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Contact Information: lshulle@clemson.edu 

Dr. Lindsay Shuller-Nickles is an Assistant  Professor in Environmental 
Engineering and  Earth Science at Clemson University.  She teaches 
undergraduate courses on subjects of mineralogy, petrology, the nuclear 
fuel cycle, and nuclear waste management and graduate courses on 
nuclear environmental engineering, technical nuclear forensics, and 
applications of quantum-mechanical modeling in environmental 
science.  She received her Ph.D. in Materials Science and Engineering 
from the University of Michigan working with Rod Ewing and Udo 
Becker.  Dr. Shuller-Nickles’ research integrates computational and 

experimental tools to gain a fundamental understanding of the behavior of radionuclide-
containing materials in the environment.  She currently supports three undergraduate 
students, four graduate students, and one post-doc working on two funded projects.  The 
first, funded by the Department of Homeland Security, supports her research in nuclear 
forensics of the characterization of pre- and post-detonation solid materials.  The second 
is an EPSCoR Implementation grant, which funds Dr. Shuller-Nickles’ group as part of a 
much larger project (~$5M for three years).  Her work on the EPSCoR grant is focused 
on quantum-mechanical calculations to understand cation ordering, waste loading, and 
phase stability for advanced ceramic waste forms.  The calculations are performed in 
collaboration with experimental efforts within the larger EPSCoR group. 
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Repository – a place where a large 

amount of something is stored 

An Ontology Based Repository for Combining 
Heterogeneous Knowledge Resources Ph.D. thesis 

by Nizar Ghoula 2014 University of Geneva 
http://iss.unige.ch/content/phd-thesis-defense-nizar-ghoula Core-storage room at Bremen 

Core Repository, Germany 
http://science.bennington.edu/?author=11 

Repositories for carbon 
sequestration 

http://co2.egi.utah.edu/ 
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Why do we even need to understand 

nuclear repository science? 

• Legacy waste (DOE managed) 

– 36 million m3 (1010 MCi) 
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Linking Legacies, DOE-EM 1997 



Why do we even need to understand 

nuclear repository science? 

• Legacy waste (DOE managed) 

– 36 million m3 (1010 MCi) 

• Global inventory1 

– 300,000 MTHM total 

– 10,000 MTHM annual production 

• US civilian inventory2 

– ~72,000 MTHM total 

– ~2,200 MTHM annual production 
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1Ewing Nature Materials 2015; 2Government Accountability Office Report GAO-15-141 2014 



Used Nuclear Fuel in Storage 
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Long term disposal of radioactive waste 
• 1957, Academy of Sciences report 

suggests 

– Underground storage as safest 
means for disposal. 

– Salt geology is best. 

– Scientific questions remain 
unanswered. 
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• 2012, Blue Ribbon Commission’s 
report suggests 

– Underground storage as safest means 
for disposal. 

– No specific site recommendations. 

– Scientific questions remain 
unanswered, but a sense of urgency 



Why a geologic repository? 

Relative 
radioactivity of 
SNF w/ a burn-up 
of 38 MWd/kg U. 
The activity is 
dominated by FP 
during the first 
100 years, 
thereafter by 
actinides. 

Pyramid of Djoser 
27th century BC 

Hedin SKB Report 1997; 
Bruno and Ewing Elements 2006 
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Health and safety requirements for  

disposal of HLW and SNF 

 

Country Dose Constraint Risk Limit Compliance 
period 

United  
States 

0.15 mSv/yr 
 
1.0 mSv/yr 

Not specified 
 
Not specified 

<10,000 yrs 
 
>10,000 yrs, but 
<1,000,000 yrs 

Finland Less than 0.1 mSv/yr. Release 
limits for various RNs established. 
 
Impacts should be comparable to 
those arising from natural 
radioactive materials but should 
remain insignificantly low. 

Not specified. 
 
 
Not specified. 

First several 
thousand yrs. 
 
Beyond first 
several thousand 
yrs. 

