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Introduction

On March 15, 2010 Sandia National Laboratories and the Massachusetts
Institute of Technology (MIT) brought together roughly two dozen experts in
the field of radioactive waste disposal to identify research needs for deep
borehole disposal of nuclear waste. After a series of presentations by the
conveners, Bill Murphy and Dave Diodato of the Nuclear Waste Technical
Review Board (NWTRB), Fergus Gibb (U. Sheffield), Bill Halsey (Lawrence
Livermore National Laboratory [LLNL]), and Johan Swahn (Swedish Office for
Nuclear Waste Review [MKG]), the attendees discussed research gaps and
licensing and regulatory issues. The list of attendees, agenda, and presentations
can be found below. A meeting summary follows.

Discussion

High priority issues that were discussed fall into 4 categories — Drilling,
Retrievability, Site Characterization, and Licensing. Discussion summaries for
each category follow

Drilling Special attention must be paid to drilling damage and the disturbed
zone close to the borehole, and to the design of high integrity plugs, if the
desired high assurance of sequestration is to be achieved. Plug/hole interfacing
will be particularly important. A “welded-rock” zone for part of the plug may be
a promising approach. The steel wall liner in the zone above the waste should
be removed before sealing. Wider boreholes become expensive rapidly.
Estimated drilling outlays are very approximate because of fluid material costs,
and the lack of extensive experience in the 30-50 cm diameter range.

Damage to spent fuel on the trip down should be prevented at all cost.

Retrievability Retrievability should be maintained through successful downhole
insertion and up to the time the the borehole is sealed. A slotted emplacement
zone hole liner should be considered to facilitate grouting the liner to the hole
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wall and to the canisters. This will also provide support against crushing of
bottom-most canisters and permit use of the simplest configuration: filling a
single-branch vertical hole in stages, allowing the grout (cement) to dry before
inserting the next upper set of canisters.

Site Characterization Site and host rock and hydrology characterization before,
during and post-drilling and loading operations is essential. Homogeneity and
universality of features such as permeability, absence of geopressured zones
and major faulting, will require explicit attention. The use of natural analogues
and evidence such as U-Pb evidence of mobility can make major contributions.
Core samples will be useful sources of data. There is a priority need for drilling
both small and full-diameter boreholes for acquisition of key scientific
information and also for demonstration of key engineering and procedural
features.

Licensing The deep borehole approach could be difficult to license under
regulations currently in effect in the US, which were written specifically for
mined repositories.

Equally important were a number of engineering design and performance
assessment principles recommended to guide future efforts:

a) Itisimportant to separate out and relegate aspects to the “it does not
matter category” and distinguish between “want to know” vs. “need to
prove.”

b) Itis important to focus on and demonstrate generic applicability and not
narrow the siting search to a unique best-of-all sites.

c) Should significant quantities of radionuclides escape from the crystalline
basement rock into high-permeability sedimentary overburden it should
be conceded that one has lost the case for confinement assurance.

d) The focus should be on the natural barriers, and not the harder to prove
“artificial” barriers. Abnormal engineering enhancements will overly
complicate the performance assurance effort. Simplicity is key.

e) Retrievability should not be allowed to compromise safety.

f) Avoid requiring full-scope re-affirmation on production holes.

g) Expect surprises and a consequential evolution of requirements and
features.

General research goals include:

I.  Define a detailed reference base-case concept with as few variations as
practicable but including: extent of casing, total depth, maximum
diameter, lithology (with sedimentary cover or not), plugging/seals
design, and perhaps minimum downhole standards;

Il.  Propose capabilities for pilot/prototypical holes to identify what is to be
achieved and by when;



lll. ldentify what is needed for a compatible regulatory structure.

Table 1. Workshop Attendees

Bill Arnold Sandia Bill Murphy NWTRB
Doug Blankenship Sandia Thomas Nicholson NRC

Pat Brady Sandia Leonid Neymark USGS
Dave Diodato NWTRB Mark Nutt ANL
Mike Driscoll MIT Andrew Orrell Sandia
Michael Fehler MIT Tom Peake EPA
Fergus Gibb U. Sheffield Christine Pineda NRC

Jim George DOE Dan Schultheis EPA

Jack Guttman NRC Andrew Sowder EPRI

Bill Halsey LLNL John Stuckless USGS (retired)
Kris Jensen MIT Johan Swahn MKG, Sweden
Richard Lester MIT Peter Swift Sandia
Allison Macfarlane George Mason Univ. John Ullo Schlumberger
Christopher Markley NRC Roald Wigeland INEL

DOE = Department of Energy; EPA = Environmental Protection Agency; EPRI = Electric Power
Research Institute; INEL = Idaho National Engineering Laboratory; NRC = Nuclear Regulatory
Commission; USGS = United States Geological Survey. Note: NRC and EPA attendees were
present at the meeting as observers

Workshop Agenda

When: March 15, 2010

Where: The Mayflower® Renaissance Washington, DC Hotel, 1127 Connecticut Avenue NW,
Washington, DC, 20036-4301, (202) 347-3000.

