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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. Following background presentations by
the conveners and other participants, 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

Discussion topics fell into 4 categories — Borehole Operations, Retrievability,
Site Characterization, and Licensing. Discussion summaries for each category
follow

Borehole Operations: Discussion focused on the need to understand drilling
damage and extent and properties of the disturbed zone close to the borehole,
and on the need for high integrity, low permeability seals to assure long-term
isolation. Characteristics of the interface between the seals and the borehole
wall will be particularly important. Fergus Gibb (Sheffield University) noted that
using a “welded-rock” zone for part of the plug may be a promising approach.
Several experts noted that it may be desirable to remove the steel liner in the
zone above the waste before sealing. Others noted that 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.

Potential operational problems during emplacement, including damage to
canisters and waste during the trip down the borehole, should be minimized,
and it may be desirable to line the hole for its entire length with steel casing.
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Some participants noted the value of establishing a reference design concept to
provide a baseline for evaluating performance and impacts of alternative
approaches.

Retrievability: Retrievability should be maintained through successful
downhole insertion and up to the time the borehole is sealed. A slotted
emplacement zone hole liner could be considered to facilitate grouting the liner
to the hole wall and to the canisters. This would 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, host rock, and hydrology characterization before,
during and post-drilling and loading operations will be important for evaluating
site viability and establishing the licensing basis. Examples of favorable site
characteristics include tectonic stability, homogeneity of features such as
permeability, high salinity of porewater at depth, and absence of overpressured
zones. The use of natural analogues and evidence such as U-Pb indicators of
transport can make major contributions to evaluating radionuclide mobility.
Core samples will be useful sources of data. Both small and full-diameter
boreholes can be used for acquiring key scientific information and for
demonstrating 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 those research needs that have a significant
potential to impact the viability of the disposal concept from those that
are less likely to do so.

b) Itis important to focus on evaluating the viability of the concept at a
generic level, considering a broad range of potential site conditions, and
not narrow the siting search to a unique best-of-all sites.

c) Containment within the host formation (i.e., crystalline basement rock)
should be the goal. Significant releases of radionuclides high-
permeability into sedimentary overburden will make it more difficult to
make a case for effective isolation.

d) The focus should be on the natural barriers and shaft seals, rather than
on waste form and packaging. Unnecessary engineering enhancements
could overly complicate the performance assurance effort. Simplicity is
key.

e) Retrievability should not be allowed to compromise safety.



f) Information gained from the first hole in a disposal array should be used
to simplify characterization of subsequent holes at the same site.
g) Surprises and a consequential evolution of requirements and features

should be expected.

General research goals include:

I.  To 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.  To propose capabilities for pilot/prototypical holes to identify what is to

be achieved and by when;

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

Table 1. Workshop Attendees

Bill Arnold Sandia
Doug Blankenship Sandia
Pat Brady Sandia
Dave Diodato NWTRB
Mike Driscoll MIT
Michael Fehler MIT
Fergus Gibb U. Sheffield
Jim George DOE
Jack Guttman NRC
Bill Halsey LLNL
Kris Jensen MIT
Richard Lester MIT

Allison Macfarlane
Christopher Markley

George Mason Univ.

NRC

Bill Murphy

Thomas Nicholson
Leonid Neymark

Mark Nutt
Andrew Orrell
Tom Peake

Christine Pineda

Dan Schultheisz
Andrew Sowder
John Stuckless
Johan Swahn
Peter Swift
John Ullo

Roald Wigeland

NWTRB
NRC
USGS
ANL
Sandia
EPA
NRC
EPA
EPRI
USGS (retired)
MKG, Sweden
Sandia
Schlumberger
INEL

DOE = Department of Energy; EPA = Environmental Protection Agency; EPRI = Electric Power
Research Institute; INL = Idaho National 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.Mm. 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 P.M. ADJOURN



Presentations

Peter Swift — Sandia
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= Main conclusions from a recent SNL analysis of
Peter Twit deep borehole disposal

Sanda Natioral Laboratoriss

~What we're looking for today
— Iz deap borehola disposal 3 viable concept?

Maroh 15, 2018 — Wihat are the research neads that will allow It to be
Waskinglem DG tully svaluated?