France 0.25 mSv/yr for normal scenarios Not specified 10,000 yrs 

Sweden Not specified <10-5/yr 100,000 yrs 

Nuclear Waste Technical Review Board 2009 

10 



Demonstrating Compliance w/ Postclosure Standards 

Country Methodology 

United  
States 

Mean value of Monte Carlo realizations generated by a probabilistic Total System 
Performance Assessment 

Finland Deterministic, conservative safety case that addresses both the expected evolutions 
and unlikely disruptive events affecting long-term safety. The safety case consists of 
a numerical analysis based on experimental studies and will be complemented by 
qualitative expert judgment whenever quantitative analyses are not feasible or are 
too uncertain 

France Deterministic evaluation of several normal and altered scenarios.  In addition, 
deterministic sensitivity calculations are used to evaluate the impact of uncertainty 

Sweden The regulations do not prescribe a specific methodology for demonstrating 
compliance. Both deterministic and probabilistic approaches can be used.  Three 
types of scenarios are to be evaluated:  
(1) Main scenario – based on the probable evolution of the external conditions using 
realistic or pessimistic assumptions 
(2) Less probably scenarios – prepared for the evaluation of uncertainties.  Include 
variations on the main scenario with alternative sequences of event. 
(3) Residual scenarios – include sequences of events and conditions that illustrate 
the significance of individual barriers and barrier functions. 

Nuclear Waste Technical Review Board 2009 
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• Major model components 
are related to the attributes 
of the repository safety 
strategy 
– Seepage into Emplacement 

Drifts 

– Performance of Drip Shield 

– Performance of Waste 
Package Barriers 

– Solubility Limits of Dissolved 
Radionuclides 

– Retardation of Radionuclide 
Migration in UZ, SZ, and 
combinations thereof 

• Natural and engineered 
barriers comprise the total 
system 

YM TSPA Model Components 

CRWMS 2000 
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Ewing Nature Materials 2015 
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Multi-Barrier Approach 
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Multi-Barrier Approach 
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What is a Waste Form? 

• Chemical form of the material holding the nuclear 
waste. 

 

• Ideal waste form depends on the type of material 
being disposed. 

–Specific activity, half-life, chemical speciation 

 

• Long term disposal --> long lived isotopes 

–If not reprocessing prior to disposal, some moderate 
half-life isotopes (e.g., Cs-137, t½ = 30.9 yr) remain in 
waste. 
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Examples of Waste Forms 

• Spent nuclear fuel 

• Borosilicate glass 

• Ceramics (polycrystalline) 

– Synroc 

– Tailored ceramics 

– Glass-ceramics 

– Fuetap 

• Ceramics (single phase) 

– titanate 

– zircon 

– pyrochlore 

• “Novel” types 

– High silica porous glass 
matrix 

– Low-temperature 
hydroxylated ceramics 

– Clay & zeolite assemblages 

 

• Multi-barrier 

– Coated particles (e.g., TRISO 
fuels) 

– Vitromet 

– Cermet 
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Principal Considerations for Waste Forms 

• Chemical complexity of waste 

 

• Large volumes of waste 

 

• Ease of processing (and radiation safety) 

 

• Durability (long-term) of waste form 
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Principal Considerations for Waste Forms 

• Chemical complexity of waste 

 

• Large volumes of waste 

 

• Ease of processing (and radiation safety) 

 

• Durability (long-term) of waste form 
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What is the chemical make-up of the waste? 
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Cladding: C 

Gap Region: C, I, S, Cs, Se, Tc 

Rim Enriched in Pu 

Grain Boundaries: 

 C, I, S, Cs, Se, Tc 

Oxide Precipitates: 

Rb, Cs, Ba, Zr, Nb, Mo, Tc 

e-particles / Metallic 

Precipitates: 

Mo, Ru, Pd, Tc, Rh 

(Ag, Cd, In, Sn, Sb) 

Fission Gas 

Bubbles: 

 Xe, Kr, I 

Fuel Grains: 

(U, An, Ln)O2 

Modified from  Bruno and Ewing Elements 2006 

http://elements.geoscienceworld.org/content/vol2/issue6/images/large/343fig2_v2n6.jpeg


What is the chemical make-up of the waste? 
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Cladding: C 

Gap Region: C, I, S, Cs, Se, Tc 

Rim Enriched in Pu 

Grain Boundaries: 

 C, I, S, Cs, Se, Tc 

Oxide Precipitates: 

Rb, Cs, Ba, Zr, Nb, 

Mo, Tc 

e-particles / Metallic 

Precipitates: 

Mo, Ru, Pd, Tc, Rh 

(Ag, Cd, In, Sn, Sb) 

Fission Gas 

Bubbles: 

 Xe, Kr, I 

Fuel Grains: 

(U, An, Ln)O2 

Disposal Scheme Direct Disposal Reprocessing 

Used fuel treatment Cooling in wet and dry storage Cooling followed by reprocessing 

Waste form for disposal Used nuclear fuel (oxide) Engineered waste form (e.g., glass) 
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Aside: If we consider reprocessing, is this discussion 

of a geologic repository even necessary??? 