Goals:

1. To develop and document a consensus on needed research for borehole disposal of
nuclear waste.

2. Tointroduce the concept of borehole disposal to a broader range of interested
observers, practitioners, and policy-makers in the nuclear waste field.

3. To engage knowledgeable people from outside the nuclear waste community with
relevant technical expertise in developing insights into research needs for borehole
disposal.

Schedule:

8.00-9.00 A.M. Overview, workshop goals (5 minute welcome: Andrew Orrell; 20 minute
Engineering Overview Mike Driscoll; 20 minute Performance Overview — Peter
Swift; 10 minute Workshop Plan - Pat Brady)

9.00-10.30 A.M. Panel 1: Criteria for siting and performance assessment (Lead: Bill Arnold; Kris
Jensen)

10.30-12.00 p.M. Panel 2: Downhole engineering and design issues (Lead: Mike Driscoll; Doug
Blankenship)

12.00-1.00 p.M. LUNCH

1.00-2.30 p.m. Panel 3: Regulatory and licensing issues (Lead: Peter Swift; Richard Lester)

2.30-3.30 p.M. General discussion; prioritization of research needs (Leads: Richard Lester; Pat
Brady)

3.30 .M. ADJOURN
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Goals for a Deep Borehole Disposal

Workshop - Background
» Main conclusions from a recent SHL analysis of
Peier fwitt deep borehole disposal
Bancla National Labcratorles - What we're looking for today
SHL-MIT Workehop on Deep Borshols Dicpocal - la deap borshole dizposal a viable concept?
March 18, 2018 — What are the research neads that will allow It to be
Washington DG

Tully evaluated?
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' US Support for Research
on Deep Borehole Disposal
« Historically, US evaluation of deep borshioles bagan In
1350z, axtansive work In 13702, agaln In 13508

— Early work established the baslcs of the concept:
contaxt has changed. but sclenca remains sound

« Cuament US scivity
— MIT: ongoing work lsd by Mika Driscol
— Sandia: Lab-tirectsd RAD beginning in 2003

- DOE OfMcs of Huclsar Energy recpens Federal
conslderation of the concapl of desp borehole dispoaal
In 2003
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;,’ Additional Observations from the

Preliminary Sandia Analysis

» Further work is needed to test preliminary
observations about long-term performance
- Scenarios with other release pathways

- Thermal-hydrologlc-chemical-mechanical behavior
of the borehole and surmounding rock should be
modeled mors accurately

- Seal deslgn nesds further basls

- Englingerad materials that ssquester loding could
Increase confidencs In Near-zero releasss

- Performance asssasment analyees should addrass

X

» From the workshop agenda

- To develop and document & congsnsus on nesded
research for borehols dispesal of nuclear wasts

- To Introducs the concept of borehols disposal fo a
broader range of Interested obasrvers,
praciitioners, and pollcy-makers in the nuclear
waste Nleld

- T engage knowledgeabla peopls from outsids the
nuclear wasta community with relevant technical
axpartizs In developing Ineights Into ressarch
naeds for borehols disposal

- R

Gaoals for the Workshop

-
' Hew Observations from the
Preliminary SHL Analysis
= All uzed Tusl from the sxlaling US LWR reactors could be
emplacad In approximataly 1000 desp boraholes
— SAMD2003-4401 sstimatas that 109,300 MTHM of UNF
and HLW could be disposed of In ~350 borehobas
» Total costs are compsetitve with mined repositonss
— SAND2003-4401 sstimates a very rough total program
cost fior the LS of $718

» Long-term performance ls llkely bo be sxcallant
— SAND2003-4401 sstimates peak doas from a

di=posal borehole 400 PWR asasmbliss to be
10- mremiyT {102 mSwiyr), wall below LS and
Intemational standards:

. R

-
' Additional Observations from the
p Preliminary Sandia Analysis (cont.)
» Detailed cost analysis would be beneficial
» Consideration of changes in legal and regulatory
requirements will be needed
» Detailed analyses of engineering systems and
operational practices for emplacement are
needed

= A full-scale pilot project should be undertaken



Mike Driscoll — MIT

A Case for Disposal of Nuclear Waste
in Deep Boreholes

Michael 1. Driscoll
Massachusetts Institute of Technology
March, 2010
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Favorable Aspects of Deep Boreholes

