and readied for
emplacement, and,

1 The time taken to deliver the package dewvate to the DZ and recover the delivery
equipment ready for the next emplacement.

3.41 Emplacement Rates

For practical reasons related to the emplacement mechanisms, waste packagesy be
deployed in DBD by lowering them under tension to the DZ. There can be no question of
forcing or pushing them down the borehole, although recoverable additional weight could be
added above the package(s) to speed up descent. This plaggeeahnit on the rate at which

they can be lowered equivalent to the rate at which the package(s) would descend in free fall
under the influence of gravity alone. This free fall velocity is also an important parameter in the
context of accidental releasé a waste package during deployment and the operational safety
case.

Calculation of the sinking velocity of a cylindrical package in a ffilldd borehole is not a
simple application of Stokeds Law as the #dp
baki ng) 0 becomes increasingly important as th
borehole or, in the case of DBD, the casing/linkrseries of smalkcale experimentsave been
undertakerto evaluate the effect of the various parameters ertaétminal velocity of a metal

cylinder sinking in a watefilled tube. By far the most important factor controlling the sinking

rate is the clearance between the cylinder (waste package) and the tube (casing) but there is also

a relationship between tmeass of the cylinder and velocity.

Clearance between the waste package and casing is a crucial parameter for DBD. On the one
hand it needs to be as small as possible to mueirtiie cost of the borehole and maxenthe

volume of waste that can be put lretcontainer (depending on whether it is the diameter of the
container or that of the borehole that is the controlling factor). On the other, it must be kept large
enough to eliminate any risk of jamming or damage to the container(s) during descemZo the
Suggested values for a suitable clearance tend to be between 2 and\@alch ét al.2011x;

Gibb et al.2012) butthe optimum clearance for reliability of emplacement can only be evaluated
meaningfully in a full scale demonstration borehole.

Experimental results and calculations reveal that there is a strong linear relationship between
clearance and sinking velocity with the velocity tending to zero as the clearance becomes small.
Also, as the mass, volume and density of the package incseas® does the sinking velocity

for any given clearangéut this effect is notinear and becomes less marked as nzass
density increase Nuclear waste packages for DBD 8NF are likely to have masses between
2,000 kg and 4,700 kg, depending on their tmiesion and contents antdcan be estimatethat

the free fall velocity of such packages in a borehole with a packatgade diameter(D) to
casinginside diameterlD) ratio of 0.85(Arnold et al. 2014, Gibb et al. 2012) will liein the

range 0.5 tdl.5 misec. For a 4 km deep DBDemonstratiorthis suggests it is likely to prove
impossible to deliver packages to the DZ in less than abwutour, although the perforations in
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the DZ casing/liner would raise the limiting velocity for the last pathefemplacement. The
extent of the perforation effect, like the use of any deployment fluid other than water, can only
be evaluated properly in a full scale demonstration borehole. In practice, the limiting factor on
the deployment rate of waste packagdsalmost certainly be the mechanism of emplacement,
none of which are likely to achieve such rapid descsdSection3.4.2).

The rate at which waste packages are emplaced could have implications for the possibility of
deploying them in long stringparticularly for high heat generating materials such as relatively
young reprocessing wastes and UNF. If it is assumed that the packages are delivered to the DBD
site in aircooled or refrigerated containers, the outside surface of the package shobkl not
significantly above ambient temperature when it is placed into the borehole fluid at the top of the
hole. If the package then descends the borehole at a ratmdfeds of m/hrthe flow of fluid

past the package should prevent its outer surfaceeratype from increasing significantly
before it reaches a safe depth. If, however, the packages remain immersed instetingarid

at the top of the hole for a protracted period while a long deployment string is assembled, there is
a risk that the diling point of the fluid at neaatmospheric pressure could be exceeded with
seriols consequences. Heat flow miwg (e.g., Gibb et al. 2008d, fig. 5) has shown that for
batches/strings of a few containers of relatively young vitrified wasslBrthetemperatures on

parts of the package surfaces can increase by over 100°C in a matter of days wherysation

the bottom of the borehole. h& same would be true at the top of the hole where the borehole
fluid could boil and create problems. This copléce constraints on the time available for
assembly of container strings or on the contents of the packages suitable for deployment in this
way.

3.4.2 Emplacement Mechanisms

The borehole itself must be constructed and lined suchrtkgularities or curvaturevill not

affect the emplacement of waste packages either individually or in strivigh the diameter

and well construction methods proposed, this should not be an issue but, prior to emplacement,
the borehole wuld be checked by running dipar and/@ a dummy waste package.

Four principle emplacement mechanisms could be considered:
1 Free fall
1 Wireline
1 Use of conventional oilfield drill pipe
1 Use of conventional oilfield coiled tubing
34.2.1 Free Fall

As reported above, t he h fidereceeveh d& bnly dor tesecraamota r i 0
possibility that a waste package becomes detached from the deployment equiphi®ig. not

an uncommon means of dovmoele emplacement in drilling operations and it is the standard
method when using wireline cobarrek whereby the inner barrel is replaced by free fall to latch

into the outer barrel each sample trip. Rates of decent would depend on a number of factors
including the borehole fluid viscosity and the clearance between the waste package and the
casing (se&ection 3.4.1) However, fordeep borehole dispodaée fall should not be employed

as there is no control on the emplacement.
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3.4.2.2 Wireline

The use of a wirelineo lower the package has the attraction of simplicity, but its use would limit

the weight of the package and it provides less control than the use of drill pipe or coiled tubing.

It also carries an increased rstsakcoudfbe dedamachg up
inappropriate for disposal of radioactive wast&bere are two types of line,e f er r ed t o as
linedo and nAwireline with electrical conductor
sizes. Depth control ismaintaired at the surface.A wireline with electrical conductors on the

other hand allows waste packageelease mechanism to be triggered and monitoring data, such

as the necessary deptteasurementso be transmitted.

All forms of wireline will stretch much wre under load than any metallic tubing and so depth
control by reference to casing collar depths previously recorded during installation is essential.
The wireline winch system can deliver up to 6000 m/hr but the actual speed of deployment,
which will depend on other factors such as the limiting velocity (see above), is likely to be much
less. Units are available with combined hydraulic crarezpiiring only a smakite setup area
aroundthe borehole

3.4.2.3 Conventional OQilfield Drill Pipe

This is the tradional means of working within a borehole.t r equi res a Aadri |l |
rig and a relatively large site are&rill pipe comes in various diameters and steel strengths in

9.45 m or 12 m standard lengthBeployment with drill pipe is @iscontinuous procesm that

each length of drill pipe has to be added or removed with each connection being screwed in or
out of the next.This is the standard method for drilling and the rigs include various devices for
making up, breaking out and tpring the drill pipe to the correct values.

Speed of deployment depends on the height of the rig and whether it is manual or automatic.
The traditional Atripleso rigs |l ower or pull
~28m) and rack the pe stands back in the mast orderridkh er e ar e al so a s ma
variant that pulls two lengths of pipe (~ 19 m) armdsofi s u-pengl es o6 rigs that
length of 12 m drill pipe.

With conventional rigs t hoi swoprrko cnegs shirgehq uiinr etsh
the pipe back into finger boards designed to accommodate the size of pipe being used. However,
modern rig designs driven by health and safety concerns have eliminated this practice, and hence
the need for a person to womn an exposed position, through the use of robotics with various

types of pipe handling devices available.e p| oy ment speeds (or #Atrip
m/hr to 600 m/hr for automated systems to typically 1000 m/hr in a cased hole with the best
Adlerr-derri ck hand teamo. The | atter requires |
such fast tripping. For DBD an automatic system would be preferable on safety grounds and
modern rigs are becoming more and more sophisticated with the éionired most of the

manual operations.

Using drill pipe the waste package release mechanism would have to be mechanical, which
introduces some uncertainty, but a suitable system could be engin®axgtth. control would be
through the normal practice airface monitoring as the drill pipe is run.
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3.4.2.4 Conventional Qilfield Coiled Tubing

In recent years the development of coiled tubing systems has been rapid and these systems are
now used for drilling, well intervention, logging and well completion operatigasvide range

of equipment is available. New systems include electrical conductors through the endless tube
allowing commands for release mechanisms and data transmisB@nequipment is widely

used in different sizes and to depths well in excesseod tio 5 km proposed for DBD.

Deployment speeds could be 2000 m/hr to 3000 m/hr with a package release mechanism
triggered through some of the conductors in the tubing and data acquisition possible through
others. The surface set up would be relativehals and hence more cost effective than
maintaining a drilling rig on site at the DBD locatioklsing this method the risk of radiation
exposure to personnel would be kept to a minimum.

The Around tripo for the e mplaanatemedowholednd wast e
return travel times§chlumberger2013). It must also allow for surface operations like attaching

the package(s), depth checks and the package release (and any other) procedures that have to be
undertaken in the DZ. Conservatiestimates of the time required for a single emplacement trip

in a 4 km borehole using each of the possible mechanisms are: 8 hours (wireline); 18 hours (drill
pipe) and 8 hours (coiled tube)These times for wireline and coiled tube emplacement offer
scope for improvement with practicleut at some increased risk, especially for the former where

fast running can lead to entanglements. Emplacement of very long and heavy strings of waste
packages may require the use of drill pipe butwhBousadvantags of coiledtubing could

warrant reconsideration of thisongstring strategy towards individualwaste package
emplacement or smaller strings.

The basic equipment and systems for all of the above options are readily availadrie.would
necessarily hav to be some development nbnstandardtems such as the waste package
release mechanismigut development costs would be minimal. Also, consideration would need
to be given to the selection of mechanisms and equipment that offer the minimum risk of
exposure to people at and around the site.

It is apparent from the study reported above that emplacement of waste packages via the coiled
tubing method could emerge as the preferred option and be much more cost effective than the
use of a drilling or workoverig. Ideally, the waste disposal orgzation would own a purpose
designed equipment package so the cost spread over a substantial disposal program would be
relatively low. However, for a demonstration borehole or pilot scheme, it would be preferable to
utilize the equipment readily available in the drilling industry.