EHL-MIT Workchop on Desp BEorshole Dicpocal

fLlel o e e R e e e iy — EE 7 E =
'
Used Nuclear Fuel and High-Level Waste Current Locations of Used Nuciear Fusl and High-
in the United States Today Level Radlioactive Wasts In the Unitsd Statss

121 sites In 39 states

-— |
;” C ial Used Nuclear Fuel ;” Locations of NRC-Licensed Dry Storage

Facilities for Used Fuel

. Muq:nmmdw
- Insopendest Spert Foot
The US invenfory (OSFSis) in 33 states

: of used fuel will + Orphaned fuel: Thete ate 14 shusdown

ey o = rescion ot 13 sites In O states with used fuel
= ’ increase in all in wet or diry stocage
s o SCENSN0S
. o £20 T e o
- . - = +
- i . L . = heeu ",
N CTTETTTTT— ‘ o
. [ o ‘ NG et =

-
!
‘e o Tes s WD
frr — S SN 355 -l
o - ~ 3%
Earry power pharts fatare : - ~ t,-’\'-.'
- - '

[ e 1] —— . . '-

L ey e o
%



US Support for Research
on Deep Borehole Disposal

l""

» Hisforlcally, US evaluation of desp borsholes bagan In
13502, axtansive work In 1370, again In 13308

— Early work established the baslcs of the concapt:
contaxt has changed. but sclence remalne sound

« Cument US acivity
— MIT: ongoing work led by Miks Drizcoll
— Sandia; Lab-directed RAD baginning in 2008

- DOE OfMca of MNucisar recpena Federal
consideration of the concapt of desp borehols dspoaal
In 2005
- =
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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 ofher releaze pathways

— Thermal-hydrologlc-chamical-mechanical behavior
of tha borehola and aurounding rock should be
modeled mone accurately

- Seal deslgn nesds further basls

- Englinearad matariale that sequestsr lodine could
Increase confidencs In Naar-26ro releasss

- Performance asssssmant analvess should addrass

A g

» From the workshop agenda

- To develop and document a consensus on nesded
reasarch for borehols disposal of nuclaar wasts

- T Introducs the concept of borshole disposal o a
broader range of Interested obssrvers,
practitioners, and pollcy-makers in the nuckaar
waste feld

- To engage knowledgeabls pecple from outslde tha
nuciear waste community with relevant technical
axpertize In developing Insights Into ressarch
maeds for borshols dispoaal

Goals for the Workshop

=

-
' Hew Observations from the
Preliminary SNL Analysis
= All used fuel from the exltafing US LWR reactors could be
emplacad In approximately 1000 desp boreholes

— SAMD2003-4401 sstimates tat 109,300 MTHM of UNF
and HL'W could be dispossd of In ~350 boraholes
» Total coats are compatitive with mined repositones
— BAMD2003-4401 sstimates a vary rough tofal program
cost for the LS of $718

» Long-term performancs ks lkely to be sxcellant
— SAND2D03-4401 sstimates peak doas from a alngls

dispoaal borshods 400 PWR assemblies to ba
10- mrsmiyT (10-2 mSwiyr), well below LS and
Infsmational standards
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Additional Observations from the
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 J. 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

= Mot heat load limited

» Inherently modular: Drill as needed, pay as you go

= Widespread applicability — can share international RDED

exparience

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 engineered geothermal systems (EGS)
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Conceptual Model for Very Deep Borehole Dizpozal
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MNew Technical Factors Favoring Re-evaluation of
Deep Borehaoles

* Improved oil/gas/gecthermal drilling technology
especially for enhanced geothermal systems:
same rock, same depth

Successful Swedish & Finnish repository siting —
same type of rock but in shallower (~300 m)
mined repositories. 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
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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 conseclidated fuel or
reprocessing waste forms
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Location of Surface Exposures of Crystalline

worth mentioning is a pessible 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) TERMIMATION OF GRANITE RESEARCH. — Mot later
than & months after the date of the enactment of the
Muclear Waste Policy Amendments Act of 1887, the
secretary shall phase 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 repository 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. Swirt, and
Patrick V. Brady