• Current Inventory: 72,000 MTHM 

 

• US annual production: 2000 MTHM SNF 

• La Hague annual capacity: 1700 tonnes per year1 

 

• More complex waste stream2 

1www.world-nuclear.org; 2International Panel on Fissile Materials (2008)  
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Aside: If we consider reprocessing, is this discussion 

of a geologic repository even necessary??? 
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What is the chemical make-up of the waste? 
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Cladding: C 

Gap Region: C, I, S, Cs, Se, Tc 

Rim Enriched in Pu 

Grain Boundaries: 
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Chemical Complexity – Fission Products 

• Multi-phase waste forms 

–Take advantage of complex waste stream 

• e.g., Where does the Mo go? 

– Glass – soluble Cs-Mo-phase  release of Cs 

– Ceramic – may incorporate into hollandite 

  (BaxCsy)(A+3)2x+y(Ti+4)8-2x-yO16 

– Metallic – alloys 

 

• Therefore…a multi-phase waste form (e.g., glass-

ceramic) could help solve the Mo problem for glass waste 

forms. 

25 



Principal Considerations for  

Waste Forms 

• Chemical complexity of waste 

 

• Large volumes of waste 

 

• Ease of processing (and radiation safety) 

 

• Durability (long-term) of waste form 
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Waste loading 
Waste form Main phases Application (waste loading) 

Spent nuclear fuel uraninite (~96%) SNF from civilian NPP (100%) 

Synroc-C zirconolite, perovskite, 
hollandite, rutile 

HLW from reprocessing (20%) 

Synroc-D zirconolite, perovskite, 
spinel, nepheline 

US defense wastes (60-70%) 

Pyrochlore pyrochlore, zirconolite-
4M, brannerite, rutile 

Separated actinides (35 wt%) 

Monazite monazite Actinide-lanthinide wastes (25 wt%) 

Borosilicate glass glass, minor ceramics 
or soluble CsMo phase 

Up to 20-30 wt% 

Grambow Elements 2006; Lumpkin Elements 2006 

Depends on chemical complexity, chemical compatibility, 
resistance to radiation damage 
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Principal Considerations for  

Waste Forms 

• Chemical complexity of waste 

 

• Large volumes of waste 

 

• Ease of processing (and radiation safety) 

 

• Durability (long-term) of waste form 
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Grambow Elements 2006 
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Ease of Processing Demonstrated at the 

Defense Waste Processing Facility 
• Projections (1981) 

– $800 million 
– 1990 start-up 
– “…well established 

technology…” 

• Actual 
– $4 billion 
– 1996 start-up 
– “…first-of-a-kind 

technology that was well 
ahead of its time.” 

Modified from slides from Rod Ewing 

• “… the excellent stability and technical performance of waste glass 

forms and the ability of the glass… to retain radionuclides even when 

exposed to potential leachants within a repository environment.” 

• “These advantages fall into two general areas: 

– (a) … good versatility, chemical durability, mechanical integrity, and 

radiation and thermal stability, and 

– (b) ease of fabrication … well developed and demonstrated.” 

Wicks et al. 1993 Materials Research Society Bulletin 
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Principal Considerations for  

Waste Forms 

• Chemical complexity of waste 

 

• Large volumes of waste 

 

• Ease of processing (and radiation safety) 

 

• Durability (long-term) of waste form 
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Grambow (1994)  

Materials Research Society Bulletin 

• “However, the glass corrodes slowly in water and humid air, 

and inevitably, certain quantities of radionuclides are 

mobilized.  The glass is not inherently corrosion-

resistant, but rather depends on the waste package and on 

surrounding geochemical and hydrological constraints.” 

Uranyl silicate mineral formed 
during leaching of AREVA NC-
type glass in NaCl-rich brines 

• Experiments performed at the 
Hahn Meitner Institute, Berlin at 
110 °C, S/V = 2100 m-1 for 831 
days. 