3.5 Seals Demonstration Testing Plan

Ultimately candidate seals and their emplacement must be tested under dovenldiens. In
particular, in situ permeability and strength must be measufédls will be done at the
demonstration borehole by emplacing constructed seals at depths greater than 2 km and
performing standard strength/permeability tests and drillingutyh the seal after testingn situ

strength will be measured by applying vertical loads via the drill rig itself, or via application of a
packer pressure systenm situ permeability testing will be done using a packer system. Seal
materials to be tésd include traditional materials such as cement and bentonite as well as rock
welds.
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Verifying emplaceability of seals at > 2 km depth will be central to the seals demonstration
effort. Multiple emplacement approaches will be tested for each maiedhlding rock welds

to establish depth effectivenesBor example, bentonite emplacement by containers, plugs, or
perforated tubes will be teste@ement emplacement by balanced plug, cement squeeze, dump
bailer, and two plug methods will be testdeield testing of seals will be done in the final two
years of the borehole demonstration.
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4.

4.1

SAFETY FRAMEWORK AND RD&D NEEDS

Identification of RD&D Needs for Demonstration of Safety

The approach to identifying the science and engineering actiiRide&D to support the DB
demonstration first requires identifying a list of potential candidate activities, which are relevant
to the DED demonstration and its objectives and tleealuatingthis list of potential activities
against a set of metricsThis evaluatio indicates those activities thaest contribute to the
success of the DB demonstration and an understandind@8b.

The identification step involves three ssiieps: 1)identify objectives of the deep borehole
disposal demonstration, 2dlentify the re¢vant features, events, and process associated with
deep borehole disposal, and&ntify potential science and engineering actigieeded for the
demonstration)These sulsteps are described below.

Deep Borehole Disposal Demonstration Objectives

The DBD demonstration will help resolve key uncertainties abouDBB of nuclear waste and

will provide information that permits a comprehensive evaluation of the potential for licensing
and deploying DBD for SNF and HLWThis is done in the absence of using nuclear materials.
The objectives and tasks of tiEBD demonstration have been described previousi)KE,
20129), and are briefly summarized below. The four primary objectives are:

1)
2)
3)
4)

Demonstrate the feasibility of chatarizing and engineering deep boreholes,
Demonstrate processes and operations for safe waste emplacement down hole,
Confirm geologic controls over waste stability, and

Demonstrate safety and practicality of licensing.

The four major taskshataddress thse goalare

1)

2)

3)

Demonstration Site SelectianThis task will locate the demonstration borehole at a site
that is representative of the geology and other characteristics that would be encountered if
DBD would be implemented in the future. In addition toabbshing site selection
guidelines, this task also ensures that regulatory permits for borehole construction and
demonstration are in place for implementing the DBD demonstration project.

Borehole Drilling and Constructioin This task will develop a borele design, establish
borehole requirements, implement a contract for construction of the borehole, and ensure
that the drilled and completed borehole meets requirements.

Science Thrust This task will identify and resolve data gaps in the deep borehole
geological, hydrological, chemical, and geophysical environment that are important to
postclosure safety of the system, materials performance at depth, and construction of the
disposal system. This task uses a systematic approach to prioritize datacyapetrards

for resolving them. This activity will also perform safety analyses demonstrating the
safety of the DBD concept for disposal of SNF and HLW.
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4) Engineering Demonstration This task will confirm the capacity and feasibility of the
DBD concept and Ml include canister emplacement operations (in the borehole),
canister transference, canister stringing, and operational retrieval. This task will also
include design and fabrication of test canisters and other equipment unique to the
demonstration. Thisask will also provide all documentation confirming the safety,
capacity, and feasibility of the DBD concept.

FEPs Relevant to Deep Borehole Disposal

A list of potential activities relevant to the DBdemonstration is created fiyst examining the
FEPsthat are relevant to the disposal of SNF and HLW in deep borehol@&ady et al(2009)

an initial evaluation of FEPs relevant to DBvas conductedA comprehensive list of 374 FEPs
relevant to geologic disposal was examined for relevancy tb.DB addition to relevancy to
DBD, the FEPs were also identified as likely to be excluded from consideration or included in
the DBD performance assessmeiwhile this determination is based on scientific judgment, no
formal FEPs screening of these FEPs hashbeenducted and the assessment should be
considered apreliminary and requiringupporting justificationsFEPs that are excluded require
sufficient justification for their exclusion while FEPs that are included require a sufficient
understanding so th#tey are properly captured and parameterized.

In the FEPs analysis of Brady et 009)excluded FEPs are further qualified according to the
level of effort required to make the exclusion argatn&hree levels are defined: technical or
regulatorybasis is readily available, Zome additional technitaork likely is needed, and &)
significant amount of work is potentially needeBor included FEPs three levels of effort are
defined to categorize the level of effort needed to supporinttiesioninto the PA model: 1)
indicates that this is a normal part of modelingin2licates that this is a significant aspect of the
modeling, and Bindicates possible modeling challenges magmeountered

Identify Science and Engineering Activities RelevimnDBD Demonstration

In the Deep Borehole RD&D RoadmdpPOE 2012), a preliminary association of potential
DBD demonstration activities to the FEPs was presented as an exahmideis expanded and
re-evaluated in this workEach of the 374 FEPs idem¢ifl in Brady et al(2009)is evaluated for
information needs andf applicable associated scientific and engineering activities capable of
supporting those needs.

Examination of the potentiacience and engineeriragtivities and the FEPs suggest some
commonalities, which help to facilitate the associatiosadnce and engineeriggtivities with
FEPs. Thesegrouping provide for some consistency in makitige associations and also point
out t he amoguendt sdiehte afidcengineeriragtivities have in particular technical
areas of interest.

A total of 45science and engineerirggtivities are identified. Collectively these activities
address 185 of the 374 FEPAdditionally, it is readily apparent & many of the sciencand
engineeringactivities address multiple FEPs and multiple scieacd engineeringctivities
address many of the same FEPis apparent redundancy can provide cidsscking of the
data collected or can be incorporated as &imato the prioritization of the activitiesThe
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results of the association should still be considered as preliminary because there is a fair amount
of subjectivity in assigning of activities to FEPs and more than one opinion should be elicited.
This arises because decisions on the degree of relevancy of the association are required.

4.2 Technical Basis for Prioritization in the Safety Framework

The technical bases for the safety framework have been updated or reevedlstted to
previous studies €& Section 4.3yith regard to thermally driven groundwater flow, nuclear
criticality and operational safety.

4.2.1 Site-Scale Thermal-Hydrologic Effects

The objectives othe modeling described in this sectiare to update the therraydrologic

model and incorporate more realistic geological and hydrogeological conditions in analyses of
thermathydrologic effects in deep borehole disposal of used nuclear fittetrmathydrologic
analyses are updated to aawfnce design for théisposal system (Arnold et &011a) and to
examine sensitivities to the number of boreholes in a disposal system array. Additional realism
is included with regard to geological layering, variability in model parameters with dejuth,
coupling of salinity and fluidlensity stratification with thermdilydrologic processes.
Simulated thermally driven, vertical groundwater flow rates are important inputs to disposal
system model analyses of deep borehole repository safety, whichecapdated using the
results from these analyses.

Numerous design alternatives exist for a deep borehole disposal system, including borehole
depth, diameter, waste canister size, borehole spacing, borehole array size, waste characteristics,
and thermal outt. In addition, geological and hydrogeological characteristics of the site may
vary significantly among potential disposal sites. The analyses for this study were conducted
using reasonable disposal system design options and geological conditioms tbptesentative

of a stable continental interior and favorable to waste isolation.

The reference deep borehole disposal system design used in this analysis is that developed in a
study on feasible design options, general operational guoes, and cos{®rnold et al.2011a).

The reference design consists of a vertical, telescoping borehole design with a 43 cm (17 inch)
diameter in the waste disposal zone from 3,000 m to 5,000 m depth. Waste canisters are
constructed of carbon steel with a wall thickeeapable of withstanding hydrostatic pressures,
temperatures, and mechanical stress from overlying canisters during the emplacement-and near
term postclosure times. Waste canisters would be emplaced in strings of approximately 200 m
length, separatedybborehole bridge plugs to support the weight of each canister string.
Canisters for the disposal of used nuclear fuel would each contain33oBWWRfuel rods from

the disassembly and consolidation of nuclear fuel assemblies. Used fuel thermal output
characteristics are foaverage PWR fuel (Carter et €011). Following waste canister
emplacement, the borehole casing would be removed from the upper 3,000 m of the borehole
and a series of seals would be emplaced. Multiple boreholes would be dedsiruan
orthogonal array with 200 m spacing between the boreholes.

The geological system is assumed to consist of crystalline basement rocks overlain by 1,500 m of
sedimentary rocks. The crystalline rocks are assumed to be granite or felsic metanckshic



Deep Borehole Disposal Research
60 October 25, 2013

with a similar mineralogical composition. The sedimentary strata consist of horizontal layers of
sandstone, shale, limestone, and dolomite. Paleozoic and Meageoiedimentary units
dominated by these rock types cover large areas of the cdatimeterior of North America.
Ambient hydrogeological conditions consist of shallow fresh groundwater underlain by stratified
conditions of increasingly saline brines with depth. Sieedlle, primarily horizontal,
groundwater flow may occur in the updew hundred meters of the sedimentary cover, but no
largescale, regional groundwater flow system exists in the crystalline basement rocks.
Furthermore, it is assumed that overpressured conditions resulting from compaction of sediments
or from anomalougl high heat flow do not exist. Consequently, it is assumed that there is no
ambient vertical gradient in fluid potential within the hydrogeological system.