SNL-MIT Workshop on Desp Borshols Disposal

Washington, DG
Warch 15, 2010
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Deep Borehole Disposal Concept
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Disposal Concept Viability and Safety
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= 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 Performance Assessment

-c?mmmm“mmatm
of 2 to 5 km

» Exigting drilling technology permits construction of
boraholas at 8 cost of about $20 milllon sach

- Low Ity amd high salinity In the continental
mgmmm%mdmwmulm
» Gapchemically reducing conditicns limit the solubliity and
enhancs the sorption of many radionucildes

. at wasts
Wmmﬂ%ﬂammm

’ upm' ruchoat fusl |mﬁﬁ abu mmm o

+ Defing parfomnancs metrc

+ Identify relevant faaturas, svents, and processsas (FEPs)
« Devalop relsass acenariy

+ Defing concepbual design and radionucilds Inventory

» Devalop concapiual and numesrcal modsls

-wmmm:mmm
performied In prelminary PA)
+ Compans PA analytical results to assumed performance metric
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} Preliminary Performance Assessment:

Performance Metric

» Parfionmanca metrics ans fypleally defined by reguiations

« Glven Me lack of governing reguiations for deap borehols
disposal, e performance metric was asaumed to be a risk-
beaged dosa standard

» Thee prediminary P4 analysls was designed to estimats doss
toa maximally sxpossd Individusl, aimilar in
concept to the Yucca Mountaln atandard
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% Preliminary Performance Assessment:

Releage Scenario Selection

» & singls releass scenario that Incorporatas many
m“:nlymm mmﬂmﬁaﬂmu&alntﬁ

PA
= This scenarie Includss the following:
- abllty In the zone andor borshobe
- Thermally driven upward groundwates Now
- Dissolulion of radionuolides from the wachs form and trancport
Ini the grou

— RAsieaca of radis
GyEiem

Into the frach gro

= Pumpinsg of the oontaminaisd grouncwater and releacs to a

o [popalakion
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% Preliminary Performance Assessment:

Conceptual and Numerical Models

» Thermal conducton model
usad to simulats tampsratures Ty
+ Results Indicats 3 maximam 1

dizposal of Wirfed gf?'r_m
wasls i
reprocassing
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} Preliminary Performance Assessment:
FEPs Analysis
» The llat of 374 FEP= from fhe Yucca Mountain lcanss
application wers consldenad for potential relevancs fo desp
borshole dizposal
» Mo new FEPs uniqus to borehols disposal wers
* Preliminary screening of FEPe wias bassd on several
mﬁmmaﬂummnﬁwﬂw
cormods quickly and are not significant barrers to fow and
radionucilds transport
» Restrievabllify of wasts sssumed to be sxcluded 38 8
position of policy
» Prellminary screening resuttad in 110 FEP= that should ba
Imciudsd In the PA analysls
. R=

% Preliminary Performance Assessment:

Conceptual Design and Inventory

» Apaums 400 used preesurizsd water raactor [PWR) fual
assambilles are stacked In a singls borehols

» Radionuclids Inventory and thermal output Ia based on
average ussd PWR fusl that has been aged for 25 years

» Althiough fusl asssmblles ars MIHMEM
assume raphd cormoalon and degradation of
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Coupled Thermal-Hydrologic Model

— ] . Glmlnmmmda parmaabll
e =-s of 1 X 1018 m2 "y
» Sealed borshole and disturbed
bedrock surrounding the borshols
weds assigned a valla of 1 104 me
| » Raults Indicats 'm‘hﬂ
flow near the

marl ﬂlﬂnmatqlﬂ'm.m
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i « Upward flow :Imuti.ﬁtml‘,aaa
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S npurtmwmtaﬂmﬂm
= Lossar upward fow [fue of up to 3.5
oerurs for about 500
I b Botanos at 3 lcation
above the waste




Groundwater Pumping and Dilution

' Brounchate pump
and
Fanapatt wae
constructad for the fresh
watar system In the uppar
2000 m of the geosphars

+ Radionuclids mass would
arrlwe more quickly to he

Wik B Glhiean wosld e
graater

b Bty S e i e o
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+ Greantitative sstimatas of
uuayam dilution were
Intio the PA