= Reducing chemistry: guarantees low solubility
= Extremely low rock permeability and water
content,/ mobility
= Not heat load limited
= Inherently modular: Drill as needed, pay as you go
» Widespread applicability — can share international RDED
experience
Simpler [but not trivial) to analyze: easier to understand
case for safety assurance
= May be possible to separately license borehole technology
and siting — analogous to process for standardized reactors

= Synergism with engineerad geothermal systems (EGS)
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Conceptual Model for Very Deep Borehole Dizpozal
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Mew Technical Factors Favoring Re-evaluation of
Deep Boreholes
* Improved cil/gas/geothermal drilling technology

especially for enhanced geothermal systems:
same rock, same depth

* Successful Swedish & Finnish repository siting —
same type of rock but in shallower [~500 m)
mined repositeries. Deep boreholes are slimmer,
deeper (3 — 4 km) versions. Rock properties
improve with depth [e.g., lower permeability)

* Improved host rock characterization methods:
Again oil & gas developments. Both wide-field &
downhole, e_g. seismic imaging, well logging

e e e

Disadvantages of Deep Boreholes

Harder to retrieve waste after final repository
closure {but not impossible) (Advantageous
for some waste classes)

Cannot use for disposal of large intact
contaminated components (not a pertinent
goal?)

Somewhat larger diameter than most other
applications (i.e., 0.5 vs. 0.25 m}; but can use
smaller diameter for consolidated fuel or
reprocessing waste forms

e e
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Location of Surface Exposures of Crystalline

worth mentioning is a passible factor inhibiting research in Basement Rocks in the US
this area — the prohibition in the US Nuclear Waste Policy
act of 1982, as amended in 1987, of the evaluation of
disposal into granite; to quote Sec. 161:

{c) TERMINATION OF GRANITE RESEARCH. — Mot later
than & months after the date of the enactment of the
Muclear Waste Policy Amendments Act of 1987, the
Secretary shall phasa out in an orderly manner funding
for all research programs in existence on such date of
enactment designated to evaluate the suitability of
crystalline rock as a potential repasitory host medium.
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Bill Arnold — Sandia
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Deep Borehole Disposal -
Performance Assessment and

Criteria for Site Selection

BIN'W Arnold, Peter N. Swit, and
Patrick V. Brady

SHL-MIT Workshop on Deep Borshols Disposal

Wazhington, DC
March 15, 2010
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Deep Borehole Disposal Concept

= vartical borshole drilled info ="
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e Iower 2 lom of Dorshole
approxmatsly 45 cm diametsr
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Dwitline

= Deep borehole disposal concept

= Potential viability and safety of the concept

= Preliminary performance assessment [PA) analyses
* Research on unresolved technical issues

- Potential criteria for site selection

Preliminary Perfformance Assessment

+ Defing parfomnance metric

» Ideniify relevant faaturas, ewents, and procsases (FEPs)
» Develop release acenario

» Defing concaptual design and radionucilds Inventory

» Develop concapiual and numercal models

':gpummnmpm

+ Compars P4 analytical results to assumed performancs metrc

valusg ussd {probabilistic snalysss
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» Thermnal conduction modal
usad to slmulats temperatures T
+ Resuits Indicats 3 maximum -

-5 caink
Ignificant temipsraturs

+ Results show a f

p Preliminary Performance Assessment:

Performance Metric

» Performance metrics ane typlcally defined by regulations

= Given e lack of governing reguiations for deop borshols
disposal, e performancs metric was assumed fo ba a risk-
based doss standard

» Thee prediminary P4 analysls was designed to estimeats doss

to a ragsonably maximeally sxpossd Indhvidusl, aimilar in
concapt to the Yucea Mountaln standard

, R

p‘ Preliminary Performance Assessment:

Release Scenario Selection

» & singls ralaase scanario that Incorporatas many of the
mizst [ikely Included FEPs wasa constructed for use In the
P

= This seenanio Includss thes fellowing:
- abilty In Ene
- Thermally driven upward groundwader flow

- Discoluticn of radionuolidec from the wachs form and brancport
In the groul

- Asisacs of radlcnunlises Into tha challowsr frach groundwatsr
Im

Do andor beoae b

— Pumpirg of the contaminaded groundwater and relescs to a
recapdor population
: RE

p Preliminary Performance Assessment:

Conceptual and Numerical Models

Wmlmmm
at the borshola wall

Incraases do not
beyond 100 to 200 years

Increase of about 125 =C for L &
dizpoeal of wirified wasats from J o s
reprocassing
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Preliminary Performance Assessment:

FEPs Analysis

» The list of 374 FEPs from e Yucca Mountain licenes

application were consldared Tor pofential relevancs to desp
borshols dizposal

= N FEPs o borehole
naw unigus o desp disposal wera

during thes FEPs

» Prellminary screening of FEPs was based on several

assumptions, such a8 the assumption that waste packages
corrods quickly and are not significant barriers to fow and
radionucilds tranaport

» Ratrisvabllity of waste szaumed to be secluded 8 3

position of policy
* Praliminary regultad in 110 FEPs that should ba
Includsd In tha PA analysks

. L=

-
\
Preliminary Performance Assessment:

Conceptual Design and Inventory

» AEBUmS 400 used preesurized watsr reactor [PWR) fusl

assamblles are stacked In & singls borshola

« Readionueclios Inventory and thermal cutput is bassd on

awerage ussd PWHR fusl that has baen aged for 25 years

» Although Tusl assemblles are sealed In waste canlsters,
of canistars

assume rapid comoshon and

\

Coupled Thermal-Hydrologic Model

] » Granits was asalgned 3 parmeabllity

St of 1 X 10-18 e
» Szalad borshols and disturbed
bedrosk surrcunding e borehole
wers assigned a valus of 1 104 m2
} » Rsaults Indlcats vertical
the drivan

marl tharmal expansion, and
| ﬁwwmmﬂm
I - ard fow (about 1.5
[ o maLurtzmmatgw

— op of the waste dispoaal zons

» Lessar upward fow [fue of up to 3.5
mimfyear] occurs for about 500
In thiz borshoda at a location 1000 m
abaove the wasts



Groundwater Pumping and Dilution

* Raalal 2-D model of

constructad for the frash
watar system In the uppar
2000 m of the peosphers
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+ Griantitative sstimates of
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Performance Asseszsment Results

does i an Individual using contaminated
groundwatar the well was
umtala-uuumwmmw 1.4 x 107 mSwiysar)

. mmn
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* Paak dose mnmmmm
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= Fior comparson, tha Iimit for dose from tha Yucca

Mountain 12 15 mraimiysar Tirat 10,
years) and 103 meeiniysar for g 1o 1 000,000 years]
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malecular diffualon, and thermally induced hydrofracturing

would not impact e safety of the diapoaal system

Key Technical Izsues

- nl'rmn soupled

— Soaling up from cingls to muttipls borsholes
= Critaria for slte sslection and borshode characterization

- Oparational and snginesring analysls of wasts smplacemsnt
PrOCHss
» More detalled cost analysss

mE

} Preliminary Performance Assessment:

Conceptual and Humerical Models

» Dlasoived solubliity limites of radlonwcides estimated for

tharmal — condiions In the borshols and asauming
=0iid oxlde phases of radlonuciides

» Repregsniatve valuss of sorption cosfMolents undar

reducing condldons wers based on ltsraturs

- Diecay and Ingrowth of 31 radionucildes Incuded

solution Tor the advection —

» One-dimensional analytical
dispereion squation with sorption used for te analysls
- Dialay and dilutien from pumping Included In the to

calculate radlonucilds concantrations relsased from wedl

- Blosphers doss converslon factors from the Yucca Mountain

project used to calculats radiclogleal doss

Publication of Preliminary Results
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Potential Criteria for Site Selection

» 5iting critarla should be based on potsntial Impact to
perfonmancs

dizpoaal

» Discussion outiingd hers i limited to technical critsra for

slte salection — conalderations are
clearly bout tha scops of this prassntation

= Critarla for site selection can ba developad

o
scale of reglonal screening nratlha scals of an
borahola

» For the screening level, criteria should be dirscted at

Improving the probabllity of success at any given location

» Specifc critera for site sultability need fo be defined at the

bavel of an Individual borahols

. BE
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Potential Criteria for Site Selection
» Praliminary Nzt of stting criteria:
= Dapth to orycialine bacsment

— Dapth to calling groundwabsr
— Anlsoiropy In hortzonial chrecs

Potential Criteria for Site Selection

» Pofantial Criterbon: Depdh to crystaliing basement

« lzauae:
MIMMWHHMHMZMM
— Owariying cedimentary cirata wih porows. med

- Fluld ovespreccure at denth groundwader ficw mnmmmmmmmmh
- Geoohsmically reduning pondBons =i depth desper fractured oryctallins bacsmant
— Permeabiity of host rook — @ranits may be decirable bype of orycialine bacament
- Tectonio clabisy » C:an be gvalusted st he scresning level In many areas
- vokaniem
— Geothermal gradient
— Mireral racouros pobsnilal
= Topographia redlef
o EF— 2 EF_
- '
i Potential Criteria for Site Selection
» Pofantial Criterion: Depth to saline Qrountdwater
» lasusa:

= Zaling mmh'lnm limttsd nabaral Imbsraction wikh

= Highsr dancity of callne groundwater oppocss upwand
groundwater movement via thermal eonvegtion