4.2.1.1 Model Setup

The thermahydrologic model for the deep borehole disposal system is constructeovidepr
simulated temperature near the borehole and groundwater flow rates within the borehole and
disturbed rock zone, as functions of time. The model domain is large enough to minimize the
impacts of lateral boundary conditions on the simulation resaels and in the boreholes. As
indicated by the results, the grid resolution is sufficiently fine near the boreholes to provide
reasonably accurate simulated temperatures near the boreholes and to capture the effects of
thermally driven flow near and withithe boreholes. However, the grid resolution near the
boreholes does not capture the individual components of the engineered disposal system, such as
waste canisters, borehole grout, and individual fuel rods. Consequently, the grid resolution is not
sufficient to provide accurate estimates of waste canister and fuel temperatures. The thermal
hydrologic model domain uses quarter symmetry, witHlow boundaries on two sides, to
reduce the overall grid size and computational cost of the simulations.

The nodel grid was constructed ng the CUBIT software code (SN2012). The 3D model
domain is 10 kn® 10 km in the horizontal directions and 7 km deep, for a total simulation
domain of 20 kn? 20 km?3 7 km when accounting for the quarter symmetry laterahacy
conditions. The grid is an unstructured hexahedral mesh with progressive grid refinement
around the borehole array and individual boreholes. The horizontal grid spacing is less than 1 m
at the boreholes and expands to 200 m spacing outward frobotbleole array. The vertical

grid spacing is uniform 100 m. The grid can accommodate simulation of up to 81 boreholes.
This grid consists d866,910nodes and is illustrated in Figudel.
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(b)

Figure 4-1. Numerical grid for the thermal-hydrologic model from perspective view (a) and expanded top
view of the borehole array (b).

The fluid boundary conditions for the theraigldrologic model consist of specified atmospheric
pressure on the upper surface, no flow at the lower boynspecified hydrostatic pressure at

the far lateral boundaries, and no flow at the reflection, quarter symmetry lateral boundaries.
The thermal boundary conditions consist of specified temperature at the upper, lower, and far
lateral boundaries, and nedt flow at the reflection boundaries. The upper boundary is set to
10°C and the lower boundary is set at ABbcorresponding to an average geothermal gradient of
25°C/km. The temperatures at the far lateral boundaries are specified in accordande with t
nortuniform equilibrium conduction temperature profile resulting from variations in thermal
conductivity (see Figurd-2). Internal boundary conditions of specified decaying thermal input
are set for the waste disposal zones (3,000 m to 5,000 m deftik)boreholes, according to the
waste loading in theeference design (Arnold et &011a) and the characteristics of avgea

used PWR fuel (Carter et &011). The boundary conditions for salinity in the model are
specified concentration of O weight at the upper boundary, 30 weight % at the lower boundary,
and linear salinity profile at the far lateral boundaries (see Fig@je 4nitial conditions for the
model are hydrostatic fluid pressure, equilibrium temperature profile, and linear sgiadtgnt.

Parameter values used in the thermalrologic model are generic, but representative of the
assumed rock types and are adjusted for depth and ambient temperature in the cases of
permeability and thermal conductivity, respectively. The baserzdea values for permeability,
porosity, thermal conductivity, and heat capacity are shown in TableAverage permeability

of the Earthés continental crust as a functi
advective heat transport and advecsatute transport in metamorphic reactions (Manning and
Ingebritsen, 1999). The resulting relationshig oIf g;Q ogl 1 Q p 1 wherek is intrinsic
permeability (M) and z is depth (km) is used to calculate adjustments to permeability as a
function ofdepth for granite, as shown in Figure4 Note that the permeability values of the
sedimentary rocks at depths of less than 1,000 m are the base parameter values and are not
adjusted for depth. The permeability of the nodes at the boreholes was ithdrgaséactor of
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10 to account for enhanced permeability in the disturbed rock zone surrounding the borehole
and/or for longterm degradation of borehole seals. The central nodes for each borehole are
somewhat larger than the borehole diameter and irtiplreipresent the properties of the sealed
borehole and surroundifdRZ, combined.

Table 4-1. Base parameter values used in the thermal-hydrologic model.

Lithology Permeability | Porosity (-) Thermal K Heat Capacity
(m?) (W/mK) (I/kg °K)
granite 1x10™ 0.01 3.0 880.
sandstone 1x10™ 0.30 35 840.
shale 1x10™ 0.02 1.8 840.
limestone 1x 10" 0.05 2.7 840.
dolomite 1x10™ 0.05 4.0 840.

Thermal Conductivity (W/m ©K)
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Figure 4-2. Permeability, thermal conductivity, and lithology as functions of depth in the model.
Permeability is shown with the black curve and thermal conductivity with the blue curve. The waste
disposal zone depth is shown for reference on the middle right of the graph.
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Thermal conductivity has been estimated as a function of temperatureykialline and
sedimentary rocks (Vosteemd Schellschmid2003). Although the thermdlydrologic model

in this study cannot explicitly implement thermal conductivity as a function of transient
temperature, the values of thermal conductivity in the ihade specified as functions of
ambient temperature, as shown in Figdi2to capture the impacts of variable temperature on
thermal conductivity aa function of depth

Figures 42 and 43 show the variation in permeability, thermal conductivity, saljinénd
simulated ambient temperature as functions of depth in the thyuiadlogic model domain.
These figures also show the stratification in rock type among the sedimentary units in the upper
1,500 m of the model as indicated by coloration and ladmadisthe depth of the waste disposal
zone, for comparison. Significant variation in thermal conductivity among the rock types and as
afunction of ambient temperature result in the 4iopar simulated ambient temperatyr@file

shown in Figure 8. Notethat the permeability varies over many orders of magnitude, in
contrast to the thermal conductivity, which varies by only a factor of about two.
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Figure 4-3. Simulated ambient temperature, salinity, and lithology as functions of depth in the model.
Simulated ambient temperature is shown with the black curve and salinity with the red curve. The waste
disposal zone depth is shown for reference on the middle right of the graph.

Simulations of equilibrium and transient therrhgbrologic processes werenformed using the
FEHM software codéZyvoloski et al.1997) The full multiphase (liquid water, steam, and air),
norrisothermal solution was implemented in the model with the FEHM code, although- single
phase conditions exist throughout the model dondainng the simulations. Hydrostatic



Deep Borehole Disposal Research
64 October 25, 2013

pressures are high enough at the depths of the waste disposal zone that boiling does not occur
from the waste heatThe effects of salinity on groundwater flow are coupled to the thermal
hydrologic solutions throughsimple linear relationshipetweenrsalinity and fluid density.The

effects of temperature and salinity on density are additive in their numerical representation in
FEHM. The impacts of salinity on thermbydrologic flow are further simplified in the
simulations by assuming that the overall perturbation to the salinity gradient from convective
groundwater flow is small and the salinity concentrations are held constant as a function of
depth. This further simplification was required because of numeiitstiability in the fully

coupled solute transport solution.

4.2.1.2 Results and Discussion

Simulated temperatures in the bedrock near the central borehole at 4,000 m depth as functions of
time in the thermahydrologic model are shown in Figure44 As previoustudies have shown
(Arnold etal. 2011 and Brady et @&009), peak temperatures near the borehole occur within 10

to 20 years of waste emplacement. The change in temperature from ambient conditions to the
peak temperature of over ®Din this study is ginificantly higher than the maximum change in
temperature of about 3D in previous studies, and is primarily attributable to the fuel rod
consolidation and increased waste loading in the canisters of the reference design used here. The
somewhat lower thenal conductivity of granite at 4,000 m depth in this study also results in
higher simulated temperatures, relativegtevious studies (Arnold et al. 204and Brady et al.

2009). The simulated temperatures for borehole arrays of 1 to 81 boreholes are the same for
about the first 100 years following waste emplacement because there is essentially no interaction
between the heat from adjacent boreholes at 200 m distancéniguame scale.

The simulated temperatures at times of greater than 100 years shown in F@yuidfet
significantly among the cases with differing numbers of disposal boreholes in the array. For
cases with 25 or greater boreholes, a secondary, [peedrtemperature occurs in the time frame

of several thousand to 10,000 years, with the temperature and time of the secondary peak
increasing with increasing number of disposal boreholes. This secondary peak temperature is
consistent with an analytical Istion for heat conduction in an infinite array of boreholes (Bates

et al. 2012). The secondary temperature peaks result from the interaction of heat from other
boreholes in the array. The amount of additional heat introduced to the geological sy#tem by
waste is proportional to the number of disposal boreholes. The time scale for interaction of heat
among boreholes at several hundred meters distance is much shorter than the time scale for heat
to be transported out of the system 2,000 m or greatécaly upward to the ground surface.
Consequently, most of theasteheat input remains in the system over the time scale of 1,000 to
100,000 years, as indicated by the secondary temperature peaks.
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Figure 4-4. Simulated temperature at 4,000 m depth and at 0.8 m radius from the borehole centerline for
the central borehole in arrays of varying numbers of boreholes. Results are shown for the disposal of
used nuclear fuel rods.

Sensitivity studies are performed to assess the relative contributionsnwéctive versus
conductive heat transport in the thershgtirologic model and to assess the impacts of the lateral
boundary conditions. Comparison of a heat conduaidy model to the thermdlydrologic

model shows very similar simulated temperatunedicating that heat transport in the thermal
hydrologic model is conduction dominated. This is an expected result, given tlael\eative
groundwater flow rates in the model, as shown in FigurBsadd 46. The far lateral thermal
boundary conditionsare changed from specified temperature to no heat flow conditions to
evaluate boundary effects. Simulated temperatures in the central borehole are nearly identical
for the sensitivity run, indicating that the far lateral boundaries have no impact simthation

results.

Simulated vertical groundwater flux in the central borehole of and8&hole array, as a function

of time is shown in Figure-8. The different curves show the upward vertical flux for different
depths within the borehole nodes. Rktaat the permeability in the borehole is increased by
one order of magnitude relative to the surrounding bedrock, so these flow rates are higher than in
the nearby bedrock. The upward flow rates in the waste disposal-3gd@0(to-5,000 m) peak

within 10 to 20 years following waste emplacement, but show persistent upward flow with a low
secondary peak at several thousand years. The earlier peak flow rates are directly caused by the
thermal expansion of groundwater and lower flow rates at later tgrtbe result of largscale
buoyant convection. This result is similar to previous modeling re@uit®ld et al. 201kh and

Swift et al.2012) but with higher flow rates related to higher values of permeability used in this
model and more persisteriod related to the larger number of boreholes in the disposal array.
However, longterm upward flow rates are low at about 1 mm/year for depths of 2,000 to 3,000
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m (i.e., the 1,000n borehole zone above the wast&he magnitude and duration of the updar
groundwater flow is substantially leasshallowerdepths as indicated by the curves f&00 m
and-1,000 m in Figurd-5.
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Figure 4-5. Simulated vertical groundwater flux at varying depths in the sealed borehole and disturbed
rock zone for the central borehole in an array of 81 boreholes. Results are shown for the disposal of used
nuclear fuel rods.