Performance Assessment Results

dioeg bo an Individual using contaminated
groundwatar the will W
mmmuumwm 1.4 x 107 m&wysar)
. mlatmmn
“*I'A'h mnmmulnym
-Mmmmhmmmm
emplacemant

following wasts
» Fior comipartaon, the Ibmnit fior doss Snom the Yucca
Mountain oy |8 15 mramyear (for the first 10,000

yaars) and 100 mremsysar [Tor up to 1,000,000 years)
. Prulrrlrurjl mmsammtamummty
munutmmctmaardymmwwu

- Inporporation of more detalisd modeling, Inoluding soupked
procscest, In partioular

= Zoaling up froen cingls to muttipls borsholsc
= Critaria for site sslection and borshods charactenzation

» Operational and snginesring analysts of wasbs smplacement
process
» Miore detallad cost analysss
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} Preliminary Performance Assessment:

Conceptual and Numerical Models

» Dissoived solublity limits of radionudides estimated for

tharmal — conditons In the borshole and sssuming
=0iid oulde phases of radlonuciides

- Repressntative values of sorption cosfMiclents under

reducing condlfons wens based on ltsraturs

« Dcay and Ingrowth of 31 radionuciites Incudsd

solution for the advection —

» Ong-dimenslonal anatytcal
dizpersion squation with sorption used for he analysis
» Dy and dilution from pumping Included In the to

calculats radlonuciide concantrations relsased from wedl

- Bloaphers doss conwarslon factors from the Yucca Mountain

projsct used to calculas radicloglcal doss

u R=

Publication of Preliminary Results
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Potential Criteria for Site Selection

. smmmmmm potential Impact to
=paaal perfonmancs

. wamﬂm hare ks Iimited fo technlcal critera for
conalderations are

glte sslection —
claarty bt tha scops of this prassntation
» Critaria for 2ite salection can be developad

o
scale of reglonal screening nratma scale of an
borahola

» Fior the screening level, critaria should be directsd at

Improving the probabllity of succass at any given location

= Specific criteria for alte sultability need fo be defined at the

bavel of an Indiyidual borshols
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Paotential Criteria for Site Selection

» Pradiminary llst of siting critera:
— Dapth to orysialine bacsment
— Dapih to saling groundwaber
- Anlcotropy In hortzontal chrecs
— Fluld overprsccure at dapth
- Geochsmically reduning condilonc 24 depth
= Parmeabilty of hoct rook
— Testonlo clabiity
= Vodaniem
- Geothermal gradiant
— Mirersl rscouroes pobsntial
- Topcgraphic redied
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Potential Criteria for Site Selection

» Pofantial Criterion: Dapth to crystalling basement
* [5B188.
- Crystalline bacsmant chould be lecs than 2 km desp
e
desper fractured oryctalline bacsmant
- Granfie may be decirable type of cryoialins bacsmant

» Can ba evaluated st e scresning levs In many arsss

Potential Criteria for Site Selection

» Pofanttal Criterion: Dapth to saling groundwster
= [zawas:
= Zaling grounchester irdioates limiesd naboral Intsrsction with
chalicw frech groundwaier necounoss
- her dersity of callng groundwatsr oppocst upwand
HMWﬁmmlm

— Baling groundwater In oryctalline rook s mof a tangst Tor
pUMmEing undsr moct sroumctanosc.

— Faworabls geoohsmioal condiions ars generally accoolaied with
(=11 mdﬂf {e.0.. reduaing aondione)

» Can ba evaluated 3t e scresning leva In bt
requires confirmation by drilling ey aress.
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Potential Criteria for Site Selection

» Pofanttal Criterion: Anlsotropy in horzontal siress
= [zawas:
mmmmugwrmmmm;m
= ik witth thermral ot
= May Impaot the sfMegtivensce of bonshols cealc
= Can be acceccad welng borehals geophycical methode

= Can ba evaluated at e scresning levs In bt
requires confirmation by drilling SO ArR.
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Paotential Criteria for Site Selection

» Pofantial Criterion: Anlsofropy in hortzonta) airess

= Highly mportant to solubliRy and mobility of meany
radicruplkdes

— in iy redon chabe oan ba detsrminesd from hydrochemiciny and
mineralogy of hoot rock

—mnumin:-h:ﬂ:llymumlyurm grouts,
and any radionucice added to them

» Expect peochemically reducing conditions at depth at all

locathona, mm&wﬂ?ﬁmwm
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Potential Criteria for Site Selection
+ Pofanttal Criterion: Permeability of host rock

Sourme: Orsgress of ol [ 1867
. =

Paotential Criteria for Site Selection

- Pofantial Criterion: Eluld overpressurs ai depth
= [sau88.