— Zaline groundwater In orystalline rook ks not a tanget for
pumping undsr mocd ciroumctanosc

— Faworabls gecohamioal condiicns are generally accoolaisd with

caline mm,mummmﬂwﬂ

» Can be gvalusted st e scresning level In many areas, but
requires confimation by drilling

2 BE.
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- Potantial Criteron: AnlsoSropy in hortzonta) siress:
» [eaaa:
ek Sheeen s vesepmant of Seveere bresba T 20
— Interagtion with thermal cireccec
— May Impaot the sMeatiensce of borshols caale
— Can be acceccad wolng borehols geophycieal methods

» C:an be gvalusted st he scresning level In bt
requires confimation by drilling SO AR

Potential Criteria for Site Selection
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— Highly nportant to sodublify and mobiifty of many
raclcinuiidess

= In ey recox ciabe oan be detsrminsd from hydroochsmictry and
mineralogy of host rook

— May ba relevant to the ciablifty and durablifty of caals, grouts,
and any radlonuslids sgettsre” added to them

» Expect geochemically reducing conditions at
locations, mmqt&mﬂ?&hmwmm’“

Potential Criteria for Site Selection

Sourca: CrAgrass st al (1067
. =

Potential Criteria for Site Selection

- Pofontial Criterion: Fluld overpressurs 3¢ depth
= [EEuaE

— Providec fluld pobential for upsiard advestion of groundeatsr In
borshole or dicturbed zons anound borshels

— Can recult from a nember of hydrogeologloal condiions,
Including tepographioally driven flow,

aothvw bacing, fecdonlo loading (g, tawbc], high thermal rul.rln.rt
mmmm [Dreatineg conva-otive . genaration of gas,
eontirantal glaciation, and voloanlem

— May ba difficul fo sccace within & borshods

» Can be gvaluated at the scresning level In soms areas, but
requires confimation by drilling

= L=

Paotential Criteria for Site Selection

» Pofantial Criteron: Permeablitty of host rock
= [zau88:
—pr-ﬂ'nmd:llynfl'nd:m orystalline host rook ks axpeoted,

but sxparisnos Indloatse that coms I'.‘Iﬁ.l'llmrbll'l"ll‘!m
high permesblity oan coour & great depthc

— Higher-parmeability fracfure zones not nececcarily conneobed to
chalicwer groundwabsr flow cychsm

— Fraoturec oan be kendifed wih geophycloal logging of borshols
— Fraoturs aperiurss oan be sciimated wikh geophycloal logging

— Higher-permeabllity zonec within the dispocal zone oan be
saaled and nod ueed for senplacement of wachs

= Preamnaabil ally decraases with , but Ires:
Ity generally depth, but requ

Dy driling
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» Pofantial Criterion: Tecionic stability

Potential Criteria for Site Selection

» [eaaa:
— Fedavant to the Tauling and fault movesment
mwm |probabiy mot Impartant to poct-
s chocuns parformanos, but pocsibly Important during opsrational

— May ba relevant o overpressurs [or undsrpreccuns) at dapih
= C:an be gvalusted at the scresning level In all areas
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Potential Criteria for Site Selection Potential Criteria for Site Selection
- Pofontial Criterion: Violcanism - Pofantial Criterion: Gaothermesl gradisnt
= (808 = [EEuaE
— Dirswt relsacs pathway bo Sie curtacs — High geotharmal gradiant may be Indicaties of upward
- C:an ba evaluated at the screening and sits-epecific leveds In e e weiorys: 1t eyl ik fhorsnd-oufgt
et aress

— Vary hilgh geothammal gradisnt might be a target for geothemmal
macouros developenend and lesd fo human iInfruckon

— Very high geottemal gradisnt ead to mﬁm‘l‘ﬂ‘l

» Can be gvalusted st e scresning level In soms areas, but
requires confimation by drilling

R n =

¥ ¥

Paotential Criteria for Site Selection Paotential Criteria for Site Selection
» Pofantial Criterion: Mineral resource potendal » Pofantial Criterion: Topographic ralief
—mdmwhhﬂ:mlmmmh —mnmggﬂmutmmmmmumhrm
AL St o8 aroat T ko e vt rock T et o o vaauhane 1n deeh segpanch oreumendter B
RS g e e S

for hundneds of kilomeatsrs from Gome mountain froms
= C:an be gvalusted at the scresning level In all areas



Kristoffer Jensen — MIT

Criteria for Siting and Performance

Assessment

Criteria for Siting
= Techmica Siﬁ-gl:rjlﬂ-j;
* Impeervaoms crpsialline rock — smihle basement rock mst have
extremely low permeabilicy
" ﬁsnnlﬂnh&-dﬂ-&-ﬁdl—--:n&uh? of
F—J-i-.
- Mmm::ﬁt&nwhﬂhuﬂiwa
at ko depehs to prevent overheating of waste assemblies mnd to
* Homogeneous horizontal peology free of verticl fracrures

Basement Rock Properties
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Useful Site Pre-Screening Maps
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William Murphy and David Diodato — NWTRB
Except where otherwise indicated, the views expressed are those of the authors

and should not be construed as findings or recommendations of the U.S.
Nuclear Waste Technical Review Board.