The simulated vertical groundwater flow rates at the top of the waste disposal zone are shown for
the central borehole of arrays of varying sizeg-igure 46. The highest upward flow rates
occur within the first 100 years following waste emplacement for borehole arrays ranging from 1
to 81 boreholes, as directly driven by thermal expansion of groundwater. Small differences in
flow rate exist withn the first 100 years, with fluxes being higher for greater numbers of disposal
boreholes in the array. These differences in flow rate exist in spite of the fact that temperature
within the central borehole is not affected by the number of boreholes whihifirst 100 years

(see Figure 41). This is because transience in fluid pressure can be transmitted from adjacent
boreholes much more rapidly than heat can be transported.
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Figure 4-6. Simulated vertical groundwater flux in the sealed borehole and disturbed rock zone at 3,000 m
depth for the central borehole in arrays of varying numbers of boreholes. Results are shown for the
disposal of used nuclear fuel rods.

At times greater than several hundred years following waste emplacement, the number of
disposal boreholes in the array has a significant impact on simulated vertical groundwater flux,
as shown in Figure -8. Latetime vertical flow rates are greater for greater numbers of
boreholes, and cases with more than 25 disposal boreholes exhilmbralay lower peak
vertical flux. Greater numbers of disposal boreholes in the array and the proportionally greater
heat input to the system creates more vigorous and sustained buoyant convective flow. Note the
log scale on the time axis in Figure6dard the relatively large cumulative impact on total
vertical groundwater flow for varying numbers of disposal boreholes for times of 1,000 to
100,000 years.

Results indicate an extended period of elevated temperatures beyond 1,000 years following
waste empleement for arrays with more than 9 disposal boreholes, with a secondary peak
temperature occurring at several thousand to 10,000 years. Simulated vertical upward
groundwater flux in the borehole and disturbed rock zone occurs in the waste disposal zone fo
an extended period of time. Significant, but lower vertical flux also occurs above the waste
disposal zone through potentially degraded seals and/or the surrounding disturbed rock zone.
The persistence of simulated vertical groundwater flow beyond lyé@rs increases with the
number of disposal boreholes in the array. It should be noted that the upward vertical flow rates
in disposal boreholes on the edges of the borehole array are smaller than the values for the
central borehole presented here.

Sersitivity of the modelto permeability as a function of depth was examined by constructing a
version of the thermdilydrologic model in which an alternative relationship between
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permeability and depth was implemented. Stober and Bucher (2007) develoakel zetive
model of the permeabilitdepth relationship based on data from well testing in crystalline rocks
in the Black Forest region of Germanyhis relationship, which is corrected in Ingebritsen and
Manning (2010), id [N Q& Y I, @ p @&, wherekis intrinsic permeability () andz

is depth (km) and results in lower values of permeability in the range of 0 to 5 km than the
relationship of Manning and Ingebritsen (1999). A comparison of the théydsebdlogic
modeling results from the two peeability-depth relationships is shown in the plot of vertical
groundwater flux versus time in Figurer4 As shown, the vertical flow rates at a depth of 3,000

m are a factor of two to three times lower for the Stober and Bucher (2007) relationsklp, whi
may be more representative of conditions for deep borehole disposal in crystalline rocks than the
average crustal relationship of Manning and Ingebritsen (1999).
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Figure 4-7. Simulated vertical groundwater flux in the sealed borehole and disturbed rock zone at 3,000 m
depth for the central borehole an array of 81 boreholes for alternative models of permeability as a function
of depth. Results are shown for the disposal of used nuclear fuel rods.

These results may have important implications for the maximum number of disposal boreholes
that could be safely emplaced at a single site. Persistence of upward groundwater flow for
periods of time on the scale of tens of thousasfdgears, even at very low rates could impact
repository performance. The increased loegn vertical groundwater flux with increasing
number of disposal boreholes means that radiological dose would not scale lineartiiewith
numberof the boreholgin the array and the total radionuclide inventory at the deep borehole
site. Instead, dose would scale by number of boreholes and by the cumulative groundwater flow
associated with greater vertical groundwater flux. The thehyddologic modeling resulti

this study can be the basis for additional disposal system modeling to analyze these effects.
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4.2.2 Borehole-Scale Thermal-Hydrologic Effects

Boreholescale thermahydrologic effects interact with the siseale thermahydrology
discussed above, but amore specific to the borehole design, engineering and operational
practice. Boreholscale effects focus on the regions between the emplaced waste, including the
waste package, the borehole liner (if any), the borehole wall, and the region of rockenear th
borehole potentially altered by drilling and emplacement operations, grouting, and the post
emplacement thermal transient from the waste decay(iheatthe EBS, DRZ, and surrounding
thermally impacted host rock)

An example issue is to understand toaditions that could enable significant vertical migration

of radionuclides Such conditions may include vertical crevices or gaps between the waste and
the host rock that provide a vertical flow pathway, and the potential for inflow of water from the
nearby host rock that could feed vertical flow driven either by thermal buoyancy or thermal
expansion of crevice/gap water. As example would be lamellar corroktbe waste package

wall or a liner (if present) that createrevices oriented along the letiole axis.Other examples

could include incomplete grouting between the waste package and borehole wall or spallation of
the borehole wall.The potential for sucemallscalecrevice transport can be addressed through

a combination of modeling, laborayatesting, material selection and field test verification.

Questions include how the engineered materials or thermal effects may (1) create preferential
flow pathways within théRZ and disposal boreholes and (2) augmbkatmathydrologic (TH)

flow and mdionuclide migration within those pathways, as well as within the intact rock.
Representing the engineered system in its disturbed state is important, including formation of
corrosion products, such as lamellar structures on waste packAgegh-fideli t y -field e ar
scaled TH modeling approach is required to
conditions most strongly affecting hemigmented radionuclide migratiofhe large number of
parameters and conceptumabdel issues to be addressedcessitates this approach being
computationally efficient In addition to parameters considered in past TH model sensitivity
analyses, it is important to address those that characterize preferential path\magse
parameters include the geometriesli@aextent) of the DRZ, borehole and waste packaayes,

those of other engineered materials in the borehole, as well as the range of possible effective
porosity and permeability anisotropy. Spatially, the grid should be refined enough to resolve TH
condtions within the DRZ, boreholes, and waste packagise grid should account for the
telescoping borehole geometry, individual waste packages, wellbore casing and liners, grout, and
seals. Because of the importance of the thermal expansion of brindijlivgria fluid and rock
compressibility should be addressedgull coupling of the influence of salinity and temperature

on water density is needed, as is the ability to address water density profiles that do not
necessarily monotonically vary with depth.

In effect, understanding and avoiding the potential for boretudée effects assures that the
long-term isolation addressed by the sitmle modeling is ndishort circuited by smaltscale
processes in or near the borehofereasonable approach & tepresent TH processes using a 2

D radiallysymmetric (RZ) model geomettiat can béiembedded in the sitescale modeling
rather than use a fulF-® mode]| such as the simulation methods used in Section 3.3.1 and Gibb
et al. (2008a) This dramaticalf reduces computational expense, while allowing foe fgnid
resolution in the radial and verticdirectiors, within the borehole and the DRZ, which enables
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representing waste packages of different heat outfid. explore the boundaries of crevice
effeds, this model should able to use grids in themiibmeter scale where needed. The model
would also be able to represent degraded or failed waste packages and their potential influence
on local transport processes. The mockh also representocally the details of the zones
between waste packages or strings of waste packages, as medrsesals and the interface with

the isolation zone above the uppermost packadéss efficiency makes it possible to address
computationally challenging physicaiteractions, such as the influence of temperature and
salinity on brine density.Such2-D RZ models have been validated for regular well patterns
used in geologic C&Osequestration and in geothermal systefise boreholescalemodel must
interface withthe sitescale model discussed in the previous sectibean spatially resolve the
geometry of the engineered system, both in its original and disturbed states, and address
guestions about the importance of respedd#S components to radionuclide isdilon, which

will provide useful guidance in identifying and prioritizing laboratoaynd fieldscale testing
activities. This model can also address detailed thermal management questions, such as how
waste packages of differing heat output can be arcatogassure isolation performance.

It is expected that the primary information on borefsmale effects and the evolution of
emplaces materialsan be demonstrated in laboratory testing, with eventual field verification
focused on assuring the validity thle modeling assumption and testing conditiofield-testing

will also demonstrate thesliability of operational processes for emplacing (and removing) the
engineered ntarials that dominate these borehstale performanassues

4.2.3  Nuclear Criticality

Deployment of DBD will require assurance that nuclear criticality can be precluded at all times,
including surface operations as well as under Hd@mm postemplacement conditions when the
container and fuel become degrdddt has been proposed (Braelyal. 2009, Section 4.3) that
criticality may be excluded at the stage of BEereenindor DBD. Thedemonstration project
RD&D program should include analysis to confirm such exclusion, along with definition of any
design, operation or site parametiat are needed to assure such exclusion.

Criticality safety is not a design, operation or permitting issue for conducting the demonstration
project, because the use of actual nuclear fuel is not anticipated. Thus, criticality safety during
RD&D is limited to conducting any analyses required to inform a transition from demonstration
to deployment, and to define any information needed from the demonstration testing.

Analysis will be performed during the RD&D program to provide a basis for criticality safety
assurance for DBD deployment. Because anticipated DBD waste canisters contain a single fuel
assembly, criticality safety assurance during normal handling operations and plausible abnormal
conditions can be demonstrated using standard analysis similars® used for handling fresh

low enriched uranium (LEU) reactor fuel.