- Providec Muld potential Tor upward adveotion of groundwaber In
borshole or disturbesd zons arosunid borsheobs

= Can recult from a nsnber of hydrogeologloal conditions,
Incduding topographioally driven flow, cedimant

oomipzation In

aottve bacIng, fecdonio loading (=g, taekc], high thermal output
In erysialling rooks orsating conveotive fow], nof gas,
pontirental plaolation, and voloanlem

— May ba difficwl o sccecs within & borshols

» Can ba evaluated 3t e scresning levsl In some aress, but
requires confirmation by drilling

. R=

Potential Criteria for Site Selection

» Podantial Criterion: Permeability of host rmock

= [58U88

— Low permaablify of fractured oryetalline host rook ke sxpecied,
hgtwu:milyndndn:hdm mrurl.‘ulru
high permeabsdity can coour at great depths

— Higher-permsability fraoture zorss not nesscearly sonnaobed to
halicwer groundwatsr iow cyetem

— Fraotums oan be kdentifled with geophysioal logging of borshols
— Fraoturs aperiurss oan be sciimaied with geophycioal logging

— Highsr-psrmeability zonss within the dispocal Zons osn bs
csaked and nod uced for smplesamant of wachs

» Parmeabllity penerally decraases with depth, but requires
confirmation by drilling

. =
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Potential Criteria for Site Selection

» Podential Criterion: Tectonic stabiiity
= [zawas:
= Fsdyant to the fauiing and Tautt movemsnt
— Rafatedd to calcmio hazard [probably rof iImportant to post-
mmmuﬂmm Important during operational
L
= May ba relevant to ovsrpreccurs [or underpreccurs) at depdh
» Can be evaluated at e scresning levsl In all arass
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Paotential Criteria for Site Selection

» Podantial Critsrion: Volcanism
= [58U88
— Direot relsace pathway to the curtacs

» Can ba evaluated st e scresning and sihbe-specinc levels In
moat areas

A g

Potential Criteria for Site Selection
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Paotential Criteria for Site Selection

» Pofanttal Criterion: Mineral resource potendal
» laaues:
= Precamos of mineral recownost in ths dicpocal zons cowld sad to
hurman Inbruslon

— Wy f=w minsral recources ars targets for sxplorafion or
sapdofiation at depthc of grester than 2 kmi In oryctalling rook

» Can ba evaluated 3t e scresning levs In many areas, but
requires confirmation by drilling

- Pofantial Criterion: Geothorms) gradiont
= [sau88.

—Iluhpu&mﬂdmlmmlndmulm
mmmmmmmemm
= Vary high geothesmal gradisnt might be a target for geothemmal

recourns developenent and lesd fo human Intruckon

— Wy hiigh geothemal gradisnd wad o

» Can ba evaluated at mmmmmm
requires confirmation by drilling

z R=
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Potential Criteria for Site Selection

- Podential Criterion: Topographic relled
~ laaues:

- h topographilo rells] can mscult In reglonal groundwater Bow
ﬁmmm dapthc

l.mmru uncheater Sow reculting from owepescours af dapth
come looations In deep reglonal grouncwater ficw
:-:pdnrru

= Topographically-driven reglonal groundwater flow oan exiend
for hundimds of kilometers from come mountain fronts

» Can ba gvaluated at the screening leval In all araas



Kristoffer Jensen — MIT

Criteria for Siting
= Texckmica |3iﬁ!g"r.it=r.ii
* Impervious crysalline rock — smtable basement rock met have
Assessment extremely low permesbifiey
+ h goad mdicaror for e molative rivesgik of hasement mek i the age of
e
iﬂnulmd'_.ﬂsagnilﬁﬁne.wﬂmddbebduwiﬂlﬂf
at 3km dephs to prevent overheating of waste assemblies and to
* Homogeneous horizontal peclopy free of vertical fracmres