U.5. NUCLEAR WASTE -’3} General Observations

TECHNICAL REVIEW BOARD

# Geologic disposal is the maost technically

viable approach to isolating high-level nuclear
wastes and spent nuclear fuel for times

Some Observations on Deep Borehole
Disposal of Spent Nuclear Fuel and
High-level Nuclear Waste

approaching perpetuity
Williarm M. Murghy * Deep hnrehulg dis.pusal is a technically viable
David M. Diodato type of geologic disposal
Worishop on Reseanch Needs for Borehole Disposal
‘Washington, DC
15 March 2010
Ny e T Mg b e ]
Critical Aspects of Borehole Disposal =) Host Rock Selection
+ Many potentially suitable lithologies * Host rock selection should be based on rock
* Some geologic settings are more suitable than characteristics (mot simply lithology)

others for safe and reliable borehole disposal

* Engineered elements must function in harmony — Low permeahiity
with natural system characteristics — High cation exchange capacity/’ -

* To reduce uncertainty and enhance confidence, _ Predictable fracture rence and rties
sustained testing and analysis of geologic and .
engineered elements critical to system
performance is required

* Advantageous rock characteristics include:

o e ks gy b B v a5

L] Ny Iy b o i g | 1
L) Geologic Setting L) Engineered Systems
* Geglogic setting is extremely important to # Boreholes should provide sufficient isclation
safe and reliable isolation without reguiring engineering enhancements
+ Advantageous geologic setting attributes: #= Engineered systems must operate in harmony
— No natural resources with natural system

— Low heat flux * Advantageous engineered system attributes:

— Stable in situ stress regime; geclogic stability — Mo deleterious materials

— Reduding geochemical environment — Compatible with in situ geochemistry

— Characterized rock and water chemistry — Predictable degradation behavior

' Ny b —




@ Uncertainty @ Summary

* Uncertainty is an inherent attribute of all natural » Geplogic isolation of nuclear waste and SNF
and engineered systems using deep boreholes is technically feasible

e “"E'ﬁ“t""‘m'“"?m'ﬁmz * Many lithologies are potentially suitable, and
— Waste emplaoement should not significantly perturh system the genlugi: SE'IIir‘IE il
— Al critical system elements must be anzbyzzble over

geologic time scales; Natural analogs! + Establishing confidence requires that the total
— Testing. analysis and monitoring programs must be borehole system be analyzable and that
jeveloped and impl ted through open and transparent - =R 5
dislog and sustained for long times testing and analysis is open and sustained
— Expect surprises
Tl £} el [

Fergus Gibb — Univ. of Sheffield

u__ UK Gowsmment/NDA Reference Repasltory Concapt — (Co-Location)
DEEP BOREHOLE DISPOSAL :
Fergus Gibb

- The UK Position

- The Advantages

The Concepts [Sheffield]

- Towards Full-scale Demonstration

T
i

" Advantages of Deep Boreholes

SAFETY
COST-EFFECTIVENESS
ENVIRONMENTAL IMPACT
SMALL ‘FOOTPRINT'

SITE AVAILABILITY
DISPERSED DISPOSAL
FLEXIBILITY

INSENSITIVE to COMPOSITION
LONGEVITY

10. EARLY IMPLEMENTATION
11. ACCEPTABILITY 7
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DEEP BOREHOLE DISPOSAL (DBD) *  twoon * rvoo2
ak.a. VERY DEEP DISPOSAL (VDD)

e i
LowT" VDD M Wi
s Benemiug - || 25
G B 8 o
¥ ; el
[t vitrifiea iw|  [2sNF] [apu | Spent MOX i = SAEs = Sl
High Burn-up 5F| : Prg— _<__‘H

Consiructing the borehole
vl the first singe of the borehoie
Insext the casing.

Prar the cement baseplug.

il the mext stage of the borehoie.
Insext the casing.

Pour the cement base-phug

Dwlll B next siape of the bonshole

#And s0 on, down o> & kms

Low Temperature Sealing the borehaole
Very Deep Disposal 4 .