The primary criticality concern for DBD is to preclude any plausible scenarios for criticality in
the longterm postemplacement period. A single fuel assembly remains subcriticalvevem

flooded with moderating water. Thus, any potential criticality scenario would require re
distribution of fissile material within a container, and potentially between multiple containers in
an emplacement string. If criticality exclusion relies oe or more DBD design or site feature,

then those features should be demonstrated in either laboratory or field testing or demonstration.
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These features could includa container design that limits achievable uraniwater
concentrations or restricts mag re-distribution, ora groundwater composition that limits
criticality (either natural or as modified by the borehole and contents).

Analysis during theDBD demonstration projeatill define the parameter space of possible
criticality, and identify design and site features that can assure that DBD operates beyond any
plausible criticality scenario. Most or all of the information needed will be obtained by lab and
field testng. Any additional design, operational, or site characteristic data needs that are
identified specifically for criticality control will be added to the demonstration and testing
program.

4.2.4  Operational Safety Assessment

Operational safety for DBD operations cée divided into two categories. First is the
conventional industrial safety for site operations, primarily the drilling operations and the
handling of drilling materials. Second is the nuclear operation safety of handling and emplacing
highly radioactiveused nuclear fuel or higlevel radioactive waste.

The conventional industrial safety requirements for a field demonstration will be very similar to
the conventional operational safety requirements for actual disposal operations. The drilling and
materid handling for a fullscale field demonstration borehole is comparable to an operating
disposal borehole. These conventional operations will be subject to existing drilling safety
institutional controls: laws, regulations, standards and practicasFeceral, state and local
levels. Other than demonstrating compliance with these controls and demonstrating safe
operations at the field demonstration, there are little or no additional data needs for this aspect of
operational safety.

The nuclear operationahfety issue is similar to the criticality issue discussed above. As there

will not be radioactive material emplaced in the field demonstration, there will not be actual
nuclear operational safety issues. However, the demonstration should begin &s dldre
guestions of how nuclear operations would be conducted in an actual disposal operation, where
the nuclear safety issues are significant. In current design concepts, the waste packages are not
selfshielded, and thus have very high external radidtweels. This requires the waste package
handling equipment and the emplacement operating area to have heavy shielding, and forces
remote operation at the borehole surface facility. Contrary to common drilling practice, the
emplacement string of wasteagkages will have to be remote assembled and the wellhead
operations would béhandsoffd. A significant challenge will be to assure that the range of
pot entnoarlmadlodf foperating conditions can be mans:
the emplaement string, as even short exposures are not likely to be acceptable. In common
industrial practice, even where routine operations have become highly automatedoprhands
troubleshooting for ofhormal conditions is typically assumed, and this will netgossible

where an exposed waste package is present. Placing as much equipment as possible in shielded
areasas well asnobile temporary shielding for specific operating conditjonay be required in

the DBD design.

The field demonstration does not deany shielding, but could endeavor to incorporate and
demonstrate aspects of remote handling and emplacement. It is not necessary for all of the
demonstration operations to be conducted in this manner, just a demonstration that remote
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handling is conceptlly possible. This capability will add cost to the demonstration facility,
implying thatthe extent of remote operatioised in the demonstration projedgtl be part of the
costbenefit tradeoff to be determined during detailed planning for the faddhonstration. Itis

also likely that some (or even all) of this remote handling can be demonstratethaara
surfac® industrial facility that could be less expensive than demonstration at the DBD field test
itself. The information obtained from sutikld or industriaisite demonstrations will be useful

in DBD design and planning, and it is possible thie need forhigh-confidence remote
operatioswi | | constrain the design of the waste
operating DBD ge.

4.3 Analysis of Performance Assessment Results

A systematic approacto identify and prioritize science and engineering needs during the
demonstration phase of the DBD concets described in the Research, Development, and
Demonstration Roadmap for De@wrehole DisposallYOE 20123). This section presents a
synthesis of previous PA studies that supports the importance metric in the prioritization
methodology. Theseanalyses have been limited to undisturbed (in the absence of external
events)ostclosue performance.

4.3.1 Deep Borehole Disposal of High-Level Radioactive Waste Study

A preliminary safety assessment using an analytical solution of the advdifimion equation

was conductedn Brady et al.(2009 conditioned on thermdiydrologic calculations, which
indicated that vertical transport was limited to a short thermal pefibése DBPA results are
based on several bounding and conservative assumptions, syih abkwaste is assumed to
instantly degrade and dissolve inside the waste canis{gysll waste is assumed to be PWR
assembliesand (3)no credit is taken for sorption or decay along the saturated zone transport
pathway from the sealed borehole to the withdrawal well calculated to,G0@ yBears.

Sealed borehole properties representative of bentonite in conjunction with the thermally driven
driving pressure produced an upward fluid pore velocity of 0.502 m/yr and a corresponding
1000m borehole travel timef 1990yearsfor an unretardgradionuclide

Radionuclide transport up the borehole from the source (waste disposal zonegdtmur
approximately 200 years, corresponding to the duration of the thermally driven flow.
Subsequent to the thermal period, ambient conditiese not eypected to provide any upward
gradient, and upward radionuclide transport was assumed to ddssenly radionuclide with a
nonzero concentration 1000 m above the waste disposal zone in the sealed bwestéte

which is the only radionuclide that dhano retardationin the analysis The nonzero **%
concentration (53102 mg/L) represemd the leading edge of the dispersive transport front.
However, the center of mass never reaches the top of the 1000 m sealed section of the borehole
because thersvas no further movement after 200 years. The total dose taet®onably
maximally exposed individuaRMEI) at 8,200 yearwas 1.4 10 *° mrem/yr.

Some higHevd conclusions from Brady et al(2009, relevant to the deep borehole
demonstration activitieare

o)}
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1) The coupled thermdiydrologicchemicalmechanical behavior of the borehole and
disturbed region during the thermal pulse, and in the presence of e&raiifyed waters,
should be modeled more accurately.

a. High PA metric rating forScienceActivities: Temperature Log, Waste Canister
Mockup Electrical Heater Test, Fluid Samples from Packer Testing, Drill
Cuttings, Intermittent Coring, Chemical Equilibrium Modeling, Ntbdeling,
Conceptual Model Design, Numerical Model Implementation of-Kodels,
Construction of System Model

b. Moderate PA metric rating foiScienceActivities: Chemical Kinetics Modeling

2) Additional consideration should be focused on the design anetéomgperformance of
deep seals.

a. High PA metric rating foiScienceActivities: Fluid Samples from Packer Testing,
Seals Integrity Testing and Cement Degradation Testing and Engineering
Activities: Demonstration of Casing Emplacement, Demonstration of Liner
Emplacement, Bentonite Seal Emplacement, Cement Seal Emplacement.

3) Modeling of thefull-system performance of mubhorehole arrays should be undertaken,
consistent with an assumption that a regional borehole disposdlyfaoiild entail an
array of 10 tdl00 individual boreholes.

a. Moderate PA metric rating for SciencActivities: Multi-Well Hydraulic Testing,
CrossHole Tomography, MultBorehole Modeling.

4.3.2 Deep Borehole Seals Study

A preliminary performance assessment model for the deep borehole disposal system was used to
analyze the relationship between the effectiveness of thedleredals and risk to human health

using Monte Carlo sampling for propagating uncertafrtgrrick et al.2011) The objective of

this analysis was to determine the maximum effective permeability of the borehole seals and the
surrounding DRZthat would esult in anacceptabldevel of risk, as estimated by radiological

dose.

In the disposal system modéietwastedisposal zone contained 400 waste canisters in the lower
2,000 m of the 00 m long borehole.The upper 3000n consisted of a 100 seal nne of
bentonite directly above the waste zone and a -20Q@pper zone extending to the surface
consisting of backfill. Waste canisters were surrounded by bentonite grout and strings of
canisters were separated by bridge plugs and compressed bentaystd-fdw and radionuclide
transport occurred in the waslisposal and seal zones with an effective“lcrosssection that
included the borehole, canisters, grout, seals, and the surrounding DRZ. Twenty FEHM
simulation runs were carried out with different rock and disturbed zone permeability values for
the SNF assembly waste.

Results from a detailed the thealhydrologic model were coupled to the generic deep borehole
disposal system modellThe thermal hydrologic simulations assumed 9 boreholes with borehole
spacing of 200 m.For the sensitivity study, 20 different host rock and effective seal/disturbed
rock zone permeability combinati®mwere investigated.Thermathydrologic simulations were
conducted for three major types of waste, as summarized below.
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Commercial Spent Nuclear FUBLSNR: Flow at the top of the waste disposal zone generally
decreasesitoughout time.Some permeability combinations decrease continuows$iye othess

have a peak around 10 years and then decrease continuously. The only exceptions to these
trends are thoseaseswith a hostrock permeability of 13° m% In each of thes exceptions,
upward flow decreases continuously and turns downward betwee@ and 10,000 years after
which upward flow resumes at a lower velocity and then decreases continuously to 1,000,000
years. Initial upward flow varies between T0Om/yr and 10m/yr and either turns downward or
declines approximately 4 orders of magnitude by 1,000,000 ydaash order of magnitude
decrease in permeability of the intact rock or DRZ results in approximately an order of
magnitude drop in upward velocity.

The tempeature profiles at the top of the disposal zone associated with all of the 20 permeability
combinationsare nearly identical beginning ah ambienttemperatureof 85°C and peaking
about 50°C higher and then declining asymptotically back to ambient hétet #00,000 years.

The similarity in temperature profiles for all permeability combinatimncates that the heat

flow is conduction dominatedThis may be due to the fact that convection occurs mainly around
the narrow borehole and excavated rockezmagion, while conduction could occur in the larger
intact rock. Additionally, temperature and vertical groundwater flaxhe host rocldecreases
rapidly with increasing horizontal distance from the borehole. Vertical groundwater flow rates in
the boehole also decrease rapidly with vertical distance above the waste disposal zone.