Criteria for Siting and Performance

o, A
s R

Basement Rock Properties Useful Site Pre-Screening Maps
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Borehole Wide-Area Survey Methods
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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 ) General Observations

TECHNICAL REVIEW BOARD

* Geologic disposal is the most technically
viable approach to isolating high-level nuclear
wastes and spent nuclear fuel for times
approaching perpetuity

Williarm M. Murpiy * Deep bore hulg di;pusal is a technically viable

David M. Dicdato type of geologic disposal

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

Waorkshop on Researnch Needs for Borehole Dispasal
‘Washington, DC

15 March 2010

Ny s al Mgy ks il 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 (not simply lithology)

others for safe and reliable borehole disposal

+ Engineered elements must function in harmony
with natural system characteristics

* To reduce uncertainty and enhance confidence,
sustained testing and analysis of geologic and
engineered elements critical to system
performance is required

* Advantageous rock characteristics include:
— Low permeability
— High cation exchange capacity/sorption
— Predictable fracture occurrence and properties

) Geologic Setting L) Engineered Systems

* Geologic setting is extremely important to Boreholes should provide sufficient isclation
safe and reliable isolation without requiring engineering enhancements
+* Advantageous geologic setting attributes: Engineered systems must operate in harmony

— Mo natural resources with natural system
— Lows heat flux .

Advantageous engineered system attributes:
— Stable in sitw stress regime; geclogic stability — Mo deleterious materials

— Reducing geochemical environment — Compatible with in sitw peochemistry

— Characterized rock and water chemistry — Predictable degradation behavior




Uncertainty

@

@

Summary

* Uncertainty is an inherent attribute of all natural
and engineered systems
* To reduce uncertainty / enhance confidence:

— Waste emplaoement should not significantly perturh systemn

— Al critical system elements miest be anzlymble over
geologic time scales; Natural analogs!

— Testing, analysis and monitoring programs must be
developed and implemented through open and trensparent
dizlog and sustzined for long times

— Enpect surprises

Fergus Gibb — Univ. of Sheffield

0=
DEEP BOREHOLE DISPOSAL
Fergus Gibb
1. - The UK Position
2. - The Advantages
J. - The Concepts [Sheffield]
4, - Towards Full-scale Demonstration

* Geologic isolation of nuclear waste and SNF
using deep boreholes is technically feasible

* Many lithologies are potentially suitable, and
the geologic setting is critical

+ Establishing confidence requires that the total
borehole systemn be analyzable and that
testing and analysis is open and sustained

UK Government/NDA Reference Reposltory Concept — (Co-Location)

Advantages of Deep Boreholes
SAFETY
COST-EFFECTIVENESS
ENVIRONMENTAL IMPACT
SMALL ‘FOOTPRINT’
SITE AVAILABILITY
DISPERSED DISPOSAL
FLEXIBILITY
INSENSITIVE to COMPOSITION
LONGEVITY

. EARLY IMPLEMENTATION

. ACCEPTABILITY ?

U S

e = - -
i



DEEP BOREHOLE DISPOSAL (DBD) t  twor S oo
ak.a VERY DEEF DISPOSAL (VDD — R
iz Cadng —— "‘_:_.

L ER secve—" 41 14

LowT" VDD Hisagy Nl

X L e toberens it -l‘-ll:.:::.,_ —at

:‘—'— —— Gvet RIS f
i 2
|1 vitrifiea huw|  [2snF| | 3Pu | Spent MOX N -l

High Burn-up SF ™ "

Low Temperature

Very Deep Disposal
il the first stage of the borshols Vitri )
Insest the casing.

Poar the cement base—plug.

Insert the Snaf run of casing
Dl the et stage of the borehoie.
et the g - A ‘ e ploemiees
Pour the cement basepiug :
N Pump n the groet

Dirlll B next siage of the bonshole and allow ¢ to set

#nd 50 on, down o> 4 kms

0.5 - LS i immeter

Low Temperature ; . Sealing the borehole:
Very Deep Disposal .