Vitrified waste

Poer In some backfll {oushed granke)

Insest hesster snd medt backfil &

Iresewt Beninniie Clay [Opbionsl) e S,

Irsert another baich of canisbers, 5 5 Pour in mons backil and sesl the
pour groat B aliow o set y 3 borenole again

. \ Repeat as ofien as required then fil Be
;c::.tullrm km rest of the bonshaole with backfll

3 km deep [lopmost canister)




High Temperature Very ’ i SRR Temperature

ety L Deep Borehole Disposal W Iy e A Very Deep Disposal
' Young Spent Nuclear
v Fuel
o Insest a refraciory phy

Insest the casing and canisters

Partly wihdraw the casing (Optional)

Pour In backfll

Heat fom e canisters melts the
backfll & surounding rock

Graniie sarcophagus forms
arcund the canisters

000w

Peter Swift — Sandia
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Regulatory and Licensing Topics Relevant

The Nuclear Waste Policy Act

to Deep Borehole Disposal of Spent Nuclear « No dispasal options other than Yucca Mountzin ars
Fuel and High-Level Radioactive Waste possible without amending the NWPA
in the United States e e e e B e e e

repeciiory, dee Secretary shall...

SHL-MIT Workshop on Deep Borshols Disposal e e e e for )
Ihl'lﬁHS.HJI;g -lmmnmmmammmlme,
'H-w' mmﬂlmmmmmmmm
amending the NWPL

- S8c. 148jd){1). “couseracion of suck facliy ey uet begia

lmnsud:hmeﬁrhmnn'm

of a repociinry usder section 115{d)”
o R= : R
> >
The Huclear Waste Policy Act (cont.) The Huclear Waste Policy Act (cont.)
- Special provisions potentially relevant to deep * Retrievabilty
boreholes - Sec. IXL “Netwifhotand {sin of this nubditle, an
—Sec. 161{d): Additlonal slts criterla specific to ropastisey m-f-rtlodunh wmrd under this subiiile shall b
crystalling rock should such sites be consldered at ;ll:lrm:l“-jn;-;:-h:m d & "ﬁum:nu"mm.l-r:-‘{r;r-'::;:::rnur
any time after anactment ;.,.,dr'.ﬂ,...nh;.r.-_-:h.-;.'..;;. T::L:;L:Q.P.u::‘ﬂ
+ “gagsonal Increasss In population™ and safety, or the environment, s purpese \ing
recavery of the erumamically valushle conlenty of vuch spest fucl. The
+ “prosimity to public drinking watsr supplles, s.n...’.,w,mu.. ; ""',rm.;.vﬁ.,.u.
Inciuding thoss of metropolitan aress; and” respect b2 any repestiory o mn—--f ign of such repustary, and

. such aspect of such repoiiory shall be subfoct o sppeoval or
mmmlm dissppreval by the Commision s pari of e comirsclisn

autherization precess snder subsoctions (bi threugh () of section
[JE Ry hqi-h added|

, m= . =
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= Yucca Mountain regulations (40 CFR part 197 and
10 CFR Part 63) apply only to Yucca Mountain

» Existing regulations that predate the 1387 NWPA
amendment could, in principle, be applied to
other disposal concepts for SNFHLW without
revision

— EPA 40 CFR part 131 [Implemented for the Wasta
laciation Pliot Plant [WIPP])

—NRC 10 CFR part 50 {never Implsmanted)

: R

Regulations for Long-term
Performance of Repositories (cont.)

"},f'

= 1983 NRC Standard 10 CFR part 60 (revised 1983-
1996)
» Requirsa compliance with EP A standards af 40 CFR 131
» Alz0 requires
- Substantially complets contalnment in wachs packages Tor
300 ywarc
= RAwsscs rade of sach radlonucdics from e snginssrsd
barriar cpobem chiall not sxossd ons part In 109,000 per
yoar of the inveniory of that nuolide a 1000 years
— Factect path of llksly radionuolids fravsl to She scosccibls
snvironment chall bs a8 lsact 1,000 yearc
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p‘ Implications of Existing US Regulations
for Deep Borehole Disposal (cont.)

. mw njacdon Wells undsr the Safe
—-ll]' m14&1HWHme

- focus on subsurface Injsction of Nuids, but
_%:&emmmﬂ% fluids

mnﬂmmmmwwﬁmmmw

wall bora”
- ng authority varles from state to state
Compllanos witt 40 CFR part 144 was concidensd for WIFP;

M TREGE TR S seston

Regulations for Long-term }'

Performance of Repositories

Regulations for Long-term
Performance of Repositories (cont.)