Grambow Elements 2006 
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Zircon from  

Sri Lanka (560 Ma) 

The inverse 
relationship 
between dose and 
birefringence as a 
function of position 

Palenik et al. Am. Min. 2003 
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Radiation Damage in Natural Zircon 

from Alpha Decay and Ion Irradiation 

Modified from Weber EFRC Summer School 2012 slides; Weber et al. J. Mater. Res. 1994 
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Molecular Dynamics Simulation of 

Atomic Collision Cascade:  
30 keV U recoil in zircon 

Kostya Trachenko (Queen Mary College, UK) 
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Multi-Barrier Approach 
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Waste Form 

Canister 

Overpack/Buffer/ 

Backfill 

Repository 



Canister functionality 

https://www.youtube.com/watch?v=1eJMY9MT4a8&feature=youtu.be&t=11  
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Candidate Canister Materials 

Country Proposed Canister material Relevant alteration 

phases outer canister inner canister 

United States Alloy-22 Stainless steel magnetite, maghemite, 

hematite, akaganeite, 

lepidocrocite, goethite, 

siderite, green rust 

Belgium Carbon steel * Stainless steel 

Japan Carbon steel Stainless steel 

Switzerland Cast iron Stainless steel 

Finland Copper Cast-iron reddish brown cuprous 

oxide, Cu2O; green 

copper carbonates, 

sulfates, or oxychlorides; 

black copper sulfides 

Sweden Copper Cast-iron 

* surrounded by thick concrete 

Nuclear Waste Technical Review Board 2009 
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Fe-container as a Chemical Barrier: Formation of 

Green Rust [Fe(II)4Fe(III)2(OH)12][CO3/SO4/OH . X H2O] 

• TEM image of U(VI) reaction 
with GR-OH 

 

 

 

 

 

 

 

 

 

 

O’Loughlin et al. ES&T 37 
(2003) 721. 

• AFM showing Np reacted  
GR-Na,SO4 

 

 

 

 

 

 

 

 

 

 

Christiansen et al. GCA 75 (2011) 
1216. 
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Fe-container as a Chemical Barrier 
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Cu-Container as a Chemical Barrier 
Estimated Lifetime > 100,000 years 

Pourbaix diagram for copper in solutions containing [HS-]TOT 
= 0.2 mmol/kg & [Cu]TOT = 10-6 mol/kg @ 100 °C 

Puigdomenech et al. “Thermodynamic data for copper: Implications for the corrosion of 
copper under repository conditions” SKB 2000. 
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Cu case study(s) 

Renock and Shuller-Nickles 
Elements (2015) in press. 
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Multi-Barrier Approach 
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Canister 

Overpack/Buffer/ 

Backfill 

Repository 



Clay backfill 

http://pbadupws.nrc.gov/docs/ML0320/ML032060230.pdf  

30 years 
later…there’s still 
more to learn about 
backfill materials 

Begg J.D. et al. J. of Env. Radioact. 
141 (2015) 106. 
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Clay backfill 
“After vault backfilling, 
retrieval of the waste 
packages would still be 
possible [16], but additional 
equipment would be required 
and the retrieval would be 
more costly. Even after the 
repository is closed and sealed, 
the waste could be retrieved by 
conventional mining 
techniques.” 

 

– Retrieval process for UK’s 
NIREX concept 

http://www-pub.iaea.org/MTCD/publications/PDF/Pub1378_web.pdf  
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Multi-Barrier Approach 
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Why a geologic repository? 

Granite Scandinavian shield (Finland/Sweden) - 1.2-3 x 109 years 

Rock salt dome (Germany) 

Clay rock (France, Switzerland) 
Origin of Earth 
4.6 x 109 years 

Oldest zircon crystal 
4.4 x 109 years 

Australopithecus 
5 x 106 years 

Dinosaurs 
~2.45 - 0.65 x 108 years 

Np-237 half life 
2.1 x 106 years 

Volcanic Tuff (USA) – last 
significant eruption 12 x 106 years 
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Country Geologic formations Indigenous underground research 
laboratory 

US Salt, basalt, granite, tuff, 
clay, shale 

Exploratory studies facility at YM served 
function of underground laboratory (tuff) 

Belgium Clay, shale Mol (clay) 

Canada Granite, sedimentary Pinawa (granite)* 

China Granite None 

Finland Granite, gneiss, 
grandiorite, migmatite 

Construction of ONKALO underground 
facility in Eurajoki began in 2004 (granite) 

France Argillite, granite Bure (argillite) 

Germany Salt Gorleben (salt) 

Japan Granite, sedimentary Tona (granite), Mizunami (granite), 
Horonaobe (sedimentary rock) 

Korea Granite Korea Underground Research Tunnel 
(shallow) 

Spain Granite, clay, salt None 

Sweden Granite Aspo (granite) 

Switzerland Clay, granite More Terri (clay), Grirael (granite) 