Vitrified waste

Pour In some backill {cushed granie)

Insest hesber and meit backfl &

Ireseert Beninnie clay [Options) walHock o seal the bonshoie

Iresert mnather baich of canisters, e Pour in mone backl and seal the
ponr groat B allow b set . borefoie again

< e . Fepeat os ofien s required then fil e
rufll:-b::fln:rkﬂgd i rest of the bonzhoie with backfll

3 km deep [lopmost canister)




High Temperature Very
Deep Borehole Disposal

Peter Swift — Sandia

>
Regulatory and Licensing Topics Relevant
to Deep Borehole Disposal of Spent Nuclear

Fuel and High-Level Radicactive Waste
in the United States

SHL-MIT Workshop on Desp Sorshols Disposal
March 15, 2010
Washington DC
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The Huclear Waste Policy Act (cont.)

» Special provisions potentially relevant to deep
boreholes
- Sec. 161(d): Additlonal site criterla specific to
crystalline reck should such sites be consldersd at
any time after anactment
+ “gags0nal Increases In populst on™
» “proximity to public drinking water suppiles,
Inciuding thoes of metropolitan aress; and”
» Imipact= on tribal lands

Temperature
Very Deep Disposal

Young Spent Nuclear
Fuel

Insest a refaciory phig

Insest he casing and canisters

Partly withdraw the casing (Optionaf)

Pour In backfil

Heat fom e canisters melts the
backfil & surounding rock

Granfie sarcophagus forms
around the canisters

The Huclear Waste Policy Act

» o disposal options other than Yucca Mountain ars
posaible without amanding the HWPA
—Sac. 11 “TF e Secretary decermuines the
¥uoca m hm-'tll:ltl’l:{r:dupﬂl.lsa
repocitory, e Secretary skall...

W (F’] rtpurlhfu[rnl w ithiz & meaiks with 3] recommendaaon
rﬁr-:lh- . including the need fer new kegpisladve
-Ihni
* If Yucca Mountaln doss not recalve a conatruction licenas,

nio Tederal Interim storage options are posalble without
amending

tha NWPA
—m1%mmﬂml[tzyhm:tb@
of 8 repociimry usder section 115{d)y.~
: L]=
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The Huclear Waste Policy Act (cont.)

= Rstrisvability

— Bge. IX1 "Notwith dling any sther prevision of this subditle, any
gy mhtlodul:hwud usder this subtiibe shall b
desigaed and comsdrucied fe permil the netrieval of aay spent auciear
fuel plased bm such repsitery, during an sppreprists penod of
aperaibon of the Taciliiy, for say eason 1w thar public healih
and salely, or e cnvironment, o for the purpess of itiag the
sty ol e snisinienilaly ul—hk:n-l.r-.-uh wpead fussl. The
Secretary shall speciy the spprepeiade period of rerieyabilly with
reapect 63 any repeablury af the tme of design of such reposiary, snd
such aspect of such by shall be v Ilnwu-uﬂur
esppueria iy the Crimmisaiun g part af privh
autherization process snder subsections ﬂ:l threugh i) of section
1147 fermph s sdded]

. =
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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 SNFIHLW without
revision

— EPA 40 CFR part 151 [Implemented for the Wasta
Isclation Pllet Plant [WIPF])

—MRC 10 CFR part 80 {newver Implementsd)

: R

-

}- Implications of Existing US Regulations
for Deep Borehole Disposal

- '
}' Regulations for Long-term

Performance of Repositories (cont.)
= 1983 NRC Standard 10 CFR part &0 [revised 1383-

1996}
» Requires compliance with EPA standards at 40 CFR 191

» Alza raquires

il In wacts Tor

y eomp

300 yaarc

— Aslescs rate of ssoh radloruclics from e snglnssnsd
barrisr cycbem chall not sxossd ons part In 100,000 per
yuar of the inventory of that nuolide at 1000 yearc

- Factest path of lkely radionualids travel to the acosccibis

anvironment chall be af kact 1,000 ysarc

, B

"

% Implications of Existing US Regulations
for Deep Borehole Disposal (cont.)