1985 EPA Standard 40 CFR part 191 (revised 1334}
+ 10,000-y7 Standard [curmulaiive relagss)
—RAsquires concideration of human Indrucion
* 3 bors|
mmﬂ mrmmﬁfﬂ
leoaticne
—RAslsscs limAs nomaltzed to inkial irventory
—Cumulative limits remove unoertalnty accoolaied with
wxpocury pathways and fuiurs human [Hectyles
« 10,000y Individual Profection Standard (15 mirsmifyT)
~Unadicturbed performancs cnly ino Infruslon)
+ 10,000-y7 Groundwater Profecton Standand
- Undicturbed performancs only (no Intruclon)

‘ R
il '
% Implications of Existing US Regulations
for Deep Borehole Disposal
» &0 GFR part 191
—’hhh‘h’_; r_:m' Eoukd mpply & ame standasd o
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= Blicwrs ity with licenae
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» International Atomic Energy Agency
- Gaalogical Disposal of RadioacTve Wasma, Safety
Raquirements Mo, WS-R-4 (2008)
- Saction 1.14: “Gecloglcal disposal, 35 a concept,

International Perspectives

arangs of opons, Including dispoaal
in mined and enginesred faciiities, dispossl
In pre-g: mines and excavations, and disposal
In deep borsholes.”

+ Saction 1.8: “The opermauonal penod . may Incuds
acHvides for wasts retrisval, If conaldersd Necesaary,
Pl be closurs. "

. BE



-

},_'

Perspectives on Retrievability

» Ethilcal, social, and political consddarations are probably
beyond the acope of this workshop

= Two quotes to consldar
— *“The Introduction of ml‘nrreh‘re'.'allltyrrwmte
detrimental bo long-term safisty. Eu'rﬁnlncdjnga
repashony & 3 uepmmatrslasan-m
Ir onder bo faciity retrieval Isu‘ilteﬁl

i be L HES B0 Peverstey e Fotievesity
s, Fafh o L

— ... tieep borehaie SyStems My nat be Me bast cholce If
purrmemmrrwmueuspnsam FENden” (Erwdy o
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% Implications for Deep
Borehole Disposal (cont.)

==

= Any new standards are likely to be based on
annual dose or risk

— Conalatant with LAEA e and recommendation of
thi 1555 Matlonal &
gtandards

rnpmm‘r‘mmm

= Any new standards are likely to extend to 1
million years
— Conalatent with recommen dation of the 1535 National
Academies report on Yucca Mountain standards
» It may be appropriate for new standards to
reconsider
— Human Infrusion scenariog

Dose vs. Cumulative Release Standards

= Diosa » Cumutative Releass

— Empihacic on low amnusl — Emphacic on lcolation
dose of rick — Weaningtul only for

= Cani b cipen-andad n time epoified
for io peak doce) — Alicwabie i ks a

— Uneertainty I human funekion of time
behawior 8.0, wabsr uce — FOOUGSE inosrainty
and died] Ic Large i ‘m in
— Ermcuragec dilubion and

qracusl releace ac well ac — Ko beneft for dilstion
Iml.llm — Kormalzation to inftiad
Engcurages cmalar intbal Invendory (a6 In 40 CFR
Imsentoriss 181 removes for
emallar



Table 2. Long-term research questions developed and prioritized (1
being most important) by the workshop attendees.

Order Research Question

1 Design of a Pilot: Shallow for testing emplacement engineering; Full depth to
prove it can be done and recovered (Both actual diameter). Establish nature
and role of field-scale pre-emplacement pilot testing.

2 Borehole sealing/drilling: What happens if you can’t seal the borehole? How
many holes will fail/be abandoned? Rock welding?

3 Geochemistry: Uranium mobilization evidences, extent of coring and analysis?
Paleohydrologic indicators; natural analogues. Note: this is a part of a larger
groups of methods to interrogate hydrogeochemical stability. Fracture filling
stability, heterogeneity, effect on performance, sensitivity to drilling (mud
compatibility)

4 Drilling: Assess the link between drilling and disturbed rock permeability. Show
that borehole environment and performance is not deleteriously perturbed by
drilling/emplacement.

5 Reliability and Surveillance: How to demonstrate: bentonite in the annulus,
bridge plug emplacement and performance, sensor performance and sensor
parameter targets

6 Hydrology: Establish lithologic heterogeneity controls over large-scale fluid
convection in borehole disturbed zone.

7 Waste Form: Ordinary casing?, high quality stainless steel? something else?
Fuel consolidation (thermal load)

8 Downhole Testing: What tools are missing? E.g. acoustic and electromagnetic
techniques that allow continuous surveillance of vertical fluid motion.

9 Geology: Geopressured zones at depth: How to detect/predict/pre-screen?
How to show when/if it doesn’t matter.

10 Drilling: Establish value of casing all the way down?

11 Performance: Glacial effects