UK No decision made. None 
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Granite 
(Sweden, Finland, Canada) 

Rock salt 
(USA, Germany) 

Volcanic Tuff 
(USA) 

Clay rock 
(Switzerland, France, Belgium) 

GEOLOGIC 
FORMATIONS 

49 



Clay Rock 

Advantages Disadvantages 

• Tightness 

 

• Plasticity (swelling capacity) 

 

• Low solubility 

 

• High sorption capacity 

• Low heat conductivity 

 

• Low temp. resistance 

 

• Difficult mine construction 

– Damage zone around 
excavation 

– Oil drill holes common 
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Core of the Opalinus Clay 
showing the signature ammonite. 

Mont Terri Rock Laboratory 
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Granite 

Advantages Disadvantages 

• Mechanically stable 

 

• Age of rock formation 

 

• Moderate heat conductivity 

 

• Good state of knowledge 

• Water bearing fractures 

 

• Moderate retention capacity 

 

• Technical barriers imperative 
(bentonite, copper canister) 

 

– Low temperature resistance 
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ONKALO underground 
rock characterization 

facility (Finland) 

August 2004 

Summer 2014 

Pinawa underground  
facility (Canada) 

1983 - Construction begins 
1985 – Research begins 
1998 – Decommissioning begins 
2010 – Final closure 
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Sweden’s Hard Rock Adventure: 

Siting studies (1977-2001) 

2002-2007 
Limited 
investigation 
to Forsmark & 
Oskarshamn 
 
2009 
SKB selected 
Forsmark 

Modified from Claes Thegerström 
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Sweden’s Hard Rock Adventure:  
Strong local support for the Forsmark 

Modified from Claes Thegerström 
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Sweden’s Hard Rock Adventure:  

The KBS-3 design 
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Rock salt 

Advantages Disadvantages 

• Tightness 

 

• Plasticity (convergence) 

 

• Heat conductive 

 

• High temp. resistance 

 

• Age of existing diapirs 

 

• Good state of knowledge 

• Water soluble 

 

• Low retention capacity 

 

• Dissolution 

 

• Uplift (~ 0.02 mm/yr) 
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Salt formations at WIPP were deposited in thick 

beds during the evaporation of the Permian Sea. 

 

Hydrocarbons, potash, and possibly natural gas exist under WIPP or in the area. 
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March 26, 1999 – waste disposal operations begin 

http://www.wipp.energy.gov/Video/w1.mpg  
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Site Shipments Loaded Miles 

ANL 193 331,333 

Bettis Atomic Power Lab 5 10,955 

GE Vallecitos Nuclear Center 32 44,800 

INL 5,844 8,132,064 

LANL 1,344 459,648 

LLNL 18 24,804 

Nevada Test Site 48 57,312 

ORNL 131 175,933 

Rocky Flats 2,045 1,446,444 

Hanford Site 572 1,034,176 

SNL 8 2,200 

Savannah River Site 1,654 2,483,360 

Total to WIPP 11,894 14,203,029 

Shipments Received  
(as of February 11, 2014) 
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http://www.wipp.energy.gov/general/GenerateWippStatusReport.pdf 
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Waste Isolation Pilot Plant February 2014 

Feb. 5th, 2014 
Feb. 14th, 2014 
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What about civilian waste in the US? 
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What sets YM apart from all other 

repositories? 

• Above water table  oxidizing 

–  take advantage of heat generating waste to drive 
off water 

–  capacity limited based on heat distribution 

–  additional engineered barrier (Ti drip shield) 

uraninite (UO2+x) oxidizing reducing 

coffinite  
USiO4 
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The intersect of science and policy  

makes nuclear waste disposal even 

more challenging 

• Some political/societal challenges that impact 
repository design: 

–  Location 

–  Retreivability 

–  Nonproliferation/Safeguards 

–  Safety (in terms of accidental or eventual release) 

 

• Educated decisions require sound scientific basis 

 

We still need to uncover many scientific uncertainties… 
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Knowledge gaps remain that make 

predicting the fate and transport of RNs 

in the near field and far field of a 

repository challenging 

Ewing Nature Materials 2015 
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Integrated science/engineering approach to fate and 

transport of RN in the environment 
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Upcoming Webinars 

•High Level Waste 
•High Resolution Gamma-Ray Spectrometry Analyses for Normal 
Operation and  Radiological Incident Response 
•Nuclear Radiation Safety 
 
NAMP website: www.wipp.energy.gov/namp  
 