. mem}uﬂmmumm Safe
-%.mm:“w S e
R i To dacn Darai
—-II}_GFR 148, &!Mmﬂm 'Ii W&w B e

und: mrﬂmaiuumr?mmwrmmmmw

Parmitting suthority warles from stats to state
Compillanoe with &0 CFR part 144 wat ooncldersd for WIFF;

mw PSR e B section

Regulations for Long-term }'

Performance of Repositories

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

1983 EPA Standard 40 CFR part 191 [revised 1994}
» 10,000-yr Contalnment Standard jcurmulafive relaass)
~ Rsguires conckderation of human intrusion
* 30 bors|
hﬂlﬂi’lqlrl'h"ll] “mem
leations
~Rnlsacs limic normaltzed bo Inklal irssnbory
—Cumulative limits remove uncertainky accoolated with
axposne pathways and future human IHectyles
« 10,000-y7 Individual Profsction Standard (15 mramiyr)
~Undisturbed performanes cnly (no Intrusion)
+ 10,000-yT Groundwater Profscion Standard
—Undisturbed periormancs cnly (no Intrusion)

‘ R=

» 8 CFR part 191
= Slagis Botahekus o thagestal Sy
- Totei ket st g Sl s coi b reiusly lags

— Retr bvabilily & seguined b b o i
- uall1n.1¢ 'nh;uu.l hruﬂlhmu“muruﬂ
of the waEs A remonias e periad

okl apply & ame standard o

af Hrre afer
#or m minad
.Lurl'm'ﬁr I h.lﬁb'ul-hmﬂm.um
= (EFA 18, M0 PR A0
—Hm-m cations h it o
sl mqr h.qq;mpu duep
= 13 CFR part &
— b bam rmmenl o B wisls pechage bw inaper acriate
¥or twap Borsmies -
— Aidicrers, L ity with lkcense

- 10 TP RN ) BN amsndract shall te irad
=T mlh-}mh:ld high-essl ndlclchr-:m m..'
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» International Atomic Energy Agency
- Geological Disposal of Radioacove Wasne, Safely
Raquirements Mo. W5-R-4 (2008
+ Saction 1.14: “Gaocloglcal disposal, a8 a concapt,

International Perspectives

anCOMpassss a rangs of opdons, including disposal
In mined and enginssred faclites, dspoasl
In pre-g: mines and axcavadons, and disposal

In deep borsholes.™
« Baction 1.8: “The operatonal period ... may Includs
acivides for waste retrieval, If conaldersd necesaary,
Pl bo closurs. "

. @
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Perspectives on Retrievability

» Ethilcal, soctal, and political considarations ars probably

bayond the scops of this workshop
» Two quotes to consldar
— “The Infroduction of mmmwannymmte
detrimental to

long-Enm safety. THUS, for ocat
Tepashony 2 3 denth that I less than ootimum m‘ﬁn L

ftem safety Inmbnfa:lltrmwdlsmltel‘y
fobe et (HES 2007, Raversiteiy e Retieebilly ©
ek Dispou of £ Wt Fol o

- "_.. deep borehole systems may nat be The bast choles I

m;nﬂq-mmmmuempmabmmm [Evinty ol
n |

- '
p- Implications for Desp
Borehole Disposal (cont.)

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

— Conalatant with LAEA e and recommendation of
the 1535 Matlonal & report on Yucca Mountain
standards

= Any new standards are likely to extend to 1
million years

- Consdafant with recommendation of the 1535 Nattonal
Academies raport on Yucca Mountain standards

» lt may be appropriate for mew standards to
reconsider

~ Human Infruzion scenarios

Dose vs. Cumulative Release Standards

» Do » Cumulative Relaass

— Emphacis on low annual — Emphacic on lsolathon
doge or rick - Meaningtul only for

— Can be open-anded In time specified Sme period
jor o peak doce] — Alcwabls lenl b a

- I biuerian Turothon of times
behasior (8.0, waber ucs - Foousss on unosriainty
aned died] Ic Lage i |:b|11 in

- Engourages dilution and perfomanes
gradual reisace ac wedl ac - Mo benet for cmsion
feslation - Wormalzation to inftial

— Emocurages eralar intbal Invandory (ac Im 40 CFR
Irsantories

181 ) removes Incendte for
smallar mpositores

=



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