High Level Waste Simulations were also méed out forDOE defenseHLW. For ths waste

type simulations were conducted for the base case and upper bounding permeability values only.
Compared to CSNF, upward vertical floatesat the top of the disposal zone for HLW are about

two orders of magnitude lower, arsignificant vertical upwards flowslo not extendoeyond
several hundred year§ his can be attributed to the lower heat output of the HLW, as evidenced
by the lower temperature rise only a few degrees higher than the initial condition, in contrast to
the 50 °C rise for th8NF assembly wate.

ReprocessedVaste Simulations were ats carried out forreprocessed wastR\V). The
groundwatefluxes for the reprocessed waste are slightly higher than those felNEhassembly

waste. The peak temperature is about 90 °C higher than the imitiatlition. As with CSNF and

HLW, the reprocessed waste shows little temperature changes as a result of permeability
changes.

Table 4-2 summarizes the results from thix cases reported, which considetew inventory
cases: CSNF and DOE HLW ahalo dispcsal system cases: a Base Case and a Seal Degraded
Case, and cases with or without the sorptiorodine.
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Table 4-2. Summary of Results from Herrick et al. (2011)

Case lodine Waste Peak Dose Time of Notes
Sorption Type Rate: mrem/yr | Peak: yr
Base No CSNF 10" 1,000,000
Base Yes CSNF No release NA
Base Yes HLW No release NA
Degraded No CSNF 331072 10,000
Degraded Yes CSNF 231073 1,000,000 | *°Cl dominates between 1,000
and 100,000 yrs.
%Tc, and "Se also contribute.
Degraded Yes HLW 33108 1,000,000

Some higHevel conclusions fromHerrick et al. (2011)relevant to the deep borehole
demonstration activities are

1) Heat load is a driver for upward flow of fluids and thermal conduction into surrounding
host rock greatly dominates hegtnsfer mechanisms.

a. High PA metric rating for Science activities: Source Term Modeling, TH
Modeling, Construction of System Model, Waste Canister Mockup Electrical
Heater Test, Temperature Log, Drill Cuttings, Intermittent Coring

2) Upward flow rapidly dimimshes with distance above the disposal zone
a. High PA metic rating for Science activityfH Modeling

3) Seal permeabilites on the order of fom? are sufficient to limit releases arskal
integrity is a dominat driver for releases tthe biosphere

a. High PA metric rating for Science activities: Fluid Samples from Packer Testing,
Seal Integrity Testing, Cement Degradation Testing and EngineAudtigities:
Demonstration of Casing Emplacement, Demonstration of Limeplacement,
Bentonite Seal Emplacement, Cemh Seal Emplacement

4) ' dominates radioactive releases and sorptiort?dfgreatly reduces or eliminates
release

a. High PA metric rating for Science activities: Source Term Modeling, Chemical
Equilibrium Modeling, Fluid Samples from Packer Testing, Raddiide
Characterization, Seal Zone Sorbent Testing

4.3.3 Generic Disposal System Modeling Fiscal Year 2011 Progress Report

A preliminary safety assessment and some supporting system arglsseiim sensitivity
analyses of deep borehole disposal were condumté&tiayton et al. (2011) In these analyses,
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uncertainties in parameters were characterized and propagated through systemsystesub
models using Monte Carlo sampling of the uncertain parameter distributibims. flow rate
histories were obtained dm detailed thermal hydrologimodel results and coupled to the
system model.

A total of six sensitivity analyses were conducted considetimg inventory casesCSNF and
DOE HLW, andthreedisposal system cases,Base Case, a Seal Degraded Case, andla Se
Degraded Case with iodine sorbefiable4-3 summarizes the results of the analysis.

Table 4-3. Summary of Results from Clayton et al. (2011)

Case Waste | Rock | DRZ Max Max Mean Mean I Dose
k (m? | k(m2) | Flux® | Flux® Mass Mass at the
(m3yr) | (m3yr) Flux® Flux®> | biosphere
2 @glyr) | %1 (glyr) | (mremlyr)
Base CSNF [ 1e™ [ 1e™ 5e” 2e” 2e” 8e™ 5e”
Degraded CSNF | 1e™ | 1e™ 6e’’ 2.5e"! 8e” 8e” 7e”
Degraded/ | CSNF | 1e™ | 1e™ 6e’’ 2.5e"! 8e” 2e® le®
| Sorbent
Base Hw | 1e™7 | 1e™ 1e® 0 4e” 1e” 9e”
Degraded Hw | 1e™ | 1e™ | 1.5€° 4e” 1.5¢° 8e™ 1.5¢”
Degraded/ HLW | 1e™ | 1e™ | 1.5€° 4e” 1.5¢" <1e™ <1e™
| Sorbent

! At top of Disposal zone
% At top of Seal zone

Base Cases:

CSNE Upward advective water flow ratemre very small, and diffusion is the dominant
mechanism to transport dissolved radionuclides in the disposal and seal Z3Heis the
dominant dose contributor, but the calculated radionuclide mean doses are negligibly small.

DOE HLW: The flow rate rstories are different from those for the commer&idF inventory

for the samevalues of permeabilitypecause of the different decay heat output characteristics
between the two waste typeBor the disposal zone, no upward water flows extistwvhereafter

about 20,000 years, and upward water flows stop at about 300 years near the upper portion of the
zone (at depths of 3,000 and 3,100 m). In the seal zone no upward flows exist after about 2,000
years. The lack of upward water flovmas significant impact on the radionuclide transport,
implying that slow diffusion processes will be the dominant transport mechanism to move
dissolved radionuclides toward theospherelocated at the surface!?¥ is the only dose
contributing radionuclide, and the cdlated mean doses are negligibly small.

Seal Degraded Cases:

CSNE Sensitivity analyses were conducted to evaluate an assumed condition with a much
higher permeability for the system components than the base case permeadkilgyhigh
permeability case pgesents a conservative condition, for which the system components (e.g.,
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host rock, disturbed rock zone, seals, etc.) have grossly failed, resulting in a much higher
permeability than the expected design permeability values.

Water flowsupwardat considerably higher rates than the base permeability case for both zones
over the entire simulation timeAt the top of the disposal zone the mean advective release rates
are much higher than the mean diffusive release rates for the entire simutagonQther
radionuclides such &'Np, **’Pd and™Nb have higher mean release rates tf8n *'Np and

135Cs are two dominant radionuclides in terms of the diffusive release rate.

At the top of the seal zorté” has the highest mean release ratbdt diffusion and advection,
and the mean advective release rate is much higher than the mean diffusive rele&w®atg.
radionuclides are effectively retarded during transport in the seal Z0ompared to the base
permeability case, many otherdianuclides (notably’*Tc, *°Cl, "°Se, etc.) are released at
considerably high rates.

The mean dosi the biospherds dominated by, with contributions fron?*Tc and*°Cl.

DOE HLW: The upward flow rates are generally lower than the commeiglinventory case
because of the lower heat loadinSome sections of the disposal zone (at depths between 3,500
and 3,300 m) haveo upward flow after about 5,000 to 12,000 yeaks. in the commercigbNF
inventory case, advection dominants transport.

At the top of the disposal zon& dominates release prior $,000 yearsafter which the

release fronf°Se,**Cs are comparable afftNb is an additional important contributor. At the

top of the seal zon&% and*Tc are the only radionuclides thare releasednainly because of

sorption on the bentonite seal materidl.is interesting to note that tHé% peak mean mass

release rate is higher than that of the commef@\# inventory case.This is a result of the

higher degradation rate ofetborosilicate glass wasterm the DOE HLW, whictreleases?)

from the waste form at a faster raf@oth waste types have a comparaBfeinventory. The'*9

mean mass release rate reaches a peak at about 12,000 years and then decreases by about two
orders of magnitude before it levels off.

The magnitude of th&% peak mean dose is higher than that of the commesbi&l inventory
case, reaching about 2 mrem/yr at 12,000 years.

Degraded Seal Case with lodine Sorbent:

All analyses to date show th&¥9 is the dominant dose contributor for releases from a deep
boreholedisposal systemThis is an expected outcome considering the key characteristics of
relevant to geologic disposal of radioactive waste: unlimited solubility, no sorptionyoweak
sorption on typical geologic material, and extremely long-falflabout 17 million years)One
approach to mitigate the potential releasé?dfis to load the seal materials with an effective
sorbent for iodine.

Sensitivity analyses were coradad to evaluate potential impacts of iodine sorbent (gettergin th
seal zone on thgeneric disposal systeperformance. The sensitive analyses were performed
for the degraded seal case.

CSNE The mean mass release rates at the top of the seal zone are no longer domitidted by
%Tc and*Cl have higher mean mass release rates thn The peak mean dose the
biosphereis dominatedmostly by®*Tc and®Cl. The total peak mean doserediuced by about
two orders of magnitude from the cagleere there is no sorption afdine.
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DOE HLW: The'® mean release rate from the seal zone is completely suppré§aei the

only radionuclide that is released at a noticeable mean rate, trelsggle dose contributor at

the hypothetical AE.The total peak mean dose is reduced by about six orders of magnitude from
the nonsorption case.

Condusionslearnedfrom the Clayton et al(2011) analyses relevant to prioritization of deep
borehole denonstration activities are

1) Diffusion dominates transports in the base case while advection desnimhen seals
performance degrades

a. High PA metric rating for Science activities: Drill Cuttings, Intermittent Coring

2) Proper emplacement of seal componamis their long term behavior are importanerev
under failed seal conditionpptential dosgare well below current regulatory standards

a. High PA metric rating for Science activities: Fluid Samples from Packer Testing,
Seal Integrity Testing, Cement Dedadion Testing and Engineerirctivities:
Demonstration of Casingmplacement, Demonstration of LinEmplacement,
Bentonite Seal Emplacement, Cement Seal Emplacement

3) The use of iodine sorbent in the seal zone is quite effeatirexducing dose.

a. High PA metric rating for Science activities: Source Term Modeling, Chemical
Equilibrium Modeling, Fluid Samples from Packer Testing, Radionuclide
Characterization, Seal Zone Sorbent Testing

4) Eliminating or reducing causes$ upward flow is important in the event seal failure

a. High PA metric rating for Science activities: Fluid Samples from Packer Testing,
Seal Integrity Testing, Cement Degradation Testing and EngineRudtigities:
Demonstration of Casingmplacement, Demonstration of LinEmplacement,
Bentonte Seal Emplacement, Cement Seal Emplacement, Source Term
Modeling, THModeling, Construction of System Model, Waste Canister Mockup
Electrical Heater Test, Temperature Log, Drill Cuttings, Intermittent Coring.

4.3.4  Generic Deep Geologic Disposal Safety Case (Freeze et al. 2013)

A preliminary safety assessment and some supporting system arglsseiim sensitivity
analyses of deep borehole disposal were conductBceireet al.(2013). In these analyses, a
set odf ffeiods earibussimulations were performed wheralividual parameteralues
were vared while holding all other parametexsbaseline values.

The effect of wasteofm degradation rates, sorptiofi** in the waste disposal region, sorption
of % in the seal zone, dnmolecular diffusion were evaluate@able4-4 presents the 13 cases
that were evaluatedlable4-5 preents a summary of the results.
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Table 4-4. Cases Evaluated in Freeze et al. (2013).
Parameter Baseline Variant 1 Variant 2 Variant 3
Waste Form 23 10" Syr' ! 2310 "yr' Y(Slow) 0.1yr' Y(Fast) NA
Degradation o
50% in 35,000 yrs | 50%in 4,8myrs | 100%in 250 yrs.
95% in 150,000 yrs 76% in 10.0m yrs
99.9% in 350,000 99.9% in 350,000
yrs yrs
Sorption Kq=0.00ml-g" " Kq=0.01mlg"* Kg=0.10mlg' ' | Kgy=1.0mlg"'*
Disposal Zone Higher Higher Highest
Sorption Seal Kq=0.00ml-g"* Kq=0.01mlg"* Kg=0.10mlg' ' | Kg=1.0mlg"*
Zone Higher Higher Highest
Molecular De=2.30310' ° De=1.15310' © NA NA
Diffusion m2s' ! m2s' !
Higher
Table 4-5. Results of Analyses in Freeze et al (2013).
Modeling Case Parameter Change from Base Dose Rate’
(mrem/yr)
Waste Form Degradation Rate (yr' )
Degradation Rate
Base 2310 5 7e”
Variant 1 1310' 7 1e®
Variant 2 0.1 4e>
Disposal Zone Sorption Linear retardation coefficient,
Ka (mlg' )
Base 0.00 7e’
Variant 1 0.01 3e”’
Variant 2 0.1 7e®
Variant 3 1.0 8e”
Seal Zone Sorption Linear retardation coefficient,
Ka (ml-g' )
Base 0.00 7e’
Variant 1 0.01 2e™
Variant 2 0.1 <1e™
Variant 3 1.0 <<le™
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Molecular Diffusion Diffusion coefficient, Dem”s' )
Base 2.30310" ° 7e”
Variant 1 1.15310' ® 7e”

' At 1,000,000 yr. Dose has not peaked by 10,000,000 years in all cases.

Waste Form Degradation

The relative contributions of advectiaad diffusive transport vary with time and distance up the
borehole (flow rates decrease with time and with distance up the borehimie)he fast
degradation rate case, 23% of the initid@ mass reaches the seal zone by 100,000 years,
whereas in thdaseline case, only 11% of the initial mass reaches the seal zone by 100,000
years, and 22% of the mass is stdhtained in thendegradedvaste form

Despite the greater early transport'6f mass away from the repository in the fast degradation
ratecase, the effect on annual dose is only moderghés is because diffusion in the upper part
of the seal zone attenuates the rele&s®.the slow fractional degradation rate a smaller fraction
of the released mass is available for transport during Baré when advective transport is more
predominant.As a result, the annual dose is lower than for the baseline case.

Sorption in Disposahnd SeaFones:

Sorption in theseal zone is more important to overall system performance than in the disposal
zone For sorption in the disposal zone (variant 3 cab®)peak dose shifts to kat time by a

factor of 2 and the dose at 1,000,000 years decreases about 2 orders of magnitude compared to
the base casef-or sorption in the seal zone (variant tBBe doseate curve shiftso a later time

by a factor ofabout 70and the dose rate at 1,000,000 years drops 0’ to <

13 10 *mreml/yr.

Molecular Diffusion

Diffusion dominates advectiomt all times in most of the seal zone, whichthe lowest
permeabilitycomponent in the deep borehole disposal systdime time of peak dose varies
approximately linearly with the value of the diffusion coefficieMariant 1thus shifts theeak
doseby a factor of 5. The dose rate at 1,000,000 years is reduabout 4 orders of magnitude
compared to the base case, fromi@3to & 10’

The following observations from thiereezeet d. (2013 analyses can be made regarding the
performance of a generic deep borehole disposal system:

1) Waste form degradation impacts dose rate to a receptor lmoghere

a. High PA metric rating for Science activities: Source Term Modeling, Fluid
Samples from Packer Testing, Waste Form Degradation Testing

2) Processes and parameters affecting radionuclide transport through the seal zone can have
a significant effect on annual dos&hese include sorptiofKy), seal zone integrity, and
molecular diffusivity.

a. High PA metric rating for Science activities: Sourterm Modeling, Chemical
Equilibrium Modeling, Fluid Samples from Packer Testing, Radionuclide



Deep Borehole Disposal Research
October 25, 2013 81

Characterization, Seal Zone Sorbent Testing, Seal Integrity Testing, Cement
Degradation Testing and Engineerinfctivities: Demonstration of Casing
Emplacement, Demonstration of Liner Emplacement, Bentonite Seal
Emplacement, Cement Seal Emplacement, Drill Cuttings, Intermittent Coring

3) Diffusion dominates the transppralthough if seals degragdadvection can become
important. Advective flow is influenced by theral considerations.

a. High PA metric rating for Science activities: Source Term Modeling, TH
Modeling, Construction of System Model, Waste Canister Mockup Electrical
Heater Test, Temperature Log, Drill Cuttings, Intermittent Coring

4.3.5 Updated Performance Assessment Model

Revisions were made to tldeep borehole dispossistem model and to the therrtafdrologic
model, which provides the thermally modified flow fields. Details of the updated thermal
hydrologic modeling are presented in section 4.2.1; whdeszriptionof updatedDBD system
modeling is presented iBection 4.4. A summary of the updated modeling is presented in this
section. Results of theupdatedthermal hydrologic modeling relevant to the DBafety case
and the Al mpor tsaienceeand emgmeaenragtivity pribritizatiore reinforce the
importance of formation and disturbed rock zone permeabilitesver permeabilites result in
significantly lower vertical flow rate Sensitivities to several factors were analyzed, including
the depthpermeability relationships shown in Tablké4

Table 4-6. Permeability Variation with Depth Comparisons.

Permeability Logio Logip Logip
Relationship Permeability at Permeability at Permeability at
2000m 3000m 5000m
Manning and
Ingebritsen (1999) -14.96 -15.53 -16.24

Ingebritsen and
Manning (2010) -15.82 -16.06 -16.36

The updatedBD system modeutilizes the flow fields fromthe thermal hydrology calculations

of Section 4.2.1.Flow rates from the thermdlydrologic modeling are for the central borehole

in an array of 81 boreholes, resulting in higher upward flow rates for much longer periods of
time (see Figure %) than in previousmodeling which only considered a maximum 6f
boreholes Additional realism compared to previol@BD system models was also added by
accounting for the lateral diffusion of radionuclides into the surrounding host Tdu&.permits
diffusive migration of radionuclides both vertically within thean feld as well as horizontally
toward the far field.

Importance of Lateral Diffusion

While the sensitivity analysisto parameters thainfluence lateral diffusion snot been
conducted, the results frorSection 4.4 support the importance of lateralfudiion to the
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performance of deep borehole disposal. In the presence of lateral diffusion radionuclides
become more dispersed and their concentrations are attenuated because of access to large
volumes of host rock, which surround the borehole and wheng radionuclide specidsecome
sorbed. In the disposal zone the lateral diffusive flux of radionuclides exceeds vertical advective
flux in the borehole In the seal zone and upper zones the lateral diffusive flux is the same order
of magnitude as theirertical advective flux.Up to 100,000 yeamnean total release at the top

of the disposal zone is dominated by advection in the borehole yemjien which vertical
diffusion in the surrounding host dominatds. the seal zone vertical diffusion in thest rock
dominates vertical borehole advection for all timeshould be noted that advection in the host
rock is not currently considered in these or earlier simulatiorise relatively strong vertical
diffusion is a result of a relatively large vedl radionuclide concentration gradient that is
established in the host rack

Updated Sensitivity Analyses

In Section 4.4 disposal system modeling results of sensitivities to 8~ waste érm
degradation rate, vertical advective flux in the borelaoté, to permeabilities are presented.

Sensitivity tdBNF Degradation Rate

In the analysis described iBection 4.4.2 the degradation rate of teNF waste form is
increased by a factor of 100his results in an increase in the peak mean mass flue &phof

the disposal zone fro®? 10 g/yr to 6 10 3 g/yr ( a factor of 30) and at the top of the seal zone
from 2 10 '3 g/yr to 210 ™ g/yr ( a factor of 100).

Sensitivity to Borehole Flux

The vertical flux in the borehole was increased by a factolOdadctoss all time and locations.

This could be a surrogate for the consequences of a poorly placed seal system (poor contact
between seal components and borehole wall) or deterioration of seal material or TORZ.

order of magnitude increase in vertidalx up the borehole results in a modest increase in
release at the top of the disposal zone f&m0 * g/yr to 210 “g/yr (a factor of 2.5). The

increase in release midway in the seal zone is frdf08 g/yr to 310 ’ g/yr; a factor of 17)

while theincrease at the top of the seal zone is frém08 g/yr to 210 **g/yr (a factor of
40,000), although the magnitude is quite syratjardless

Past simulations that did not include lateral diffusion also examined the sensitivity to vertical
flux throughlarge changes in seal permeabilityVhile direct comparisons between previous
analyses and the analysisSgfction 4.4 ardimited because of differensén many of the process
representationgand implementationssuch comparisons are suggestive of tkeegtion that
accounting for lateral diffusion reduces the sensitivibiesiass flux and dose to other processes
For example, in Clayton et af2011 a degraded seal zone permeability case resulted in an
increase in the maximum vertical flux at the tipthe disposal zone from 0.8 to 20 m/yr (a
factor of 25) and at the top of the seal zone front &00.2 m/yr (a factor of 200)This resulted

in corresponding increase in mean mass flu*df(the dominant radionuclide released) from
2310 glyr to 3310 2 g/yr (a factor of 150) at the top of the disposal zone and frotd Bg/yr

to 8103 glyr ( a factor of 10 at the top of the seal zonén Herrick et al.(2011), the same
changes in maximum vertical borehole flux translated to an increase in the dose rate to the
biospherefrom 13 10 * g/yr to & 10 2 g/yr (a factor of 1&). The magnitude of these changes,
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which do not include the effect of lateral diffusionmsich greater than in the updated disposal
system model, described in Section 4.4.

Sensitivity to Permeability

The values of permeability at various depths for the base case (Manning and Ingebritsen, 1999)
and the alternate case (Ingebritsen and MannidgQRare shown in Table@). Comparison of

these caseshow very limited differences in mean total mass flux at the top of the disposal zone
and seal zone, resgtively. This is because ttie differences in permeability (see Tabié)4

and because ohe lateral diffusion, which attenuates vertical release reduces the importance of
uncertainty in other processes.

Conclusions

Some higHevel conclusions from the updated thermal hydrologyRB® system modeling
relevant to the pridtization of scienceand engineeringctivities are:

1. Science and engineerimgtivities that support the determination of diffusive properties
in the host rock are very important and ranked high.

2. Science and engineerimgtivities,thathelp quantify the magnitude of vertidadw up
the borehole are very important and ranked high.

3. Science and engineeriagtivities that support the determinationSiF degradation are
somewhat important and ranked moderate.

4. Because of the limited differencestive host rocland DRZ permealities used in this
analysis it is difficult to drawmanyconclusios with respect to the importance of these
parameters on deep borehole disposal performdbasdier analyses indicadgéhese
parameters are very importamidditional sensitivity analsesthat includdateral
diffusion are required to examine whether accounting for lateral diffusion reduces the
overall sensitivity ohost rockand DRZ permeability to dispossystemperformance.

4.3.6 Demonstration of Deep Borehole Disposal Post-Closure Safety

The analyses conducted to date not only identify deep borehole disposal system sensitivities but
also demonstrate disposal safetyth the caveat that the assessments conducted to date are
preliminary, simplified and require additionpédigree. Table 4-7 presentshe baseline dose

rates from the assessments.

Table 4-7. Summary of Performance Assessment Results.

Assessment Peak Dose Time of Peak Dominate Note
Rate (yr) Radionuclides
(mrem/yr)
Brady et al (2009) 1.4e- 10 8,200 21, only Assumed 8,000

travel time to the
biosphere, instant
release, no sorption
in natural system

Herrick et al. (2011) <le-14 1,000,000 291, only
Clayton et al. (2011) 5e-9 1,000,000 ] and 36ClI, only
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Freeze et al. (2013) Te-7 1,000,000 Only ccl>2r;sidered
I
This report, Section 0. N/A NA
4.4

The resultof all preliminary system analyses confirm that the deep borelspesal systers
very effective in containing and confining nuclear wastes, with predicted peak dose rates
betweerzeroto 7 10 ' mrem/yr under undisturbed conditions.

4.4 Updated Performance Assessment Model

The PA model for the deep borehole disposal concept has improved over thiewpgstars
(Brady et al. 1999; Wang and Lee 2010; Clayton et al. 2011; Lee 201dl; Swift et al2011

and 2012; Vaughn et .a2012; Lee et al 2012). These pevious PA analyses assumed all
mobilized radionuclides remain within the borehole along the length of borehole (5 km), which
is an overly conservative approach that does not reflect radidauciinsport into and within the
large volume of surrounding bedrock.

The updated PA model has implemented lateral diffusiogadibnuclidesrom the borehole into
surrounding bedrock along the entire length of the borehole and also diffusional trangport
the bedrock. This better represents rddionuclidetransport processes that are expected in the
deep borehole repository environment.

4.4.1 Performance Assessment Model Setup

This section describes the model setup for the updated PA model for thecbDii2pt.
Figure4-8 shows a schematic for the conceptual model of the DBD PA model. 5Q0@m
deepborehole is divided into three zones: the bottom 2,000 m for waste disposal (referred to as

the Adi sposal zoneo) , t he entonité clag (refeed toms tree al e d
Aseal zoneo) , and the top 2,000 m plugged a
(referred to as the Aupper zoneo) . Foor si mpl

0.564 m radius)representing theorehole, its contest and thesurrounding DRZis assumed

for the entire length of boreholelt is conservatively assumed that waste canisters fail at the
beginning of the simulation, which is consistent with the reference design (Arnold et al. 2011a)
based orcarbon steel canisters with little resistance to corrosion.

The PA model assumes the bedrackroundingthe borehole is granite for the entire length of
all three borehole zones (i.a@lisposal, seal and upper zohednput parameter datr the
granite bedrockdensity, porosity andadionuclidesorption) were obtained from the granite
generic disposal systeamalysisof Clayton et al(2011).
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Figure 4-8. A Schematic illustrating the conceptual model for performance assessment of deep borehole
disposal (not to scale).

Figure 49 shows a schematic illustrating the PA model setup for amiG@ction of deep
borehole. A total of 6 concentric cylindrical shells are used to represshonuclidediffusive
transport into and in the surrading bedrock, with theénner cylindrical shell representinghe
borehole (R1=0.564 m radius) and the second shell (R2=1.0 m radiu&486 m thick layer)

for theDRZ. The borehole diametgl.128 m) and its crossectional area (1 fhimplemented

in the PA model is larger than the actual diameter of the disposal zone, and the borehele cross
section represents the borehole and surrounding disturbed rock zone, combined (Arnold and
Hadgu 2013). The rest (remaining 4 cylindrical shells) are for granite dadrdayers with
increasing thickness in the radial direction: R3= 3 mnm(2nnularthicknes$, R4= 9 m (6 m
annular thicknes3, R5= 34 m (25 mannular thicknes3, and R6 = 100 m (66 nannular
thicknes3. The radius of the last shell corresponds to thepuoidt between two neighboring
boreholes. Table 48 summarizesthe cylindrical shell regions and related geometry and
properties that have been implemented in the PA model.
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100 m

Diffusive Transport  {Z=pAdvective Transport

Figure 4-9. A schematic illustrating the PA model setup for a 100-m section of deep borehole (hot to
scale).

Table 4-8. Properties of cylindrical shell regions implemented in the PA model for deep borehole

disposal.
Shell
Shell
Shell - . ; Layer .
Region Description Medium Radius Thickness Porosity
(m)
(m)

Compacted clay and WP

DisB%rse:lozline & WF degradation 0.034
p products 0.564 0.564
R1 Borehole Compacted bentonite clay | (whole (whole 0.034
Seal zone . .
cylinder) cylinder)

Borehole Sedimentary rock backfill

0.01
Upper zone and seals
R2 Disturbed rock Granite 1.0 0.436 | 0.0L7 0.05
zone

R3 Bedrock Granite 3.0 2.0 0.01
R4 Bedrock Granite 9.0 6.0 0.01
R5 Bedrock Granite 34.0 25.0 0.01
R6 Bedrock Granite 100.0 66.0 0.01
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4.4.2 Performance Assessment Analysis Results

This section discusses tbpdatedPA analysis result® evaluate th®©BD concept. The current

PA analysis was conducted fdisposal of commerci@NF in the central borehole @in array of

81 boreholeslescribed in the sitecale thermahydrologicmodel analysis (Section 4.2.1The

PA analysis resultsra presented in terms @i) the mean RN masBux from the disposal
subsystems (i.e., disposal zone, seal zone and upper abribg central boreholas the
intermediate metrics of the system performance @)dhe mean annual dose (mrem/yoy

individual radionuclide a t a fAhypot het i c adisgosabsystes phe enodel a b o v
analysis was performed probabilistically, with 100 realizatiooger a time period of
1,000,000yr.

The PA model assumeshypothetical biosphere at the groundwater pumping location above the
repository, andusest he | nternational At omi ¢ Emampey Agen
Reference Biosphere 1B (ERB 1RJose model (IAEA 2003) to convert the dissolved
radionuclide concerdtions in the groundwater to an estimate of annual dose to a rec&ptor

model assumes thatadionuclids are contained in groundwater extracted at a rate of

1x10' m*/year from the aquifer overlyinghe disposal systenand a receptorin the affected

bi osphere community consumes t higearfIBEARG0Z.mi nat e

44.2.1 Reference Case Analysis

The reference case uses the vertical groundwater flux in the boestsitg from the thermal
hydrologic modekesults forbasecasephysical propertiegSection 4.2.1Figures 42 and 43).

The waterflux in the central borehole of an &ibrehole array at varying depths as a function of
time are shown in Figure-#0 to Figure 412 for the disposal zone, seal zone, and ugpae
respectively. The missing water flux values for the seal and upper zones at early time periods are
due to the negative water flux (i.e., downward water flux). (Note the water flux is orsadtsg

and negative values are not shown.) The vertiaker flux timehistories (both upward and
downward fluxes) in Figures-#0 to 412 were input to the PA model and the water flux values

at 10 years are used for the time period from y€ar to 18 years.
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Figure 4-10. Vertical groundwater flux at varying depths in the disposal zone of the central borehole of an
81-borehole array for disposal of commercial SNF calculated with the base case permeability in the
borehole and surrounding bedrock.

Figure 4-11. Vertical groundwater flux at varying depths in the seal zone of the central borehole of an 81-
borehole array for disposal of commercial SNF calculated with the base case permeability in the borehole
and surrounding bedrock.
































































































































































































